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[1] Laser—ablation inductively coupled plasma—mass spectrometry microanalyses of Mg/Ca across individual
final chambers of three planktonic foraminifera species, Globigerinoides ruber, G. sacculifer, and Pulleniatina
obliquiloculata, reveal significant interspecies differences in test Mg concentrations. Whereas these three species
have similar Mg/Ca values at low sea surface temperatures (~22°C), they diverge markedly at high sea surface
temperatures (~29°C). Explanations for these differences in species Mg/Ca values based on detailed comparison
of species intratest Mg/Ca distributions suggest that compositional variability within tests cannot account for the
observed deviation of species Mg/Ca values in warm-water equatorial regions. Multiple regression modeling
and 6'®0 analysis of Globigerinoides sacculifer tests indicate that interspecies differences in Mg/Ca values
result from different depth habitats. The average Mg/Ca values of G. ruber final chambers reflect the
temperature of the surface mixed layer (0—25 m), whereas those of G. sacculifer and Pulleniatina
obliquiloculata correlate best with subsurface temperatures at 50—75 m and 100—125 m water depths,
respectively. Mg/Ca calibration to the temperatures at these depths reveals a similar temperature control on Mg
test composition in all species. Combining our results with Mg/Ca values from published culturing experiments,
we derive a generalized equation for the effect of temperature and seawater salinity on foraminiferal Mg/Ca. We
also show that the Mg/Ca composition of specific calcite layers within foraminiferal tests, including the low-Mg/Ca
layers of Globigerinoides ruber and G. sacculifer and the cortex layer of Pulleniatina obliquiloculata, correlates
with seawater temperature and can be used as an additional proxy for seawater temperature.

Citation: Sadekov, A., S. M. Eggins, P. De Deckker, U. Ninnemann, W. Kuhnt, and F. Bassinot (2009), Surface and subsurface
seawater temperature reconstruction using Mg/Ca microanalysis of planktonic foraminifera Globigerinoides ruber, Globigerinoides
sacculifer, and Pulleniatina obliquiloculata, Paleoceanography, 24, PA3201, doi:10.1029/2008PA001664.

al., 2003; McKenna and Prell, 2004; McConnell and
Thunell, 2005], and also laboratory culture experiments
[Niirnberg et al., 1996; Lea et al., 1999; Mashiotta et al.,
1999]. However, while the exponential nature of this
temperature dependency is consistent with fundamental
thermodynamic considerations, the reasons for its much
greater sensitivity to temperature compared to inorganically
precipitated calcite [Mucci and Morse, 1983; Mucci, 1987,
Niirnberg et al., 1996] and the very low Mg content of
planktonic foraminiferal calcite, remain enigmatic. In view
of these differences, it has been suggested that Mg incor-
poration into planktonic foraminifer calcite is tightly con-
trolled by biochemical processes [Niirnberg et al., 1996;
Rosenthal et al., 1997; Lea et al., 1999]. These biochemical

1. Introduction

[2] Planktonic foraminifera Mg/Ca thermometry has been
developed as a powerful tool in paleoceanography to
reconstruct past ocean temperatures [Elderfield and Ganssen,
2000; Lea, 2003]. A consistent increase in bulk foraminiferal
test Mg/Ca composition with seawater temperature (i.e.,
~9 + 1% per °C) has been observed for different plank-
tonic foraminifer species obtained from deep-sea sediment
core tops [Rosenthal et al., 1997; Hastings et al., 1998;
Elderfield and Ganssen, 2000; Lea et al., 2000; Rosenthal
et al., 2000; Dekens et al., 2002; Rosenthal and Lohmann,
2002], plankton net and sediment trap samples [Anand et
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processes or so-called “vital effects” have been shown to be
species-specific. For example, Dekens et al. [2002] found
Globigerinoides ruber Mg/Ca compositions to be on average
5-15% higher than those of G. sacculifer, and 49—55%
higher than for Neogloboquadrina dutertrei taken from the
same temperature range in the tropics. A similar set of
observations based on sediment trap samples led Anand et
al. [2003] to develop separate Mg/Ca thermometer calibra-
tions for different species of planktonic foraminifera.
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Table 1. Locations, Seafloor Depths, '“C Ages, and Number of Foraminiferal Tests Analyzed for Mg/Ca Composition for Each Core Top

Sample®
Latitude Longitude Depth  Annual Annual Age Number of Tests Analyzed for Mg/Ca
Core Top Samples® (deg) (deg E) (m)  SSS (%) SST (deg C) (B.P.) G. ruber G. sacculifer  P. obliquiloculata

Station 1, ERDCS88 —0.05 155.87 1923 34.4 29.38 3250 10 from each 20 -
station combined

Station 2, ERDC92 —2.23 157.00 1598 34.4 29.41 4230 10 from each - -
station combined

Station 3, BARP9411 —0.46 97.61 2055 33.4 29.16 2737 + 46 20 20 20

Station 4, Sonne 18496 —12.71 121.30 2530 34.4 28.52 Modern - 20 20

Station 5, SHIVA 9045 —5.65 101.90 2340 335 28.39 2005 + 60 35 20 20

Station 6, FR10/95-GC11 ~ —17.64  115.00 2458 34.8 27.02 3010 + 60 20 20 20

Station 7, FR10/95-GC13 —18.82 113.97 1454 349 26.55 2310 + 50 - 20 -

Station 8, Fr10/95-GC17 —22.13 113.50 1093 35.1 25.14 1187 + 87 20 20 -

Station 9, FR10/95-GC20  —24.74 111.83 841 354 23.65 2800 + 60 20 20 20

Station 10, FR10/95-GC26 —29.24 113.56 1738 35.5 21.63 2240 + 55 20 20 20

“Values for mean annual sea surface temperature and salinity were taken from Antonov et al. [2006] and Locarnini et al. [2006].
bTypes of coring devices used to obtain samples: piston corer, stations 1, 2, 3, and 5; multicorer, station 4; gravity corer, stations 6, 7, 8, 9, and 10.

[3] Planktonic foraminifera migrate within the water
column during their life cycle and consequently, record
varying calcification temperatures as they precipitate their
calcite tests [Fairbanks et al., 1982; Bijma and Hemleben,
1994; Field, 2004; Kuroyanagi and Kawahata, 2004].
Multiple opening-closing plankton net and oxygen isotope
studies indicate that different species prefer to inhabit differ-
ent depth intervals within the water column [Fairbanks and
Wiebe, 1980; Fairbanks et al., 1982; Ravelo and Fairbanks,
1992; Kuroyanagi and Kawahata,2004]. These habitat depth
preferences may contribute to differences between species-
specific Mg/Ca temperature calibrations. It also has been
shown in culturing experiments that some species precipi-
tate a distinctive final layer of calcite prior to gametogenesis
[Bé et al., 1977; Bé, 1980; Caron et al., 1987, 1990]. In
nature this final “gametogenic” calcification event is be-
lieved to occur in relatively deep water [Bé, 1980; Duplessy
et al., 1981; Blanc and Bé, 1981; Dekens et al., 2002]. If so,
it may record a colder temperature signal characterized by
lower Mg/Ca values. It follows that the extent to which this
gametogenic calcite is variably developed in different species
may bias their bulk test Mg/Ca compositions and also
account for interspecies differences in Mg/Ca composition
[Dekens et al., 2002]. Resolving the influence of the “habitat
depth” versus biochemical vital effects on the Mg/Ca com-
position of planktonic foraminifers, and its sensitivity to
temperature, is required for accurate reconstruction of the
water column temperatures using Mg/Ca thermometry.

[4] Conventional application of Mg/Ca thermometry
relies on the bulk analysis of samples comprising 10-30
foraminiferal tests of the same species [Elderfield and
Ganssen, 2000; Lea et al., 2000; Rosenthal et al., 2000;
Dekens et al., 2002; Anand et al., 2003; Barker et al., 2005].
This approach averages the temperature signal recorded by
individual tests comprising the sample population. Bulk
analyses cannot discriminate different temperature signals
incorporated at different habitat depths within individual
tests. New microanalysis techniques, such as laser ablation—
inductively coupled plasma—mass spectrometry (LA-ICP-MS),
provide the ability to investigate the nature of differences in

Mg/Ca composition by profiling Mg/Ca distribution across
individual test chambers [Eggins et al., 2003; Reichart et
al., 2003]. In this study, we have employed LA-ICP-MS to
determine and compare the Mg/Ca compositions of different
test parts (chambers and wall layers) for three species of
planktonic foraminifera Globigerinoides ruber, G. saccu-
lifer and Pulleniatina obliquiloculata, that were obtained
from the same core top samples. We explore the potential
for using the Mg/Ca compositions of specific test layers as
proxies for seawater temperature. Our results provide in-
sight into the nature of differences in Mg/Ca values in these
planktonic foraminiferal species and the extent to which
habitat depth preferences versus biological vital effects
determine their Mg/Ca composition.

2. Materials and Methods

[s] The three species of planktonic foraminifera selected
for this study have distinct habitat depths within the water
column. Globigerinoides ruber and G. sacculifer are spinose,
symbiont-bearing species which inhabit surface (0—50 m)
and subsurface (20—75 m) waters, respectively [Fairbanks et
al., 1980; Erez and Honjo, 1981; Hemleben et al., 1989;
Ravelo and Fairbanks, 1992]. The life cycle of Pulleniatina
obliquiloculata is less constrained but this species has been
reported to spend its early ontogenetic stage in the mixed
layer and to later migrate to greater depths where it adds a
distinctive final outer calcite layer called the “cortex” [Erez
and Honjo, 1981; Hemleben et al., 1989; Ravelo and
Fairbanks, 1992]. Oxygen isotope studies indicate calcifi-
cation depths for these species of 0—50 m for Globiger-
inoides ruber, 0—75 m for G. sacculifer, and 60—150 m
for Pulleniatina obliquiloculata [Erez and Honjo, 1981;
Fairbanks et al., 1982; Ravelo and Fairbanks, 1992; Spero
et al., 2003; Field, 2004; Kuroyanagi and Kawahata,
2004; Cléroux et al., 2007; Huang et al., 2008].

[6] For this study, Globigerinoides ruber, G. sacculifer
(nonsac forms) and Pulleniatina obliquiloculata tests were
obtained from nine core top samples spanning a large
latitude gradient (equator to 30°S) and an annual sea surface
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Figure 1. Typical Mg/Ca profiles across the final chamber walls of Globigerinoides sacculifer and
G. ruber tests. Profiles are grouped into types according to the number of high- and low-Mg/Ca layers
within the final chamber. All tests have been ablated (profiled) from the inner to the outer surface (left to
right). Filled boxes correspond to the type of layer distribution in Figure 2.

temperature range (from 21.8°C to 29.4°C [Locarnini et al.,
2006] (see Table 1)). These samples correspond to a range
of upper water column structures, varying from a strongly
stratified, shallow thermocline at the equator to a much
thicker, mixed surface layer off the southwestern margin of
Australia. All core top samples are located well above
calcite lysocline in this region [Peterson and Prell, 1985]
and contained well-preserved foraminiferal tests.

[7] Mg/Ca profiles were measured only in the final
chambers of G. ruber, G. sacculifer and P. obliquiloculata
tests. This strategy reflects laboratory studies that report
planktonic foraminifera form new chambers every 1—-3 days
[Bé et al., 1977; Caron et al., 1987; Spero, 1988; Spero and

Lea, 1993; Lea et al., 1999] and continue to add calcite
layers to preexisting chambers. Consequently, the final
chamber is likely to display the fewest layers and least
Mg/Ca variation because of migration through the water
column. Sample preparation and LA-ICP-MS analyses were
carried out according to procedures described in previous
work [Sadekov et al., 2006]. Table 1 summarizes the
number of analyzed tests of each species.

[8] The depth resolution of LA-ICP-MS profile analyses
was optimized by ablating excised final chambers of G.
ruber and G. sacculifer tests from the inside to the outside
surface. Because of their smooth surface topography, the
final chambers of P. obliquiloculata were ablated from the
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Figure 2. Relative proportion of tests with different numbers of Mg/Ca layers in their final chamber
walls (for more detail see text). Histogram fill patterns correspond to the different types of Mg/Ca

distribution shown in Figure 1.

outside to inside surface. After LA-ICP-MS analysis, test
fragments from the final chambers of G. sacculifer were
removed from the carbon tape and cleaned in methanol prior
to 6'%0 isotope analysis. These isotopic measurements were
carried out at the stable isotope laboratory at Department of
Earth Sciences, University of Bergen using a Finnigan MAT
253 mass spectrometer coupled to an automated Kiel
carbonate preparation device. The in-house standard mea-
sured with the samples was Carrera Marble (CMO03). The
isotopic values are calibrated to VPDB using NBS-19 and
NBS-18. The long-term analytical precision (1 sigma) of the
working standards over a time interval of several months is
equal to or better than 0.1%o.

[9] To ensure the recent origin (i.e., late Holocene) of the
studied material, ages of the core top samples (Table 1) were
established with C dating at the Poznafi Radiocarbon
Laboratory, Poland, and at the Australian Nuclear Science
and Technology Organisation (ANSTO) [Fink et al., 2004;
Olley et al., 2004]. The CALIB5.0 program was used to
calibrate §'*C dates into calendar ages. The age of the core
top sample from the Ontong Java Plateau was taken from
Berger et al. [1987].

3. Results and Discussion

3.1. Comparison of Mg/Ca Variation Within G. ruber,
G. sacculifer, and P. obliquiloculata

[10] G. ruber and G. sacculifer show very similar patterns
of Mg/Ca variation (Figure 1), that are characterized by
alternating layers with relatively low and high Mg/Ca ratio
values. These layers are typically between 1 and 6 um thick,
and the number of layers varies from specimen to specimen
and tends to increase with test wall thickness. G. ruber
typically has thinner tests and most (50—95%) final cham-
bers have 2 or 3 layers. G. sacculifer has significantly fewer
specimens with only two layers (cf. G. ruber), and between
10 and 60% of final chambers have four or more layers. No
systematic relationships between different core top samples
and the number of layers in the final chamber of these
species were found (Figure 2).

[11] The Mg/Ca profiles in a majority (55—-85%) of
P. obliquiloculata tests display a distinct, low-Mg/Ca layer

at their outer surface (Figures 3 and 4). This corresponds
with the presence of a smooth microperforate surface calcite
layer, or cortex, which is observed to have between 3 and 10
times lower Mg/Ca than the inner parts of the test wall.
Repeated LA-ICP-MS analyses show very good reproduc-
ibility for Mg/Ca values measured in the cortex layer,
permitting its composition to be characterized and used as
a specific geochemical signal of P. obliquiloculata tests. We
subsequently use the term “cortex Mg/Ca composition” to
refer to the average Mg/Ca value of the cortex layer as
distinct from the integrated (profile average) composition of
the final chamber of P. obliquiloculata.

[12] The interior of P. obliquiloculata tests, including tests
without a cortex layer, display a pattern of intercalating low-
Mg and high-Mg layers that is similar to G. ruber and G.
sacculifer. However, in P. obliquiloculata the variation of
Mg/Ca values is less systematic than in the two Globiger-
inoides species and also shows larger amplitude Mg/Ca
changes from layer to layer. We use the term ““internal Mg/
Ca composition” to refer to the profile average Mg/Ca
composition of P. obliquiloculata tests, that excludes any
outer cortex layer where developed. These internal Mg/Ca
compositions are characterized by relatively poor reproduc-
ibility in repeated LA-ICP-MS analyses.

3.2. Low-Mg/Ca Layer Compositions in G. ruber and
G. sacculifer

[13] The presence of alternating low-Mg and high-Mg
layers were first identified by Erez [2003] in the shallow
water dwelling, symbiotic benthic foraminifera Amphiste-
gina lobifera. The development of similar Mg layering
within the planktonic foraminifera Orbulina universa was
documented shortly thereafter by Eggins et al. [2004] and
subsequently in other planktonic foraminifera including
Globigerinoides ruber, G. sacculifer and Pulleniatina obli-
quiloculata [Eggins et al., 2004; Anand and Elderfield, 2005;
Sadekov et al., 2005; Kunioka et al., 2006; Sadekov et al.,
2008]. There are two main competing hypotheses regarding
the origin of this Mg layering: the “organic membrane™
hypothesis proposed by Erez [2003] and the “pH variation™
hypothesis proposed by Eggins et al. [2004].

4 of 17



PA3201

=

g

~

E ~5 um o W u.'fw
a = AT i M“c.l;‘w,'

2 ATl

@) internal layers

OD ~ Lol

S i .

1 v,«m;t}r‘v il from station 3
—
cortex

=

o

§ 4

]

g 3
b \E/ 5 i internal layers

< ~5 pm g

O 2 y 1 _,

B PACH -

%D 1 Fw from station 9

9]

N

w

x L= B
4

(@)
Mg/Ca (mmol/mol)

\9)

internal layers

from station 3

98]

o

Mg/Ca (mmol/mol)

\S]

Figure 3. Typical Mg/Ca profiles across the final chamber
walls of Pulleniatina obliquiloculata tests. All tests have
been ablated (profiled) from the outer to the inner surface
(left to right). (a—c) Profiles through tests with well-
developed, low-Mg/Ca (0.5—1 mmol/mol) cortex layer on
the outer test surface. (d) Profile across a test displaying
relatively narrow compositional variation.

[14] The organic membrane hypothesis proposes that
high-Mg layers correspond to calcite enriched with organic
material and formed under a distinct biomineralization
condition than the low-Mg calcite. These high-Mg layers
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are argued to be precursors to, and responsible for, initiating
the calcification of the low-Mg calcite, which comprises the
major proportion of the test. Kunioka et al. [2006] used
NanoSIMS to suggest that high-Mg layers in the inner parts
of Pulleniatina obliquiloculata tests are associated with
calcite layers enriched in organic compounds that had been
marked with protein staining solution.

[15] The pH variation hypothesis is based on diurnal
changes in pH and calcite saturation state that take place
within the microenvironment of algal symbiont-bearing
foraminifera [Rink et al., 1998], and on culturing experi-
ments which show a dependency of bulk foraminiferal Mg/
Ca composition on seawater pH [Lea et al., 1999; Russell et
al., 2004]. A 0.1 pH unit increase produces a 5—7%
decrease in foraminiferal test Mg concentration [Lea et
al., 1999; Russell et al., 2004]. New culture experiment
results confirm that the low-Mg layers in O. universa are
precipitated during the day and high-Mg layers at night
[Eggins et al., 2007], consistent with the modifying effects
of symbiont photosynthetic activity on carbonate chemistry
within the foraminiferal microenvironment [Rink et al.,
1998]. It is worth noting that significant pH fluctuations
might also be produced by varying respiration rates due to
feeding or other changes in metabolic activity of both
symbiotic and nonsymbiotic foraminifera.

[16] Herein, we will not reexamine the origin of Mg/Ca
variability within foraminiferal tests, but rather to explore
the potential use of the low-Mg/Ca layer compositions as a
temperature proxy. As previously shown for Globigeri-
noides ruber [Sadekov et al., 2008], the composition of
the first low-Mg/Ca layer can be reproducibly measured by
LA-ICP-MS, as can the first low-Mg calcite layer composi-
tion in G. sacculifer tests (Figure 1). Accordingly, it is
feasible to assess the relationships between seawater temper-
ature and these low-Mg calcite layer compositions in G. ruber
and G. sacculifer, and with the final chamber Mg/Ca compo-
sitions. Given the hypothesized origins of these low-Mg/Ca
layers, any temperature signal recorded by these layers may
be viewed as either an unmixed signal (free of high-Mg
calcite) or the Mg/Ca temperature signal biased by symbiotic
activity.
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Figure 4. Relative proportion of Pulleniatina obliquiloculata
tests with and without a low-Mg/Ca cortex layer.
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Figure 5. Relationship between the average Mg/Ca composition and low-Mg/Ca layer compositions of
the final chambers of Globigerinoides sacculifer and G. ruber. Dotted lines show the calculated Mg/Ca
change occurring because of pH change during foraminiferal test calcification, on the basis of a 6%
decrease in Mg/Ca values per 0.1 pH unit decrease [Lea et al., 1999; Russell et al., 2004]. Both species
demonstrate a similar offset in Mg/Ca values between their average final test and low-Mg layer
compositions that is consistent with symbiont photosynthesis during the day, resulting in low-Mg layer

formation (see details in text).

[17] Figure 5 illustrates the difference between the low-
Mg/Ca layer and average final chamber Mg/Ca composi-
tions of G. ruber and G. sacculifer. The regression line fits
for both species are remarkably similar and have the rela-
tionship Mg/Cajoy, = 0.78(£0.01) - Mg/Ca,yerage (Mg/Caion
and Mg/Ca,yerage are Mg/Ca values of the low-Mg calcite
layer and the profile average compositions, respectively).
The low-Mg/Ca layer offset from the chamber Mg/Ca
composition could be explained by the pH bias during
precipitation of the low-Mg/Ca layers. According to the
experiments of Lea et al. [1999] and Russell et al. [2004], a
22% lower Mg/Ca composition would correspond to a 0.4 +
0.1 unit increase in seawater pH. The size of this pH change
is broadly consistent with the half-cycle amplitude in
diurnal pH variation (0.4 pH unit) that has been measured
for G. sacculifer [Jorgensen et al., 1985]. Accordingly, a
temperature signal if present, recorded by G. ruber and
G. sacculifer low-Mg/Ca layers could be interpreted as
photosynthesis biased average Mg/Ca composition, and fit
to an equation of the form

Mg/Cayoy = K - [B - exp(A - Temperature)]y, /Caaverage”

(1)

where K is a constant that represents the mean low-Mg/Ca
layer bias for G. ruber and G. sacculifer (i.e., 0.78 + 0.01).

[18] This correction factor applies only to entire sample
population level and not to individual foraminifers, which
have varying offsets (see Figure 5) possibly due to varying
pH amplitudes arising from different symbiont numbers and
number densities.

3.3. Relationships Between Mg/Ca Composition and
Sea Surface Temperature

[19] Mean Mg/Ca values for the different measured cal-
cite compositions (i.e., Mg/Caayerage, M/Caigw, Mg/Cacoriex)
from each core top sample have been used to assess the
relationships with annual sea surface temperature (SST)
(Figure 6 and Table 2). In all cases, an exponential function
best describes the relationship between annual SST and the
various Mg/Ca compositions, except for the internal Mg/Ca
compositions of P. obliquiloculata (i.e., cortex layer
excluded), which show no significant correlation with
SST (Figure 6¢). The final chamber Mg/Ca,ycrage COMpOSi-
tions of G. ruber and G. sacculifer show very high corre-
lation coefficients with SST, with ? values of 0.99 and 0.98,
respectively. This contrasts with the poor correlation (r* =
0.25) found for P. obliquiloculata (Figure 6a). All three
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species are notable for having very similar Mg/Ca,yerage
values at the coldest sample site (SST of ~22°C), that
diverge markedly at higher temperatures and the equator
(SST of ~29°C). The Mg/Cayyerage compositions of G. ruber
at the equatorial sites are approximately 15% higher than
G. sacculifer and 38% higher than P. obliquiloculata
(Figure 6a). This is consistent with the differences between
these species noted previously [Dekens et al., 2002; Anand
et al., 2003; Huang et al., 2008; Regenberg et al., 2009].

[20] The low-Mg/Ca layer compositions of G. ruber and
G. sacculifer show similar exponential increases with SST
with sensitivities of 9% and 7% in Mg/Ca per °C (for
G. ruber and G. sacculifer, respectively). These sensitivities
are slightly higher than sensitivities of 8% and 6% deter-
mined for their Mg/Ca,yerage compositions. The smaller
preexponential coefficients (Figure 6b) reflect the bias
constant (K) noted in section 3.2.

[21] The cortex layer (Mg/Cacoex) compositions of
P obligquiloculata correlate significantly better with SST
(r* = 0.57) than either the final chamber average or the
interior Mg/Ca compositions for this species. The regression
indicates a comparatively small 5% increase in the cortex
Mg/Ca composition per °C increase in SST (Figure 6c¢). It is
also noted that the difference between the interior Mg/Ca
composition and both the cortex and final chamber average
compositions of P. obliquiloculata diminish with increasing
SST. This can be attributed to a decrease in the relative
proportion of cortex layer calcite with increasing SST (e.g.,
decrease from 25% to 14% as SST increases from 22 to
29°C, based on mass balance constraints).

3.4. Comparison of G. ruber, G. sacculifer, and
P. obliquiloculata Mg/Ca Temperature Calibrations

[22] Our results show systematic differences between the
Mg/Ca calibrations obtained for G. ruber, G. sacculifer and
P, obliquiloculata. These are broadly consistent with species
composition differences observed in previous studies that
have been attributed to (1) differences in the seasonal
growth preferences of species [Stott et al., 2002; McConnell
and Thunell, 2005]; (2) differences in the intratest distribu-
tion of Mg/Ca values, in particular the development of
gametogenic crusts [Dekens et al., 2002; Anand et al.,
2003; Anand and Elderfield, 2005]; (3) differences in
species biomineralization processes [Bentov and Erez,
2006]; and (4) differences in species depth habitat prefer-
ences and migration patterns [Dekens et al., 2002; Regenberg
et al., 2006]. Our results permit a critical evaluation of
these hypotheses.

Figure 6. Relationships between sea surface temperature
and sample mean Mg/Ca values of different test compo-
nents: (a) average final chamber Mg/Ca compositions of
Globigerinoides sacculifer, G. ruber, and Pulleniatina
obliquiloculata; (b) low-Mg/Ca layer compositions of
Globigerinoides sacculifer and G. ruber; and (c) Pull-
eniatina obliquiloculata cortex, average final chamber, and
internal Mg/Ca composition. See text for definitions of
these test components and the methodology used to estimate
their Mg/Ca compositions.
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Table 2. Summary Results for Linear Regressions Between Seawater Temperatures and the Natural Logarithm of Mean Mg/Ca Values of

Different Species and Their Various Test Parts

Exponential Relationship Mg/Ca = B*exp(A*Temperature)

SST Depth-Optimized Temperature

Multispecies

G. ruber G. sacculifer P. obliquiloculata G. sacculifer P. obliquiloculata Combined
Average Low Average Low Average Cortex Internal Average Low Average Cortex Internal Average Low
R2 0993 0973 0978 0944 0.245 0575 0.031 0950 0.937 0560 0.709 0.598  0.940 0.948
Ln(B) —-0.64 —-120 -033 —-0.87 056 —124 1.07 —-029 —-0.85 —-030 —236 0.30 —0.36 —1.06
Standard error of Ln(B)  0.07 0.17 0.09 0.17 0.43 0.62 0.37 0.14 0.18 0.60 0.82 0.37 0.09 0.13
B 0.53 0.30 0.72 0.42 1.75 0.29 291 0.75 0.43 0.74 0.09 1.35 0.70 0.35
A 0.076  0.088 0.059 0.070 0.018 0.054 0.005 0.061 0.073 0.063 0.114 0.044 0.065 0.082
Standard error of A 0.003  0.007 0.003 0.006 0.016 0.023 0.014 0.005 0.007 0.028 0.036 0.018 0.004 0.005

3.4.1. Seasonal Species Preferences

[23] The largest differences between the Mg/Ca compo-
sitions of G. ruber, G. sacculifer and P. obliquiloculata are
observed in samples from equatorial regions which have the
highest SSTs (Figure 6). Calcification temperatures estimat-
ed from the average Mg/Ca values for the equatorial core
top samples are 28.2°C for G. ruber, 26.3°C for
G. sacculifer on the basis of Dekens et al.’s [2002] ther-
mometer calibrations, and 24.0°C for P. obliquiloculata (on
the basis of Anand et al.’s [2003] thermometer calibration).
These differences in calcification temperatures would
require the seasonal SST variation to be 1.9-4.2°C, which
is significantly larger than the seasonal ranges in the equato-
rial Indo-Pacific region (i.e., less than 1.5°C) [Locarnini et
al.,2006]. Importantly, time series sediment trap studies from
the equatorial Pacific show that G. ruber, G. sacculifer
and P. obliquiloculata have similar seasonal preferences,
with peaks in abundances during August—September and
December—January [Kuroyanagi et al., 2002]. Seasonal
preferences are therefore an unlikely explanation for the
observed compositional differences between these species.
3.4.2. Species Differences in Intratest Mg/Ca
Distribution

[24] Species-specific differences in Mg/Ca distribution
within tests, in particular the occurrence of a calcite crust
layer precipitated in deeper parts of the water column, is a
commonly suggested explanation for interspecific differ-
ences in bulk test Mg/Ca compositions [Dekens et al., 2002;
Regenberg et al., 2006]. For example, the presence of the
encrusting cortex layer with low Mg/Ca values in
P. obliquiloculata tests can explain the relatively low
average test Mg/Ca values of this species. However, to
account for the differences between the Mg/Ca thermometer
calibrations of P. obliquiloculata and the other species, the
proportional contribution of the encrusting cortex layer to
the chamber wall composition should increase with increas-
ing water temperature. This is the reverse of what is
observed, that is, a decreasing contribution with increasing
SST (Figure 6¢; see also section 3.3).

[25] It is difficult to explain the observed deviation
between the temperature calibrations of G. ruber and
G. sacculifer at high temperatures given their similar
chamber wall Mg/Ca profile characteristics (Figure 1). No
distinctive low-Mg/Ca encrusting layer is observed in either

G. sacculifer or G. ruber that could otherwise account for
the differences in the Mg/Cagyyerage temperature calibrations
between these species. However, it is possible that a subtle
difference occurs in the relative proportion (or thickness) of
low-Mg and high-Mg calcite layers within G. ruber and
G. sacculifer tests with increasing temperature (e.g., along
the lines proposed by Bentov and Erez [2006] to account for
the temperature sensitivity of Mg partitioning into forami-
niferal calcite). To assess this possibility, we have conducted
mass balance calculations to estimate the relative propor-
tions of measured low-Mg/Ca and high-Mg/Ca calcite layer
compositions that are required to account for the observed
changes in Mg/Ca,yerage compositions (Figure 7). The
results for G. ruber and G. sacculifer (see Figure 7) indicate
that the proportion of low-Mg/Ca layers is independent of
temperature and is approximately constant at 45% and
55% of the chamber wall, respectively. These calculations
assume that each final chamber comprises a mix of a
single low-Mg/Ca and single high-Mg/Ca layer composi-
tion, and is reliant on the ability of LA-ICP-MS to resolve
these two end-member layer compositions. Subject of
these limitations, the absence of any trends in Figure 7
suggests that no significant temperature control is exerted
on the relative development of high-Mg/Ca and low-Mg/
Ca layers (Figure 7).
3.4.3. Species-Specific Differences in
Biomineralization Control of Mg Incorporation

[26] The Mg/Ca values of G. ruber, G. sacculifer and
P obliquiloculata are approximately 2 orders of magnitude
lower than Mg/Ca values in inorganically precipitated
calcite [Katz, 1973; Niirnberg et al., 1996]. To precipitate
these low-Mg/Ca calcite compositions from seawater, fora-
minifera may need to reduce the Mg>" activity in the
calcifying fluid [Rosenthal et al., 1997; Zeebe and Sanyal,
2002; Lea, 2003]. Several mechanisms have been proposed
(see review by Bentov and Erez [2006]), including modifi-
cation of pinocytosed seawater by transmembrane transport
of Mg®" and complexation with organic molecules (e.g.,
ATP) [Zeebe and Sanyal, 2002; Bentov and Erez, 2005,
2006]. The extent of this Mg activity reduction and its
relationship with temperature can be estimated for each
species using the average Mg/Ca values of test calcite, by
assuming that all calcite precipitates inorganically from
biologically modified seawater. It is then straightforward
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Figure 7. The percentage of low-Mg calcite comprising final chamber compositions of Globigerinoides
sacculifer and G. ruber, calculated using mass balance constraints based on the measured average final
chamber composition and extreme high and low Mg/Ca layers. The percentage was calculated for
different SST (29.1, 25.2, and 21.7°C) to estimate changes in relative proportion of low- and high-Mg
calcite with temperature. Unless otherwise indicated, vertical axes show the percent of low Mg/Ca values,
and horizontal axes correspond to specimen number.
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Figure 8. (a) Calculated Mg/Ca composition of the calcifying fluid required to precipitate calcite tests
of Globigerinoides ruber (squares), G. sacculifer (diamonds), and Pulleniatina obliquiloculata (circles)
with average Mg/Ca values obtained in this study (details about the calculation are explained in the text).
(b) Percentage of Mg®" removed or complexed during seawater modification at the calcification site and
its dependence on seawater temperature (based on Mg/Ca values calculated for calcifying fluid in Figure 8a)
for the three studied species (symbols are same as in Figure 8a). Slope of the regression lines (dashed lines)
shows decreasing efficiency of biochemical reactions in reducing Mg>" activity with temperature. Note also
that the magnitude of this decrease is different for different species.
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Figure 9. Reconstruction of the calcification depth of final test chambers of Globigerinoides sacculifer,
G. ruber, and Pulleniatina obliquiloculata based on the regression of Mg/Ca composition against
seawater temperatures from different depth intervals within the upper water column (for details see text).
Shaded intervals indicate those depth intervals which show the best regression fits and thus inferred
calcification depths for each species. Blue arrows indicate the depth interval inferred for Globigerinoides
sacculifer calcification on the basis of §'*0 analyses (see Figure 10 for further details).
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Figure 10. Reconstructed calcification depths for the final chambers of Globigerinoides sacculifer tests
based on their measured §'30 compositions. Predicted §'%0 calcite values based on temperature and
salinity for different intervals within the upper 200 m of the water column. Red squares are measured
8"80atcire Of last chambers of G. sacculifer for each sediment sample. Calculations were made using the
e(]]%mtions of Mulitza et al. [1998] for temperature and Fairbanks et al. [1997] for salinity dependences of
6" 0 a1cite and 8" 0yaer A constant correction of —0.27%o was applied to convert SMOW to PDB scales

following Bemis et al. [1998].

to calculate the Mg/Ca activity ratio values of the calcifying
fluid using a value of 5.15 mol/mol for seawater Mg/Ca
[Broecker and Peng, 1982] and equations (2) and (3) from
Katz [1973], which describe a partition coefficient of
magnesium in calcite and its relationship with temperature
(Figure 8a).

[Mg/ca} calcifying fluid = [Mg/ca} calcite/DMg (2)

Dytg = 0.0009 - T °C + 0.035 (3)

Mg/Ca values of the calcifying fluid increase with
temperature in G. ruber and G. sacculifer, but have little
or no change for P. obliquiloculata. These species-specific
changes in the Mg/Ca values of the calcifying fluid can be
interpreted as a decrease in efficiency of the biochemical
reaction responsible for Mg*" reduction at the calcification
site (Figure 8b). Bentov and Erez [2006] suggested that
temperature may cause an increase in diffusion rate or that
ATP hydrolysis can reduce the efficiency of biochemical
removal of Mg ions from the calcifying fluid and
consequently increase calcite Mg/Ca values. While it is
possible these factors (e.g., diffusion or ATP hydrolysis)
could respond differently to seawater temperature changes

Table 3. Summary of Calcification Depths Estimated for the Final Chambers of Globigerinoides sacculifer Tests Using §'%0 Values and
Different Published Calibration for §'*0 Calcite and Water Temperature and 6'*0 Water and Salinity®

Works Used

Works Used to Calculate §'%0 of Water From Seawater Salinity

to Calculate 6'*0 Calcite Duplessy et al. Fairbanks Schmidt Delaygue Craig and LeGrande and Fairbanks
From Seawater Temperature [1991] et al. [1982] [1999] et al. [2001] Gordon [1965] Schmidt [2006] et al. [1997]
Spero et al. [2003] 85+ 16 73 £20 71+ 19 76 £ 25 88 £ 16 90 +29 118 +21
Mulitza et al. [2003] 80 + 14 63 +18 68 £ 19 72 £ 15 81 + 11 82 £ 16 110 £ 20
Duplessy et al. [1981] 100 = 10 93 +23 89 £ 17 96 + 27 105 + 18 < <
Bemis et al. [1998] > > > > > > 66 + 16
low light Orbulina
Bemis et al. [1998] 63 + 18 43 +23 45 £ 24 45 £ 26 62 + 15 62 +19 100 + 21
high light Orbulina
Shackleton [1974] > > > > > > 65 £ 16
Erez and Honjo [1981] > > > > > > 64 + 15

“Depth is in meters plus or minus standard error of the mean depth for studied samples. The results for equations used in this study are bold.
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Comparison of habitat depth-optimized Mg/Ca thermometers for different test parts. Note

the consistency between the Mg/Ca thermometers derived using the average Mg/Ca (solid lines) of each
species and the consistency between the low-Mg/Ca layer thermometers (dashed lines) of

Globigerinoides sacculifer and G. ruber.

in each species and therefore account for differences
between species-specific Mg/Ca thermometers, this is
highly speculative and a topic for future studies on
foraminiferal biomineralization.
3.4.4. Differences in Species’ Habitat Preference

[27] The effects of foraminiferal habitat preferences on
the test chemistry of different species are well known from
oxygen isotopes studies [Fairbanks and Wiebe, 1980;
Fairbanks et al., 1980; Blanc and Bé, 1981; Fairbanks
et al., 1982; Ravelo and Fairbanks, 1992], and have been
suggested to be a factor contributing to interspecies differ-
ences in Mg/Ca composition [Dekens et al., 2002; Regenberg
et al., 2006; Cléroux et al., 2007, 2008; Huang et al., 2008].

[28] To test the effects of species depth habitat preferences
on Mg/Ca compositions, we used a similar approach to the
recent study of Farmer et al. [2007] employing oxygen
isotope compositions. The rationale for this approach is that
the depth interval and associated water temperature which
best represents the observed Mg/Ca compositions should
minimize residual deviations and provide the best regres-
sion fit for Mg/Ca versus temperature. Accordingly, we
compare the regression fits for the measured Mg/Ca com-
positions of each species with mean annual temperatures at
different water depth intervals for each core top sampling
site [Locarnini et al., 2006]. The regression fit results
obtained from this comparison of the measured test com-
ponent compositions of the three species are shown in

Figure 9. The best fits (highest correlation coefficients)
for G. ruber and G. sacculifer and P. obliquiloculata were
obtained with temperatures corresponding to depth intervals
of 0—25 m, 0—50 m and 100—125 m, respectively. Analyses
of §"80 composition obtained on the same final test cham-
bers of G. sacculifer indicate that calcification temperatures
for the formation of the final chamber are consistent with
the 50—75 m depth interval (Figure 10 and Table 3), which
is slightly deeper than the depth derived from Mg/Ca
compositions. Interestingly, if the sample from Ontong Java
Plateau is omitted, leaving only the core tops samples from
Indian Ocean, the revised regression fit indicates a consistent
calcification depth of 50—75 m for G. sacculifer (Figure 9).
This depth interval (i.e., 50—75 m) is also more in line with
the results of previous studies [Fairbanks et al., 1982;
Ravelo and Fairbanks, 1992; Bijma and Hemleben, 1994;
Bijma et al., 1994; Faul et al., 2000; Loncari¢ et al., 2006;
Regenberg et al., 2009].

[29] These best fit depth intervals are calcification depths
for the final chambers and are not equivalent to species
habitat depths. However, these intervals are notable for their
good agreement with previously documented habitat depths
for each of these species, on the basis of both plankton net
and oxygen isotope studies [Fairbanks et al., 1982; Ravelo
and Fairbanks, 1992; Bijma and Hemleben, 1994; Faul et
al., 2000; Anand et al., 2003; Field, 2004; Kuroyanagi and
Kawahata, 2004; Cléroux et al., 2008; Regenberg et al.,
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Figure 12. Comparison of previously published

thermometers for G. ruber and generalized Mg/Ca

thermometer derived from the final chamber average Mg/Ca compositions of this work and Mg/Ca values
from culturing experiments [Nirnberg et al., 1996; Kisakiirek et al., 2008]. Black solid line is the
generalized Mg/Ca equation at a seawater salinity of 35%o. Shaded area corresponds to the 95%
confidence band of the regression. Note the agreement between the calibration of Kisakiirek et al. [2008]
and our generalized Mg/Ca thermometer. Dashed black lines are generalized Mg/Ca equations at seawater
salinities of 33%o and 38%o. Most published Mg/Ca thermometers plot between these dashed lines,
suggesting that some of the discrepancy between Mg/Ca calibrations could be related to seawater salinity.
1, Mohtadi et al. [2009]; 2, Anand et al. [2003]; 3, Dekens et al. [2002]; 4, Whitko et al. [2002];

5, Kisakiirek et al. [2008] at salinity 35%o; 6,
calibration™ from Regenberg et al. [2009].

2009]. Consequently, we attribute the observed differences
between species Mg/Ca thermometer calibrations to the
different calcification depths of the final test chambers.

[30] The depth optimized Mg/Ca,yerage temperature
regressions for G. ruber and G. sacculifer and P. obliqui-
loculata are notable for being statistically indistinguishable
from each other (Figure 11). The depth optimized regres-
sions for the Mg/Ca,,,, compositions of G. sacculifer and
G. ruber are also closely similar (Figure 11). These are
consistent with the similar offset observed between Mg/
Cagyerage and Mg/Cay,,, values in section 3.2 of this work.

[31] The absence of any significant differences between
species depth optimized Mg/Ca,yerage and Mg/Cay,, temper-
atures indicates that the temperature control on Mg/Ca
compositions may be identical for all three species. This
indicates the possibility that a single “generalized” Mg
thermometer could be applied to these species to reconstruct
a temperature profile for the upper water column, and
possibly minimizing errors associated with applications of
different species-specific calibrations.

McConnell and Thunell [2005]; 7, “warm water

3.4.5. Generalized Mg/Ca Thermometer for Sea
Surface and Upper Thermocline Temperature
Reconstruction

[32] A generalized Mg/Ca temperature equation might be
best estimated from culturing experiments where water
conditions are tightly controlled [Spero, 1992; Lea et al.,
1999]. By using Mg/Ca analyses only from the final
chambers of G. ruber and G. sacculifer and P. obliquilocu-
lata it may also be possible to reduce the variability of Mg/
Ca values caused otherwise by foraminiferal migration
within the water column. To estimate the generalized Mg/
Ca thermometer, we have applied a multiple regression
model to the combined Mg/Ca data sets from culturing
experiments available for studies species [e.g., Niirnberg et
al., 1996; Kisakiirek et al., 2008] and the Mg/Ca,yerage
values from our work (Figure 12 and Table S1).” Seawater
salinity dependence was also included in the regression

'Auxiliary materials are available in the HTML. doi:10.1029/
2008PA001664.
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Figure 13. Reconstructed surface (0—25 m) and subsurface (50—75 m and 100—125 m) temperatures
based on generalized Mg/Ca thermometers (see text for calculation details) plotted against observed
temperatures of these water intervals. Best fit is indicated by the solid line.

model to account for the large salinity variation that occurs
for our core top sites [Antonov et al., 2006], and recent
studies that show the importance of salinity for foraminifer
Mg/Ca compositions [Niirnberg et al., 1996; de Menocal et
al., 2007; Ferguson et al., 2008; Groeneveld et al., 2008;
Kisakiirek et al., 2008]. The resulting generalized equation
fit, 1.e.,

Mg/Cagverage = €xp[0.057(£0.012) - S(psu)
£0.075(££0.006) - T(C®) — 2.56(=£0.46))],

(4)

accounts for 0.85% of the total Mg/Ca variability (e.g., R? =
0.85). It is also readily modified for application to the Mg/
Cay,y, compositions of G. ruber and G. sacculifer by adding
the appropriate preexponential constant (see equation (1) in
section 3.2) as follows:

Mg/Cajyy =0.78 - exp[0.057(+0.012) - S(psu)
+0.075(£0.006) - T(C®) — 2.56(-0.46)].

Equation (4) is statistically indistinguishable from the
published calibrations of Whitko et al. [2002] and Kisakiirek
et al. [2008] (Figure 12), and is broadly consistent with
many published Mg/Ca thermometers [Hastings et al.,

1998; Dekens et al., 2002; Anand et al., 2003; McConnell
and Thunell, 2005; Cléroux et al., 2008; Mohtadi et al.,
2009; Regenberg et al., 2009] (Figure 12).

[33] Figure 13 shows an application of the generalized
Mg/Ca thermometer to reconstructing seawater tempera-
tures at different depth intervals by using the final chamber
Mg/Ca compositions of (1) G. ruber to estimate the surface
mixed layer temperature (0—25 m depth)

T(0-25) = (In(Mg/Caayerage) — 0.057 - S +2.56) /0.075
and

T(0_25) = (In(Mg/Cajy /0.78) — 0.057 - S + 2.56)/0.075,

(2) G. sacculifer to estimate the upper thermocline
temperature (50—75 m depth), and

T(o_25) = (In(Mg/Cagyerage) — 0.057 - S +2.56) /0.075

and

T(o_25) = (IN(Mg/Cajy /0.78) — 0.057 - S + 2.56)/0.075,
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and (3) P obliquiloculata to estimate deeper main
thermocline temperatures (100—125 m depth).

T(00-125) = (In(Mg/Caayerage) — 0.057 - S +2.56) /0.075

The calculated temperatures for the water column intervals
show a good correlation with observed temperatures
(Figure 13). This application is not an independent
experiment because we used the same core top samples
for the regression model of the generalized thermometer, in
combination with other Mg/Ca data (e.g., data from
culturing experiments [Niirnberg et al., 1996; Kisakiirek et
al., 2008]). However, Figure 13 demonstrates the applic-
ability of the generalized Mg/Ca equation for each species
separately, as well as for the low-Mg calcite of G. ruber and
G. sacculifer species.

[34] Previous studies have attributed the habitat depth
preferences of different planktonic foraminiferal species to
their symbioses and feeding strategies, with the latter being
related to depth of the chlorophyll maximum rather than
absolute depth [Fairbanks et al., 1982; Ravelo and Fairbanks,
1992; Bijma and Hemleben, 1994; Faul et al., 2000; Anand et
al., 2003; Field, 2004; Kuroyanagi and Kawahata, 2004].
Accordingly, the calcification depths inferred in this study
for G. sacculifer and P. obliquiloculata may be valid only
for temperate to tropical regions of the Indian and Pacific
oceans, and the other regions with a comparable oceanog-
raphy. Given the sensitivity to past changes in the depth of
the chlorophyll maximum in the oceans, the ability to
reconstruct accurate temperature-depth profiles may be
compromised, as distinct from temperatures related to the
position of the chlorophyll maximum. Further studies are
required to test the G. sacculifer and P. obliquiloculata
depth habitat preferences in different parts of the ocean and
the applicability of this approach to paleocean reconstruction.

4. Conclusions

[35] LA-ICP-MS microanalysis of Mg/Ca through indi-
vidual final chambers of Globigerinoides ruber, G. saccu-
lifer and Pulleniatina obliquiloculata tests indicate
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significant interspecies differences in test Mg/Ca concen-
trations. Our results show that differences in intratest dis-
tributions of species Mg/Ca values cannot account for the
observed deviation of species Mg/Ca values in warm-water
equatorial regions. Results of our multiple regression mod-
eling and previous 6'%0 studies of Globigerinoides saccu-
lifer tests, both indicate that interspecies discrepancies in
Mg/Ca thermometers result from species differences in
depth habitat. The average Mg/Ca values of G. ruber reflect
seawater temperature of the surface water mixed layer (0—
25 m), whereas those of G. sacculifer and Pulleniatina
obliquiloculata correlate best with temperatures at 50—75 m
and 100—125 m depth, respectively. Comparison of Mg/Ca
calibrations based on seawater temperatures corresponding
to these depths indicates that all three species share a similar
temperature control on Mg test composition. Accordingly,
we have derived a generalized temperature relationship by
multiple regression of our results and culture studies which
is described by the equation

Mg /Cafinal chamber average = €Xp[0.057(£0.012) - S(psu)
+0.075(£0.006) - T(C°)
— 2.56(+0.46)].

We further demonstrate that the low-Mg/Ca layer composi-
tions of G. ruber and G. sacculifer and the cortex’s Mg/Ca
values of P. obliquiloculata can also be used as proxy for
water temperature.
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