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[1] The Mg/Ca temperature calibration of the polar to subpolar planktonic foraminifera Neogloboquadrina
pachyderma (sinistral) (sinistral indicates left coiling) was refined by a multiproxy approach combining
hydrographic temperature and salinity data with Mg/Ca, §***°Ca, and §'®0 values from Holocene Nordic
seas core top samples. Reliable Mg/Ca-based temperature estimates are limited to foraminiferal tests
that calcified in water masses with temperatures above ~3°C at habitat depth. In these samples, Mg/Ca and
§*4Ca values are positively correlated (Mg/Ca (mmol/mol) = 0.77 (£0.22) x §*%9Ca (% SRM 915a) +
0.52 (£0.12); n = 20, R* = 0.76). Both Mg/Ca- and §***°Ca-derived temperatures projected onto their
corresponding depth intervals reveal that the “apparent™ calcification depth of N. pachyderma (sinistral)
averaging the specimens’ whole life cycle is bound to an isopycnal layer defined by water densities (o)
between 27.7 and 27.8. This implies that N. pachyderma (sinistral) prefers gradually deeper habitats with
increasing sea surface temperatures, thus counterbalancing absolute temperature variations. Consequently,
the total temperature range recorded in this foraminiferal species is restricted and only partly reflects
environmental changes. On the basis of the new Mg/Ca, §*¥*°Ca, and §'®0 multiproxy data set, we
propose a linear Mg/Ca temperature relation for high-latitude N. pachyderma (sinistral): Mg/Ca (mmol/
mol) = 0.13 (£0.037) T (°C) + 0.35 (£0.17); T > 3°C. In core top samples from polar waters with peak
summer temperatures below ~3°C, the temperature response in the Mg/Ca and §40Ca proxy signal is
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inversed and poorly correlated. Both Mg/Ca- and §**¥*°Ca-derived temperature estimates pretend
significantly higher calcification temperatures than maximum summer sea surface temperatures of these

water masses.
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1. Introduction

[2] Although foraminiferal Mg/Ca has proven to
be an useful proxy for the reconstruction of past
sea surface temperatures (SSTs) in subtropical to
tropical regions, its application at high latitudes is
limited, mainly because of the low sensitivity of
the Mg incorporation into foraminiferal calcite at
low temperatures. To date, several multi and single
species Mg/Ca temperature calibrations as well as
multiproxy comparisons are published from transi-
tional to tropical foraminiferal provinces, but data
from higher latitudes remain sparse. In fact, the
commonly applied Mg/Ca temperature calibrations
for polar to subpolar planktonic foraminiferal
species [Mashiotta et al., 1999; Elderfield and
Ganssen, 2000] were reusing the Mg/Ca data set
of Niirnberg [1995] that was derived by electron
microprobe analysis of North and South Atlantic
core top specimens of N. pachyderma (sinistral).
However, aside from a small number of recent
studies using laser ablation MC-ICP-MS, electron
microprobe instruments or other high-resolution
techniques [e.g., Eggins et al., 2003; McKenna
and Prell, 2004; Sadekov et al., 2005], most
Mg/Ca data for palaeoceanographic applications
were routinely determined by the solution-based
ICP-OES technique. Unfortunately, only few sys-
tematic cross calibrations between these different
analytical approaches were reported [Nirnberg
et al., 2000]. Hence, Mg/Ca ratios derived by
ICP-OES were routinely converted to absolute
temperature estimates by calibrations that are, on
their low temperature end, based on data from a
different analytical approach.

[3] An additional inherent weakness of high-
latitude core top calibrations is the large uncertainty

regarding the “reference” calcification tempera-
tures selected for each sample location. In this
respect, the N. pachyderma (sinistral) calibration
of Niirnberg [1995] is based on reference temper-
atures compiled from hydrographic databases
[Dietrich, 1969; Koltermann and Liithje, 1989;
Thiede and Hempel, 1991; Pfannkuche et al.,
1993], assuming a planktonic summer bloom and
a constant average calcification depth. However,
later studies revealed that the correlation between
modern Mg/Ca inferred temperatures and their
corresponding hydrographic data is poor [Meland
et al., 2006; Nyland et al., 2006]. Furthermore,
various authors [e.g., Kohfeld et al., 1996;
Stangeew, 2001; Simstich et al., 2003] found that
the water depth of chamber formation and encrus-
tation of N. pachyderma (sinistral) is related to the
stratification of the water column and therefore
highly variable. The cumulative isotope signal of
foraminiferal tests averages the whole depth range
they inhabited, indicating “apparent™ calcification
depths of up to 250 m off Norway, but only about
50 m in the Arctic domain [Simstich et al., 2003].
Hence, temperature calibrations based on empirical
data from constant habitat depths may be recon-
sidered. In order to avoid these uncertainties
regarding the specimens’ calcification habitat, sea-
sonality and life cycle, Elderfield and Ganssen
[2000] cross-calibrated foraminiferal Mg/Ca ratios
with calcification temperatures inferred from the
oxygen isotopic differences between foraminiferal
calcite and seawater. Apparently, still in the tem-
perature range of 0°C to 7°C, the data set of
Niirnberg [1995] was reused without any correc-
tion for 6 O-inferred calcification temperatures.
This is mainly because Mg/Ca calibrations in this
temperature range could not be further improved
by cross calibrations to oxygen isotopes, as the
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Figure 1. Station chart of Late Holocene sediment
surface samples of N. pachyderma (sinistral) and their
corresponding Mg/Ca ratios (mmol/mol). The dashed
lines mark transects a and b discussed in the text and in
Figure 5. Stations with a positive correlation of their
Mg/Ca:5***°Ca proxy pair and consistent calcification
temperature estimates are marked black, and core
locations with an obscured proxy to temperature
relationship are shown in white. The Mg/Ca:6***°Ca
proxy pair of core 23233-1 west of Svalbard (see Table
1) shows this aberrant proxy behavior in warmer waters
and is marked in gray.

8'80-temperature relationship is most likely
superimposed by meltwater discharges and salinity
variations.

[4] With respect to recent proxy developments and
modern analytical possibilities, the objective of this
study was to reassess the Mg/Ca temperature
response in core top samples of N. pachyderma
(sinistral) from high northern Ilatitudes, using
solution-based ICP-OES technology. In order to
constrain the calcification habitat of N. pachyderma
(sinistral), independent calcification temperatures
were calculated from paired §***°Ca measurements
which are found to have a temperature sensitivity of
0.17% C~ " in core top samples of this foraminiferal
species [Hippler et al., 2009]. Furthermore, these
data were compared to §'®O-inferred calcification
temperatures and modern summer temperatures
provided by Conkright et al. [2002].

2. Material and Methods

2.1. The §***°Ca and Mg/Ca
Measurements

[s] Both §**°Ca and Mg/Ca measurements were
performed on the polar to subpolar planktonic

foraminifer N. pachyderma (sinistral) from core
top samples which were previously used by
Meland et al. [2006] for paired Mg/Ca:5'*0 meas-
urements and by Hohnemann [1996], Horwege
[1987], and Simstich et al. [2003] for the determi-
nation of §'®0 values (Figure 1). AMS 'C ages
of 35 adjacent core top samples were given by
Simstich et al. [2003]. Except for three samples, all
core top sediments are significantly younger than
~3000 years and therefore represent modern
oceanographic conditions. For each paired
Mg/Ca:6***°Ca measurement, approximately
60 to 80 foraminiferal tests in the size fraction
125 to 250 um were hand picked, gently crushed
between glass plates, and subsequently cleaned
using an oxidative cleaning procedure slightly
modified after Barker et al. [2003]. After cleaning,
the test fragments were dissolved in ultrapure 2.5 N
HCI. About 80% of the sample solution was
separated for the determination of Mg/Ca ratios,
the rest was used for §***°Ca analysis.

[¢] For Mg/Ca measurements, the sample solution
was dried down, dissolved in ultrapure 0.075 M
nitric acid and diluted to Ca concentrations of
about 30 to 70 ppm. Analyses were performed on
a simultaneous radially viewing ICP-OES (Ciros
CCD SOP, Spectro A.l.,, Germany) following
standard procedures [Nirnberg et al., 2000].
During the course of the measurements, the total
drift was less than 0.2% as determined by analyz-
ing an internal consistency standard after every five
samples. Replicate analyses of foraminiferal tests
from the same core top sample, which were
cleaned and analyzed during different sessions,
showed a standard deviation of 0.08 mmol/mol.

[7] Samples labeled “HM” were already prepared
and analyzed for Mg/Ca at the Department of Earth
Sciences, University of Cambridge, UK [Meland et
al., 2006]. These foraminiferal tests were purified
following identical cleaning protocols [Barker et
al., 2003] and measured using an ICP-OES with a
relative precision of <0.3% [de Villiers et al.,
2002]. For additional 6***°Ca determinations,
approximately 20 tests from each core top in the
size fraction 150-212 pum were hand picked from
the remaining sample material and measured at
IFM-GEOMAR (Kiel, Germany). Mg/Ca ratios
from adjacent core tops reflecting identical water
masses measured in Cambridge and Kiel are within
analytical error indistinguishable from each other.
Moreover, the Mg/Ca to 6**°Ca relationship is
consistent between these groups, implying that
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there are no systematic offsets due to measure-
ments in different laboratories.

[s] For the determination of §**“°Ca values, an
isotopically well defined **Ca/**Ca double-spike
[Heuser et al., 2002] was added to an aliquot of the
sample solution to correct for isotope fractionation
during the course of the Ca isotope analysis. The
sample-spike mixture was dried down in order to
guarantee a homogenous distribution and later
recovered in 2 pul of ultrapure 2.5 N HCIL. Follow-
ing the method published by Birck [1986], the
mixture was subsequently loaded with a Ta,Os
activator solution onto a previously outgassed,
zone refined rhenium single filament using the
“sandwich technique” (activator-sample-activa-
tor). After evaporating to dryness, the filament
with the sample-spike mixture was briefly glowed.
The total amount of Ca loaded on the filament
(spike and sample) was about 300 ng. Ca isotope
measurements were performed on a Thermo
Scientific TRITON thermal ionization mass spec-
trometer at IFIM-GEOMAR. The isoto;)ic variations
are expressed as 5*40Ca values * 40Casample/44/
Cagangard — 1) X 1000 [Eisenhauer et al., 2004]
using NIST SRM 915a CaCO; reference powder
as standard material. In order to monitor the long-
term reproducibility, an additional CaF, standard
previously used by Ndgler et al. [2000] and further
discussed by Hippler et al. [2003] was repeatedly
measured.

2.2. Calculation of Mg/Ca, §**4%Ca, and
6'30 Inferred Calcification Temperatures

[v] The preferred habitat depth of planktonic fora-
minifera as well as their main calcification period is
species specific and varies between sample loca-
tions. Thus, available regional and monospecific
temperature calibrations should be chosen in the
first place. For this study, Mg/Ca temperature
estimates were calculated using the Mg/Ca:temper-
ature equation of Mashiotta et al. [1999] that is
based on N. pachyderma (sinistral) from North
Atlantic core tops:

Mg/Ca(mmol/mol) = 0.549exp 0.099 T(°C). (1)

[10] 6**°Ca inferred temperatures were calculated
by the calibration of Hippler et al. [2009]:

64740 Ca (%0 NIST SRM 915a) = 0.17(+0.02)T(°C)
—0.22(40.08). (2)

[11] Oxygen isotope ratios were converted to
calcification temperatures by the calcite tempera-

ture: 6'%0 relation of Shackleton [1974], modified
after O’Neil et al. [1969]:

T(°C) = 16.90 — 4.38 (6" Ocatcie — 6" Opaer)
=+ 0.10(5130Calcm - 6lxowatcr)2 (3)

applying a &'®0 vital effect of 0.6%. in core top
samples of N. pachyderma (sinistral) and the
salinity to 0 B0 yater relation of

8% 0yaer (VSMOW) = —12.17 + 0.36 x S (4)

as proposed by Simstich et al. [2003] for the central
and eastern Nordic seas. S refers to salinity,
880 a1cite to the oxyfgen isotope value of forami-
niferal calcite and 6 °Oyaer to ambient seawater
8'0 values. Most palacoceanographic studies
based on N. pachyderma (sinistral) as proxy carrier
still use the equation of Shackleton [1974] that was
modified from O 'Neil et al. [1969]. However, newer
determinations of the CO, — H,O and the phosphoric
acid — CO, fractionation factors lead to a slightly
different calibration of the calcite — water fractiona-
tion factor [Dibrov et al., 1997]. In order to maintain
comparability with previous publications, we applied
the equation of Shackleton [1974].

[12] A correction factor to convert 830,y Values
from the VSMOW to the PDB scale is necessary to
compare measured §6'%0 values of CO, produced
bY the reaction of calcite with phosphoric acid to
880 values of CO, equilibrated with water. The
equation of Shackleton [1974] is tied to a correc-
tion factor of —0.2%, as determined by Craig and
Gordon E1965] that differs slightly from the most
recent 6 °O water correction of —0.27% [Hut,
1987] (see discussion by Bemis et al. [1998]).

[13] In order to obtain proxy-independent hydro-
graphic parameter, temperature and salinity data for
the months of July to September, characterizing the
main planktonic bloom in the Nordic seas [cf. Kohfeld
et al., 1996; Jensen, 1998; Schréder-Ritzrau et al.,
2001], were extracted with a vertical resolution of
25 m from the hydrographic database given by
Conkright et al. [2002]. This database contains ob-
jectively analyzed ocean variables at 1° spatial reso-
lution that are interpolated to 33 standard depth levels.

3. Results and Discussion

3.1. High-Latitude Mg/Ca-§*¥*"Ca-6"0
Relation

[14] The measured 6***°Ca values were plotted as
a function of their corresponding Mg/Ca ratios
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Figure 2. Mg/Ca ratios versus §***°Ca values from core top N. pachyderma (sinistral) originating from the Nordic
seas. In Norwegian Sea samples, Mg/Ca and §**°Ca values are positively correlated, whereas in the cold (<3°C),
low saline Arctic domain and polar waters, the temperature response in the Mg/Ca and §***°Ca proxy signal is
inversed and poorly correlated. Both Mg/Ca- and §*¥*0Ca-derived temperature estimates pretend significantly higher
calcification temperatures than maximum sea surface temperatures of these water masses. Core 23233-1 west
of Svalbard (see Table 1) is marked gray as it is located in warmer waters east of the Arctic domain but shows a
Mg/Ca:6**°Ca proxy pair that is indistinguishable from polar samples.

(Figure 2). Tests of N. pachyderma (sinistral) can
be subdivided into two groups which differ signif-
icantly in their suitability as temperature proxy
recorder. The distinctive feature between these
two groups is their calcification habitat. In forami-
niferal test which calcified in the Norwegian Sea
east of the Arctic domain with summer temper-
atures of at least 2.5°C in combination with salin-
ities above 34.5%, Mg/Ca and §***°Ca values are
positively correlated (Figure 2):

Mg/Ca(mmol/mol) = 0.77(£0.22) x §*/4°Ca(SRM 915a)

+0.52(£0.12) (n = 20,R* = 0.76) (5)
This consistency demonstrates that Mg/Ca and §**
40Ca values in the Norwegian Sea are predomi-
nantly controlled by the same environmental
parameters. However, the “cold limit” for reliable
Mg/Ca and 6***°Ca inferred temperatures is
specified by Mg/Ca ratios of ~0.80 mmol/mol
and 6*¥*°Ca values of ~0.35% (SRM 915a),
associated to foraminiferal tests that calcified at
the boundary between the Norwegian See and the
Arctic domain (Figure 1). At this boundary, water
masses are characterized by peak summer surface

temperatures of 3 to 4°C and maximum summer
surface salinities of ~34.5%, [ Weinelt et al., 2001].
In the second group of foraminiferal tests that
calcified at summer temperatures below 2.5°C
associated with salinities of 34.5%. or less, the
temperature response in the Mg/Ca and §440Ca
proxy signal is inversed and poorly correlated
(Figure 2). However, foraminiferal tests picked
from one core tops west of Svalbard (core 23233-1,
Figure 1 and Table 1), show this proxy behavior in
slightly warmer, more saline waters.

[15] In Figure 3, the positively correlated Mg/Ca
and 6***°Ca values from Norwegian Sea core top
samples are plotted as a function of their
corresponding '®0 values. Lines of equal temper-
atures were calculated using the Mg/Ca:tempera-
ture equation (1) of Mashiotta et al. [1999], the §*
40Ca:temperature calibration (2) for N. pachyderma
(sinistral) by Hippler et al. [2009] and the calcite
temperature:8'®O relation (3) of Shackleton [[1974],
applying a foraminiferal vital effect in §'°0O of
0.6%. and the salinity to 6 "¥0yater relation (4) as
proposed by Simstich et al. [2003]. In contrast to
the high de%ree of correlation (R’ = 0.76) for the
Mg/Ca:5***°Ca relationship, the §'®0 signal in N.
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Figure 3. Comparison of measured and predicted Mg/Ca and §***°Ca values of N. pachyderma (sinistral) versus
8'%0. The predicted Mg/Ca-5"0 relation was calculated using the 4p‘:alaeoequation (3) of Shackleton [1974] and the

Mg/Ca calibration (1) of Mashiotta et al. [1999] (Table 1). The §

/40Ca-6"%0 relation is based on the Ca isotope

temperature equation (2) of Hippler et al. [2009]. A "0yater Of 0.42%0 (SMOW) (averaged from modern data) was

assumed for the Norwegian Sea.

pachyderma (sinistral) deviates by up to 1.5%. from
the values predicted by Mg/Ca or §*¥*°Ca temper-
ature estimates and is therefore poorly correlated.
(R? = 0.29 for the Mg/Ca:5'®0 relationship and R’
= 0.20 for the 6***°Ca:6'®0 relationship).

3.2. Assessing Foraminiferal Calcification
Temperatures

[16] Basically all data sets describing the tempera-
ture sensitivity of Mg/Ca in planktonic foraminif-
era are calibrated against estimated calcification
temperatures derived either from instrumental data
or by the combination with §'*0 measurements.
While both approaches reveal fairly consistent
results in tropical to subtropical oceans, the assign-
ment of “true” calcification temperatures remains
one of the major issues for high-latitude core top
calibrations because of the distinctive seasonality
and the strong stratification of high-latitude water
masses [cf. Barker et al., 2005]. In Figure 4, the
new Mg/Ca data set of Norwegian Sea core top
samples measured by ICP-OES was plotted against
calcification temperature estimates deduced from
three different approaches:

[17] 1. Mg/Ca is plotted against §'%0-derived tem-
peratures calculated by equations (3) and (4),
following the multispecies calibration of Elderfield
and Ganssen [2000]. A 630 vital effect of 0.6%o as
proposed by Simstich et al. [2003] for core top
samples of N. pachyderma (sinistral) was applied.

[18] 2. Mg/Ca is plotted against averaged modern
summer temperatures in 0 m to 200 m water depth
compiled from Conkright et al. [2002] similar to
the initial approach of Niirnberg [1995] who used
various data sources [Dietrich, 1969; Koltermann
and Liithje, 1989; Thiede and Hempel, 1991;
Pfannkuche et al., 1993].

[19] 3. Mg/Ca ratios are plotted against §***°Ca-
derived reference temperatures calculated by the
Ca isotope temperature equation (2) of Hippler et
al. [2009].

[20] The resulting reference temperatures calculated
by these three independent approaches vary signif-
icantly, showing that the temperature sensitivity in
the Mg/Ca proxy signal is mainly a function of the
selected calibration approach (Figure 4). Mg/Ca
ratios referenced against §'®0-based calcification
temperatures that range from ~1°C to ~8°C show
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Figure 4.

ICP-OES derived Mg/Ca ratios in N. pachyderma (sinistral) originating from the Norwegian Sea plotted

against calcification temperature estimates derived from (1) modern summer SST (averaged July—September in 0—
200 m [Conkright et al., 2002]), (2) §'®0 inferred temperatures, and (3) §490Ca temperature estimates. The
calculation of the different reference temperatures is explained in detail in section 3.1 and Table 1.

no significant temperature relation and deviate
significantly from the Mg/Ca temperature equa-
tions of Mashiotta et al. [1999] and Elderfield
and Ganssen [2000]. Assuming a constant calci-
fication habitat corresponding to averaged sum-
mer temperatures in 0 m to 200 m water depth,
measured Mg/Ca ratios are assigned to water
temperatures ranging from about 1.5 to 9.5°C
which are on average about 1 to 2°C higher than
8'®0-derived temperatures. Similar to the §'°0
based calibration, the increase in foraminiferal
Mg/Ca with temperature is almost insignificant
when referencing against averaged modern sum-
mer temperatures. This is in agreement to the
study of Niirnberg [1995] who found a range in
Mg/Ca of only 0.56 to 1.06 mmol/mol in Nordic
seas core top samples whereas the exponential
temperature equation is mainly supported by
North Atlantic core locations reflecting higher
water temperatures.

[21] In contrast to the first two approaches, Mg/Ca
ratios referenced against §***°Ca-derived temper-
atures calculated by equation (2) reveal a temper-
ature response in the Mg content of foraminiferal
calcite that is comparable to the Mg/Ca tempera-
ture calibration of Mashiotta et al. [1999] and the

multispecies calibration of Elderfield and Ganssen
[2000]. The calibration of Mg/Ca ratios against
5*¥40Ca-derived temperatures is remarkable for
two reasons:

[22] 1. For the first time, Mg/Ca ratios from high-
latitude planktonic foraminifera are calibrated
against a truly independent temperature proxy that
is based on sediment surface samples as well as on
foraminiferal tests from net catches [Hippler et al.,
2009]. Furthermore, §*¥*°Ca was measured in an
aliquot of the same sample solution that was used
for the Mg/Ca runs.

[23] 2. Unlike previous electron microprobe data
sets, foraminiferal Mg/Ca ratios used for this
calibration study are derived from ICP-OES instru-
ments which is now the common analytical ap-
proach in laboratories generating high quantities of
Mg/Ca measurements for palacoceanographic
applications. It is notable that in comparison to
temperature estimates deduced from foraminiferal
6'®0 or compiled from Conkright et al. [2002]
assuming a constant calcification depth, the tem-
perature signal recorded in the 6***°Ca of Norwe-
gian Sea core top samples reflects a significantly
narrower temperature range of only 3°C to 6°C.
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According to this, the refined Mg/Ca temperature
equation for Norwegian Sea N. pachyderma (sinis-
tral) based on §***°Ca-derived calcification tem-
peratures (Figure 4) is best described by:

Mg/Ca(mmol/mol) = 0.13(£0.037)T(°C) + 0.35(£0.17)
(6)

(n = 20; regression calculated by ISOPLOT
[Ludwig, 2003]). Despite thermodynamic consid-
erations requiring an exponential temperature
dependence of the Mg uptake into foraminiferal
calcite [Mashiotta et al., 1999], we assume that in
the narrow temperature range occupied by N
pachyderma (sinistral), a linear temperature func-
tion is also appropriate. The corresponding Mg/Ca
temperature estimates are slightly lower than
temperatures calculated by the Mg/Ca temperature
equations of Mashiotta et al. [1999] and Elderfield
and Ganssen [2000].

3.3. Reassessment of the Calcification
Habitat by Mg/Ca:5**°Ca Proxy Pairs

[24] Various studies reported that the biological
production in the Nordic seas culminates from July
to September [cf. Kohfeld et al., 1996; Jensen, 1998;
Schroder-Ritzrau et al., 2001]. Hence, the temper-
ature signal recorded in tests of N. pachyderma
(sinistral) from Nordic seas core top sediments
most likely reflects summer temperatures from a
dedicated depth interval. On the basis of paired
oxygen isotope data of N. pachyderma (sinistral)
and Turborotalita quinqueloba, Simstich et al.
[2003] proposed that “apparent’ calcification
depths of N. pachyderma (sinistral) are bound to
pycnoclines, indicating water depth of ~20 to 50 m
in the Arctic domain and up to ~250 m off Norway.
As a self-consistent confirmation of our data, Mg/Ca
and §*¥*°Ca proxy temperature estimates (calculated
by equations (1) and (2)) projected on corresponding
water depths reveal a similar pattern, suggesting that
the density-driven water mass stratification is the
main factor controlling the habitat depth of this
foraminiferal species in the Nordic seas (Figure 5).
Both Mg/Ca- and §***°Ca-derived temperatures
reflect hydrographic conditions strongly bound to
the isopycnal layer defined by the potential density o
of 27.7 to 27.8 (reduced to atmospheric pressure).
This implies that the average habitat depth of
N. pachyderma (sinistral) in the Nordic seas is either
actively or passively controlled by water density.
Consequently, this species only partly records sub-
surface water temperature changes and is dampening
the total amplitude of temperature variations one

would expect when assuming a constant average
calcification depth.

3.4. Implications on Monospecific

Multiproxy Approaches

[2s] In contrast to the positively correlated 6***°Ca
and Mg/Ca values in Norwegian Sea core top
samples, which both reflect average summer
temperatures associated to the isopycnal layer
defined by a potential density o; of 27.7 to 27.8
(reduced to atmospheric pressure), foraminiferal
6'80 values deviate significantly from the §*¥
40Ca and Mg/Ca proxy signal (Figure 3). Further-
more, 6'%0-derived calcification temperatures
projected onto their corresponding water depth
reveal an inconsistent “‘apparent” calcification
depth (Figure 5). Nyland et al. [2006] made similar
observations based on paired §'*0:Mg/Ca values in
N. pachyderma (right coiling) and N. pachyderma
(sinistral) from high-resolution Norwegian Sea
sediment cores spanning the last ~1200 years. They
concluded that the large variability in foraminiferal
880 and hence the discrepancy between foraminif-
eral Mg/Ca and 6'®0 is caused by variations in the
oxygen isotopic composition of seawater during the
Late Holocene. In contrast, Meland et al. [2006]
hypothesized on the basis of a broad data set
comprising paired §'*0:Mg/Ca values, that the vital
effect in the 6'°0 signal of N. pachyderma (sinistral)
might vary between different water masses.

[26] An important factor that has to be considered
when discussing offsets between proxy pairs are
intratest variations in the trace element distribution
and isotopic composition between the inner onto-
genetic calcite and the outer crust. At the final
phase of its life cycle, which usually ends after
several weeks to months, N. pachyderma (sinistral)
covers its entire test with a thick calcite layer
(““crust’). In some foraminiferal species, this pro-
cess is known to be associated with gametogenesis
[Bé, 1980]. The secretion of this outer crust
(termed ““gametogenetic calcite” for the tropical
species Globigerinoides sacculifer [Bé, 1980]),
which may contribute more than 70% of the total
test weight of N. pachyderma (sinistral) [Kohfeld et
al.,, 1996], takes place in water depths of up to
several hundred meters [e.g., Duplessy et al.,
1981]. In studies using foraminiferal tests from
open ocean conditions, the Mg content in the outer
crust usually shows a systematic Mg depletion as
predicted by the colder water temperatures at
calcification depth [e.g., Eggins et al., 2003]. In
contrast, Niirnberg et al. [1996] reported a signif-
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Figure 5. Mg/Ca-, §***°Ca-, and §'®O-derived temperatures from the transects shown in Figure 1 projected
meridionally to depth intervals with appropriate summer temperatures. (a) Northern and (b) southern transect. The
8'®0-derived temperatures predict a wide and unrealistic scatter in average calcification depths, whereas Mg/Ca and
§**49Ca temperature estimates closely follow the 27.7 isopycne (reduced to sea surface pressure). In Arctic domain
and polar waters, Mg/Ca and 6***°Ca temperature estimates are higher than maximum summer surface temperatures
(core labels marked by asterisks). Isopycnals were calculated by ODV (R. Schlitzer, Ocean Data View, 20006,
available at http://odv.awi.de) on the basis of data from Conkright et al. [2002] (http://www.nodc.noaa.gov/OC5/
WOAO1/pr_woa01.html). In order to obtain independent Mg/Ca temperature estimates that are not based on §***°Ca
reference temperatures, Mg/Ca ratios were converted to absolute temperatures by the equation of Mashiotta et al.
[1999]. Using the new Mg/Ca temperature equation (6), which is cross calibrated with 5*40Ca values, Mg/Ca
inferred temperatures are, on average, about 0.5°C lower.

icantly higher Mg content in the outer crust of
Globigerinoides sacculifer that have been cultured
at constant water temperature. This implies that the
Mg/Ca of the outer crust may not be exclusively
related to calcification temperature. With respect to
5*¥49Ca, the proxy signal recorded in nonencrusted
net catches and encrusted core top samples of N.
pachyderma (sinistral) is within analytical uncer-
tainty identical [Hippler et al., 2009]. Only limited
data sets are available for foraminiferal intratest
oxygen isotope variations, mainly because the
analytical approach is challenging. Duplessy et al.

[1981] speculated that the ontogenetic calcite is
negatively fractionated in 6'*O relative to calcite
equilibrated with seawater whereas the crust is
secreted at or near equilibrium. This negative
fractionation of the ontogenetic calcite was con-
firmed in a later study by Spero and Lea [1996].
Recently, Kozdon et al. [2009] determined intratest
oxygen isotope variations in N. pachyderma
(sinistral) using multicollector ion microprobe at
2 to 3 pm spatial resolution. They reported a
negative vital effect of —0.5 to —1% in the
ontogenetic calcite and a positive vital effect of
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about +0.8% in the final crust. Consequently,
whole test 6'*0 values derived from conventional
analytical techniques are highly sensitive to the
degree of encrustation.

[27] As most foraminiferal temperature calibrations
are based on encrusted core top samples, the
chemical heterogeneity of individual foraminiferal
tests is already considered in the proxy to temper-
ature calibrations. However, if the addition of the
final crust at the end of the foraminiferal life cycle
alters the “whole test” bulk value for each tem-
perature proxy in a different way, variations in the
degree of test encrustation can produce significant
offsets between chemically independent proxies.

3.5. Mg/Ca Temperature Reconstructions
in High-Latitude Oceans

[28] It was first reported by Niirnberg [1995] and
later by Meland et al. [2006] that Mg/Ca ratios
from sampling sites that are annually covered by
sea ice are generally too high. This deviation is
even more pronounced in the new ICP-OES data
set (Figure 2). In this respect, it is notable that the
Mg/Ca calibrations of Mashiotta et al. [1999] and
Elderfield and Ganssen [2000], which are both
comprising the electron microprobe data set of
Niirnberg [1995], are interpolated down to water
temperatures of 0°C, implying that Mg/Ca ratios of
planktonic foraminifera can be converted to robust
temperature estimates in polar waters.

[29] Aberrant proxy signals in foraminiferal tests
from polar waters are not restricted to core top
samples. Hippler et al. [2009] reported that the Ca
isotopic ratios of net sampled N. pachyderma
(sinistral) from polar waters are, similar to core
top samples, insensitive to water temperature. In
contrast, §***°Ca inferred temperatures were found
to be reliable in net sampled foraminiferal tests that
calcified in cold waters associated with higher
salinities. Consequently, the authors described the
breakdown of the §***°Ca temperature relationship
as the ““cold-fresh-end” paradox. However, it has
yet to be determined if the cold limit for reliable
Mg/Ca temperature estimates is different at sam-
pling sites with higher salinities.

[30] On the basis of the current data set, we suggest
to apply a new linear Mg/Ca temperature calibra-
tion (6) to describe the temperature response in
tests of N. pachyderma (sinistral) that calcified in
water temperatures above ~3°C. Consequently,
Mg/Ca ratios associated with almost monospecific
foraminiferal assemblages indicating lower water

temperatures should be evaluated carefully. In
contrast to previous calibrations, the new equation
is based on a self-consistent multi&:)roxy approach
combining Mg/Ca ratios with §***°Ca temperature
estimates from both core top samples and net
catches, which are supported by precise instrumen-
tal CTD temperature data [Hippler et al. 2009].
This new Mg/Ca temperature calibration should be
regarded as a refined “cold end” branch of the
existing Mg/Ca calibrations of Mashiotta et al.
[1999] and Elderfield and Ganssen [2000], which
are both commonly applied for N. pachyderma
(sinistral).

[31] Our findings that N. pachyderma (sinistral) is
either actively or passively bound to a narrow
isopycnal range enlightens earlier findings of Mel-
and et al. [2005, 2006], who observed almost no
difference between Glacial and Holocene Mg/Ca
ratios for this species. As water density is mainly a
function of temperature and salinity, the presump-
tion of a constant habitat depth during glacial-
interglacial intervals for the interpretation of
high-latitude foraminiferal paleorecords may be
misleading. Assuming that N. pachyderma (sinis-
tral) can adjust its buoyancy within narrow limits
only, the water mass stratification during intergla-
cial periods is likely to provoke a deeper average
calcification habitat, partly counterbalancing abso-
lute glacial-interglacial temperature variations. As
a result of its alignment to a narrow density band,
the total temperature range recorded in the Mg/Ca
and 6**°Ca signal of N. pachyderma (sinistral)
from Norwegian Sea core tops is restricted to only
~3 to 6°C. In the sedimentary record, similar
discrepancies were reported between temperature
estimates derived from foraminiferal transfer func-
tions, and §'®0-derived temperatures [Bond et al.,
1992]. While the percent abundance data suggest
temperature changes of 6° to 8°C, the §'*0 signal
in N. pachyderma (sinistral) indicates little or no
change.

[32] The knowledge and understanding of how
nonspinose foraminifera as N. pachyderma (sinis-
tral) adjust their buoyancy is still limited, mainly
because their culturing is challenging compared to
spinose foraminifera species [cf. von Langen et al.,
2005]. It is assumed that planktonic foraminifera
produce low-density lipids or gases to counter
gravitational settling [Furbish and Arnold, 1997].
In particular, most spinose planktonic foraminifera
need an active buoyancy control as they are con-
fined to the photic zone because of their photosyn-
thetic symbionts. In contrast, N. pachyderma
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(sinistral) is known to be asymbiotic [cf. Hemleben
et al., 1989] and therefore probably a passive
dweller. This implies that the water mass stratifi-
cation is preconditioning the habitat of nonspinose
or asymbiotic foraminifera more likely than that of
spinose and symbiotic foraminifera, which are
supposed to have a more effective buoyancy con-
trol in order to stay in the photic zone. In this
regard, Anand et al. [2003] reported a lower
temperature response of the Mg/Ca signal in non-
spinose foraminifera from the Sargasso Sea than in
the spinose group. This effect may become ampli-
fied in high latitudes as a result of stronger water
mass stratification.

3.6. Aberrant Foraminiferal Mg/Ca
at the “Cold End”

[33] Foraminiferal Mg/Ca ratios are lower by an
order of magnitude than those predicted by inor-
ganic precipitation from seawater [Barker et al.,
2005; Oomori et al., 1987], suggesting a tight
biological control on the Mg content. Thus, the
organism needs to concentrate Ca>* or alternatively
remove Mg”" from the vacuolized seawater that
serves as the parent solution from which calcifica-
tion occurs [cf. Bentov and Erez, 2006]. Conse-
quently, a faster calcification rate requires a faster
concentration of Ca>" or removal of Mg®" in order
to keep the Mg/Ca ratio of the parent solution
within certain limits. Available data of the temper-
ature influence on foraminiferal growth rate are
very sparse, but indicate that N. pachyderma
(sinistral) achieves highest calcification rates in
cold waters, whereas other foraminiferal species
including right coiling N. pachyderma (dextral)
increase their growth rate with increasing water
temperature [Lombard et al., 2009]. It might be
possible that under environmental conditions
favoring a high growth rate, a chemical modification
of the vacuolized seawater beyond certain limits has
no further impact on the efficiency of the biominer-
alization process. Thus, the corresponding Mg/Ca
ratios of the precipitated calcite are superimposed by
other factors than temperature. This hypothesis
could explain the almost parabolic relation between
foraminiferal Mg/Ca and water temperature with
lowest Mg/Ca ratios of about 0.80 mmol/mol
corresponding to water temperatures of ~3°C.
However, it is important to emphasize that the entire
process of foraminiferal biomineralization is not
understood in detail yet [cf. Erez, 2003], and the
reliability of foraminiferal temperature proxies de-
rived from samples that calcified close to the limits

of their thermal tolerance window is an interesting
field for further studies.

4. Conclusion

[34] On the basis of §**°Ca and Mg/Ca measure-
ments in Holocene core top samples of N. pachy-
derma (sinistral) from the Norwegian Sea and Arctic
domain, we found that the temperature signal
recorded in both proxies reflects variable calcifica-
tion depths associated to a discrete isopycnal band of
oy =27.7 to 27.8 (reduced to atmospheric pressure)
and thus counterbalancing absolute temperature var-
iations. As a result, robust cross-calibrated proxy
temperature estimates from the Norwegian Sea com-
prise a range of only ~3 to 6°C, challenging previous
temperature calibrations for this foraminiferal species
which are based on the assumption of a constant
calcification depth. Therefore, we recommend a
modified Mg/Ca temperature calibration for high-
latitude N. pachyderma (sinistral) that is based on
independent, cross-calibrated §***°Ca temperature
estimates: Mg/Ca (mmol/mol) = 0.13 (£0.037) T
(°C) + 0.35 (+0.17). In contrast, Mg/Ca ratios cali-
brated against 'O inferred temperatures or instru-
mental data according to previous calibration
approaches are almost insensitive to temperature
variations, emphasizing that the assignment of ““true”
calcification temperatures is a major issue in high-
latitude temperature calibrations. At water temper-
atures below 2.5°C associated with salinities of
34.5% or less, the temperature information in the
Mg/Ca and 6***°Ca proxy signal is lost, implying
that common Mg/Ca temperature equations for
planktonic foraminifera should not be unambiguous-
ly applied to polar waters. This highly nonpassive
character of N. pachyderma (sinistral) emphasizes
the importance of water mass and species specific
temperature calibrations.
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