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Abstract. Mg/Ca ratios from planktonic foraminifera are widely used as an independent proxy
for ocean temperature. The choice of calibration is vital for reconstructing meaningful
temperatures. We present preliminary results based on a new Mg/Ca-temperature calibration
(Mg/Ca = 0.92&% for the thermocline-dwelling foraminifer@loborotalia inflata derived

using a suite of North Atlantic coretops. The downcore Mg/Ca record from core SU90-03
(40°N, 32°W) was used to compare how our new and existing calibrations performed for the
Holocene and over the large scale change associated with Termination .

1. Introduction
The measurement of Mg/Ca ratios in the tests of foraminifera is now a routine technique for estimating
past ocean temperatures [1]. Advantages over other palaeothermometry techniques are the capacity to
measure Mg/Ca on the same sampl&'&3, allowing the potential for palaeosalinity reconstructions,
and the avoidance of non-modern-analogue issues that can be associated with the faunal assemblage
based transfer function approach. Use of the Mg/Ca proxy has developed over the last decade and
multi-species reconstructions based on species-specific temperature calibrations are now increasingly
being employed [2-4]. This enables a profile of the water column properties at a particular site to be
built up by comparing species from different depth habitats over time. This approach has huge
potential for palaeoceanographic studies aiming to reconstruct past changes of different water masses.

More recently, research has begun to highlight complicating factors in the use of Mg/Ca and the
key assumption that it records solely a temperature signal. Such factors include: sensitivity to salinity
and seawater carbonate ion concentration [5-7]; partial dissolution, either where deep cores approach
the carbonate compensation depth, with different species being affected to a greater or lesser degree
[8, 9] or due to differences in the aggressiveness of the various cleaning routines applied to the
samples [10]. The ecology of the species under study must also be taken into consideration when
interpreting Mg/Ca records, since the limits of a species’ environmental niche can vary — aspects such
as seasonality and depth habitat may alter across a species’ biogeographic range and through time.
Whilst these factors need to be considered, discounted or corrected for, the reliability of the Mg/Ca
temperature reconstruction is dependent ultimately on the calibration used to convert raw Mg/Ca ratios
to temperatures. Due to the significant differences in Mg incorporation between species and locations
[2, 3], detailed multi-species studies require accurate, species-specific and even region-specific
calibrations.

Here we use a suite of coretop data from the North Atlantic to derive a new Mg/Ca-temperature
calibration for the thermocline-dwelling speci@fborotalia inflata A downcore Mg/Ca record is
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then used as a case study to explore the existing temperature calibrations for this species and highlight
the importance of calibration selection in the interpretation of Mg/Ca records.

2. Coresitesand methods

This study was conducted using box core surface samples collected during the North East Atlantic
Palaeoceanography and Climate Change (NEAPACC) program, along with coretop and downcore
sediment samples from core SU90-03 (40° 30'N, 32° 03'W; 2475 m water depth), a piston core
collected from the northern reaches of the subtropical gyre in the North Atlantic (Figure 1). Core
SU90-03 is from a key area for monitoring the strength of the North Atlantic Current (NAC) during
both glacial and interglacial periods, as previous work from this core indicated that this site remained
south of the polar front even during the last glacial maximum (LGM) [11, 12]. The location of the
core also allows a relatively rare opportunity to obtain a continuous Mg/Ca record from a single
species across the major climatic transition of Termination | €ndeflatarelative abundances show

that this species is present throughout the last glacial-interglacial climate [12].
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Figure 1. a. Core locations: NEAPACC cores in black, Cléeiux.. [3] coretops in white.
Contours show August SST in the North Atlantic [13]. Core SU90-03 (used in this study and
that of Clérouxet al. [3]) is marked, along with the sites used in the Aretnal. [2] (A) and
Thornalleyet al. [4] (T) studies; b. SU90-03 core site hydrography based on WOA98 [13].

At present,G. inflatais most abundant in temperate waters associated with the North Atlantic
Current (NAC) but also ranges to subpolar and subtropical waters, with a temperature range of 8-18
°C. Itis a deep dwelling planktonic species associated with the base of the seasonal thermocline [14,
15], which at the mid-latitudes sites considered in this study is located at approximately 100m depth.
The modern day hydrography at the site of core SU90-03 (Figure 1b) illustrates the development and
deepening of the seasonal thermocline during summer months. Temperatures between the surface and
100 m range from 23 °C to 15 °C, with summer thermocline temperatures ranging from ~15-16 °C.
There are a number of Mg/Ca-temperature calibration& fonflata but the available data is limited,
particularly at the cooler end of the species temperature range. In order to address this and create a
calibration suitable for widespread usage across the mid-latitude North Atlantic, we an@lyzed
inflata (300-35%m) in 18 NEAPACC coretops for bot?0 and Mg/Ca.

3. Methodsand Instrumentation

Mg/Ca analyses by ICP-AES were conducted using the intensity ratio calibration method of de Villiers
et al. [16] and using the cleaning routine of Barkeal. [10]. Calibration standards were prepared

from high purity CaC®@ (NIST 915b), SrCQ(NIST 987) and Mg metal rod. Levels of contaminants

for each were in agreement with the assay certificates. Analysis of the limestone reference standard
ECRM 752-1, mean Mg/Ca = 3.97 mmol/mol, are consistent with results published by @&tealves

[17] and interlaboratory reproducibility identified by Rosentital. [18]. The ECRM 752-1 and two

other solutions were used as internal consistency standards and were analyzed several times
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throughout each run to establish analytical reproducibility over time. The mean standard deviation of
the Mg/Ca ratios (mmol/mol) for the internal standard is 0.027, with a mean relative standard
deviation (RSD) of 0.49. When calculated with respect to temperature (°C) the mean standard
deviation is 0.049, with a mean RSD of 0.25. Further information on instrumentation are detailed in
Farmeret al. [19]. Uncertainties associated with the calibration to temperature (see Section 4) are far
greater than the intra-sample differences encountered for replicate foraminiferal Mg/Ca measurements.
Parallel measurements of th€0 of foraminiferal calcited°0y) are used to estimate calcification

temperature and calibrate the Mg/Ca palaeothermometer. Isotopic temperatures in this study were
calculated for the coretops using the palaeotemperature equation of Shackleton [20]:

Tiso = 16.9 — 4.3&(0; - 5'°0y,) + 0.1(5"%0; - 5'°0s,)? (1)

whered'®0; is thed™0 from the foraminiferal calcite ar®t®0,,, is thed™0 of the seawater. This
is consistent with the methods used by Cléretnal. [3] and Ananckt al [2], allowing for direct
comparison of our results. Errors associated with isotopic temperatures (Tiso) are estimated to be of
the order of + 1.5 °C and take into account uncertainties primarily related to the estima&itDypf
[3, 15] and the selection of temperature equation used in the calculation of Tiso.

We then used these coretop data to compare with three published calibrat@ngnftata [2-4].
The coretop SU90-03 is included both in our new coretop dataset and in the @gab 8] study.
The similarity of the independently analyzed results (Figure 2) provides further confidence in the
consistency and reliability of the new coretop dataset.

4. Coretop calibration
Existing calibrations specific tG. inflata differ significantly in their methodology. The Anaetlal.
[2] calibration is based on sediment trap samples from the Sargasso Sea (32°05.4'N, 64°15.4'W) and
uses a slightly modified cleaning routine to overcome the higher levels of organic matter often found
in sediment trap samples in comparison to typical sediment core materiaiflata specimens from
the 350-50Qum size fraction produced Mg/Ca ratios of 1.5-2.0 mmol/mol and a Tiso range of 17-21
°C. TheG. inflata calibration of Clérowet al. [3] is based on 29 coretops from across the North
Atlantic ranging from 60 °N to 17 °N, including the SU90-03 coretop, covering a range of Mg/Ca
ratios of 1.1-2.0 mmol/mol and a Tiso range of 10.5-17.5 °C. Specimens from the 250+3ittl
355-400um size fractions were analysed but since there was no evidence of a significant size effect
on trace metal ratios, the two datasets were combined. However, test size is known t@%¥fect
values and thereby Tiso, and Clérabal. [3] suggest that this could explain the differences between
their own calibration and that of Anawd al. [2]. Different methodologies and the different types of
sample material (sediment trap versus coretop sediments) are also likely play a part. The Thornalley
et al. [4] calibration was generated to study the downcore record of the subpolar North Atlantic core
RAPID 12-1K and is derived from the coretop Mg/Ca 8@ of the same core, most likely making it
a more subpolar- and location-specific calibration. No raw Mg/Ca data is presented in Thetnalley
al. [4] but the reconstructed Holocene temperatures at the core site equate to Mg/Ca ratios of
approximately 1.6-2.0 mmol/mol. The methodology in the present study is most directly comparable
to the Clérowet al [3] study, although specimens from a different size fraction were analysed (300-
355 pum), which could explain the offset in t8%0 between the two SU90-03 coretop points as
highlighted in Figure 2.

Results from our coretop analyses are plotted alongside the three published Mg/Ca-temperature
calibration curves in Figure 2, with the coretops of Cléreuxl. [3] and the additional NEAPACC
and SU90-03 coretops shown. We combined our new high latitude suite of coretops with the Cléroux
et al [3] coretops to generate a new calibration curve. In order to maintain consistency with our new
dataset, where appropriate we calculated the mean for individual cores in the Etéab(&] dataset
such that each location has equal weighting in the regression. The new calibration, based on the
combined dataset, is:

Mg/Ca = 0.916+0.078%*0°%°T  (1?=0.52) 2)
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This calibration extends the lower limit of tk& inflata temperature range to 8 °C, although the best

fit calibration curve does not differ markedly from the relationship defined in the Clétoaix [3]
calibration. In comparison, the curve describing the Aretral. [2] calibration in Figure 2, shows a

shift to lower Mg/Ca or higher Tiso — for the reasons previously discussed, suggesting higher Mg/Ca
derived temperatures. The Thornalletyal. [4] calibration curve departs markedly from the low
exponential of the other three calibrations (due to the higher exponent in their calibration: 0.1 rather
than 0.058, 0.056 and 0.039 for Anagtdal. [2], Clérouxet al. [3] and this study, respectively). The
Thornalleyet al. [4] calibration involves much higher Mg/Ca ratios for any given Tiso, such that to
generate a temperature of 15 °C, a Mg/Ca ratio in excess of 3.0 mmol/mol would be necessary, rather
than the 1.8 mmol/mol required by both the Cléremal [3] calibration and the new calibration
presented here, or the 1.25 mmol/mol of the Aretral. [2] calibration. This calibration is thus likely

to return markedly cooler temperatures than the other calibrations for the range of Mg/Ca ratios seen
in our coretops.

25 #®  Coretops (this study)
[ ] Cleroux et al. (2008) coretops
(O identifies the coretop SU30-03 in both datasets
2.0 1 G. inflata specific calibrations:
5 u —— This study (Mg/Ca=0.916e""*")
E n
= 0.056T,
g —d u — Cleroux et al. (2008) (Mg/Ca=0.71e )
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Figure 2: G. inflata Mg/Ca—temperature calibrations. Purple points mark the new coretop
data from this study, green points mark the coretops used in the Cétraluj3] study. The
uppermost pale grey line shows the calibration curve of Thorretllaly [4]; the lower black

line shows the Ananét al. [2] calibration. The dark grey line is the Cléraitxal. [3]
calibration curve, overlapping with the new calibration curve in thick blue. Red circles
identify coretop data for SU-03 from both datase

The new coretops show a relatively large scatter at lower temperatures which reduces tie r
calibration to 0.52, from the 0.72 of the original Cléretnal [3] calibration. Further work is needed
to resolve this scatter, in the form of additional Mg/Ca &fi® replicates and further assessment of
the quality of the coretop material. Since these temperatures are at the very extte@nieflafa
temperature tolerance, it may well be that this scatter represents populations under stress, such that
ecological factors including discontinuous productivity and changing seasonality and depth habitat
become increasingly significant. For the new calibration, the uncertainties associated with the
temperature estimates were calculated by looking at the difference between the Mg/Ca derived
temperature and Tiso values. The mean of all the differences is 2 °C and the standard deviation on the
differences is 1.5 °C. Errors quoted by Cléretral [3] and Thornalleet al. [4] are 1.4 °C and 1.3
°C respectively.
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5. Application of Mg/Ca-temperature calibrations

The results obtained when applying the alternafivenflata Mg/Ca-temperature calibrations to the
downcore Mg/Ca record from core SU90-03 are shown in Figure 3. The shaded bar represents the
modern day temperature at the core site at 100 m water depth, i.e. near the sGpodieda
calcification depth at the base of the summer thermocline. Error bars associated with each calibration
are drawn on the right to give an indication of the statistical significance of the differences between
the reconstructed temperatures. The various calibrations produce values ranging from 5 °C to 11 °C
for the maximum magnitude of temperature shift between full glacial and interglacial conditions.
These results demonstrate how the choice of calibration plays a key role in determining not only
individual temperature values, but also the amplitude of the relative change in temperature over time.
Such a divergence in results is not helpful and needs to be better constrained if meaningful
palaeoceanographic interpretations are to be drawn.

3 Marine Isotope Stages

=== This study

—+—  Cleroux et al. (2008)

—=— Anand et al. (2003)

Thornalley et al. (2009)

Mg/Ca Temperature (°C)

20 '2I0I4I0IGIOI8I0'1(I)0I1;0I11I10I1(I50'11I30I2(I)0I250
Depth (cm)

Figure 3. Mg/Ca temperature reconstructions from Areinal. [2] (topmost black line),

Thornalleyet al. [4] (lower pale grey line) and Cléroex al [3] (mid grey line). The

reconstruction based on the new calibration is shown in blue. Shaded bar indicates modern

summer thermocline temperatures at the core site (100 m depth).

The Mg/Ca based temperature reconstructions vary significantly between the calibrations,
although, as expected, the new calibration and the original Clétoalx [3] calibration are largely
within error of each other. The only interval where these two deviate notably is during the coldest
periods, during the last glacial maximum (LGM), with the new calibration producing values as much
as 3 °C lower than the Cléroex al. [3] calibration. The robustness of both these calibrations for
modern day temperature ranges is indicated by their ability to correctly reconstruct modern day
thermocline temperatures at the core site (shaded bar). The Anahd?] calibration produces the
highest temperatures, with Holocene estimates notably higher then modern day thermocline
temperatures and actually closer to modern day surface temperatures. In places the derived
temperatures exceed the species’ maximum temperature range reflected in the coretop Tiso
measurements (Figure 2). The Thornakiyal. [4] calibration produces the coldest reconstruction,
with relatively muted variability and with a maximum temperature almost 11 °C cooler than that of
Anandet al [2]. Interestingly, the new calibration draws closer to the Thornatley. [4] calibration
at the cold extreme. This suggests that the new calibration is capable of reconstructing both the
subtropical conditions of the present day and the much cooler conditions of the last glacial period for
this region. However, the lowest temperatures of 5 °C are below the lower limit of the species
temperature range in the coretops (taking into account the calibration errors). More work is needed to
constrain the extent of the temperature changes and assess whether other factors are asserting a
significant influence on the glacial-interglacial shift in Mg/Ca ratios.



PAGES 1st Young Scientists Meeting (YSM) — ‘Retrospective views on our planet’s future’ IOP Publishing
IOP Conf. Series: Earth and Environmental Science 9 (2010) 012019 doi:10.1088/1755-1315/9/1/012019

In spite of the differences in the temperature records, it is clear that thermocline temperature
changes at the site of core SU90-03 accompanied the build-up of the ice sheets during the last glacial
period and the subsequent disintegration of the ice sheets following the LGM. Early marine isotope
stage (MIS) 3 exhibits maximum temperatures that are not too dissimilar to modern conditions.
Thermocline temperatures appear to steadily decline towards the LGM, punctuated by a number of
brief warmings, reaching a minima of ~ 5 °C, according to the new calibration. The warming into the
Holocene is rapid and step-like and suggests a period of early Holocene warmth at depth before
temperatures at the thermocline cooled and the modern day conditions of ~16 °C were established.
This record provides a rare opportunity to study a single species’ response to large scale climatic
change in the northern subtropical gyre. Further work and additional proxies are required to develop a
better understanding of glacial to interglacial changes in this region and to examine the relationship
between thermocline and near surface temperature histories during large scale events and under
different climatic regimes.

6. Conclusions

We define a new Mg/Ca-temperature calibration (Mg/Ca = 8%V for the thermocline-dwelling
foraminifer G. inflatabased on a series of North Atlantic coretops. This calibration builds upon and is
largely consistent with the work of Cléroexk al. [3] although it appears to better estimate the cooler
temperatures associated with the lower limiCofinflata’s temperature range. The suitability of the

new coretop calibration is supported by its ability to reconstruct the present day temperatures at the
site of core SU90-03. Two other calibrations were compared in order to highlight how the choice of
calibration can have a significant impact on the interpretation of the Mg/Ca record. A comparison of
the reconstructed temperatures using downcore data from North Atlantic core SU90-03 demonstrates
that the choice of calibration affects not only the absolute temperatures but the amplitude of events,
particularly over large scale climatic transitions such as Termination |. This potentially has major
implications for errors associated with reconstruction of&fi@ of the seawater/palaeosalinity and
surface temperature gradients based on Mg/Ca records from multiple foraminiferal species.
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