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[1] We analyzed Mg/Ca ratios of the planktonic species Globigerinoides ruber (white) picked from 49 box
core samples covering the whole Mediterranean Sea and 2 core tops from the Atlantic Ocean. Over the
entire data set, we found no significant correlation between Mg/Ca and §'®0-derived calcification tempera-
tures. This lack of correlation is chiefly due to the presence of an early diagenetic, Mg-rich calcite coating,
which can constitute up to 20% of the total shell calcite in the central and eastern Mediterranean basin and
result in anomalously high Mg/Ca values and a high scattering. In the western Mediterranean Sea, however,
G. ruber Mg/Ca scattering shows smaller amplitude and Mg-rich calcite remains under the XRD detection
limit. SEM observations indicate that only a few samples are affected by trace amounts of post-mortem
calcite overgrowths (most of this calcite being likely removed during the chemical cleaning for Mg/Ca
analyses). Using core top sediments from the western Mediterranean Sea, we performed an empirical
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calibration exercise, which confirms that G. ruber Mg/Ca is not only related to temperature but it is also
significantly affected by sea surface salinity. This salinity effect is not specific to high salinity environ-
ments such as the Mediterranean Sea, since it appears to be coherent with recent results obtained on
Indo-Pacific and Atlantic surface sediments, which suggest that a +1 (psu) change in SSS results in a
+1.7°C Mg/Ca-temperature bias. This sensitivity to salinity is significantly higher than those deduced

from culture experiments.
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Keywords: Mediterranean Sea; early diagenetic calcite coating; foraminiferal Mg/Ca; salinity.

Index Terms: 0424 Biogeosciences: Biosignatures and proxies; 4243 Oceanography: General: Marginal and semi-enclosed
seas; 4912 Paleoceanography: Biogeochemical cycles, processes, and modeling (0412, 0414, 0793, 1615, 4805).

Received 27 April 2011; Revised 17 August 2011; Accepted 26 August 2011; Published 14 October 2011.

Sabbatini, A., F. Bassinot, S. Boussetta, A. Negri, H. Rebaubier, F. Dewilde, J. Nouet, N. Caillon, and C. Morigi (2011),
Further constraints on the diagenetic influences and salinity effect on Globigerinoides ruber (white) Mg/Ca thermometry:
Implications in the Mediterranean Sea, Geochem. Geophys. Geosyst., 12, Q10005, doi:10.1029/2011GC003675.

1. Introduction

[2] Over the past decade, the Mg/Ca ratio of fora-
miniferal tests has emerged as a promising temper-
ature proxy and Mg/Ca ratios recorded in planktonic
foramiferal tests are frequently used to reconstruct
past, surface ocean temperatures [Mashiotta et al.,
1999; Allison and Austin, 2003; Eggins et al.,
2003; Barker et al., 2005; Waelbroeck et al., 2005;
Schmidt et al., 2004, 2006; Levi et al., 2007]. Yet,
the incorporation of Mg during the calcification
of the tests is a complex and imperfectly known
mechanism with potential species-dependent effects
and non-temperature biases such as those associated
to carbonate ion content of seawater [Russell et al.,
2004; Kisakiirek et al., 2008] or salinity [Niirnberg
et al., 1996; Lea et al., 1999; Kisakiirek et al., 2008;
Mathien-Blard and Bassinot, 2009; Arbuszewski
et al., 2010].

[3] Ferguson et al. [2008] have shown that there
is a response of foraminiferal Mg/Ca to salinity in
the Mediterranean Sea. The impact of salinity on
G. ruber Mg/Ca has been also addressed through
recent culture experiments [Kisakiirek et al., 2008].
Interestingly, the culture experiment indicates a
~5% Mg/Ca increase per psu unit for G. ruber
[Kisakiirek et al., 2008], while Mediterranean core
tops reveal a much steeper relationship (16% Mg/
Ca increase per psu) associated to a particularly
large Mg/Ca data scattering [Ferguson et al., 2008].

[4] This sensitivity to salinity observed in Medi-
terranean surface sediments is also much higher
than that recently evidenced by Mathien-Blard and

Bassinot [2009], based on core tops from the Indo-
Pacific and Atlantic oceans. Hoogakker et al. [2009]
and Boussetta et al. [2011], who worked on core
tops from the Red Sea and on superficial samples
from the Mediterranean basin, suggested that
anomalously high Mg/Ca ratios measured by con-
ventional analysis of planktonic foraminifers from
the Mediterranean Sea, could be chiefly related
to early diagenetic, high Mg-calcite overgrowths
formed from CaCOj; supersaturated interstitial sea-
water. High-Mg calcite overgrowth (10-20% Mg) is
also responsible for the anomalously high Mg/Ca of
foraminifers picked from Caribbean sediment cores
[Regenberg et al., 2007]. Finally, van Raden et al.
[2011] recently suggested that anomalously high
Mg/Ca measured on two planktonic foraminifers
(G. bulloides and G. inflata) in the Western Med-
iterranean Sea is due to inorganic calcite coating on
the foraminiferal tests. This appears to be in good
accordance with earlier microstructural and geo-
chemical studies performed on several pelagic sites
(including one from the Mediterranean Sea), which
have revealed early diagenesis processes charac-
terized by the deposition of Mg-rich calcite, con-
taining several percent of MgCOjs [i.e., Sexton et al.,
2006].

[s] Niirnberg et al. [1996] and Ferguson et al.
[2008] suggested that this early diagenetic encrus-
tation does not alter significantly the geochemical
signal of foraminiferal shells, because this Mg-rich
calcite is particularly labile and is easily removed
with the standard cleaning protocol used to prepare
foraminifer shells for trace element analyses. The
only noticeable exception was a few samples from
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the eastern Mediterranean area in which foramini-
fer shells did show post-deposition incrustation that
resisted cleaning [Ferguson et al., 2008]. Boussetta
et al. [2011], who proposed the first quantification
of this diagenetic calcite by combining trace ele-
ment and X-ray diffractometry analyses, recently
confirmed that overgrowths of high-Mg calcite are
particularly abundant in the central and eastern
Mediterranean basins.

[6] Since conflicting results have emerged about
the salinity effect on planktonic foraminifer Mg/Ca
and because the Mg/Ca-thermometer calibration in
the Mediterranean Sea could be biased by diage-
netic Mg-rich calcite, we decided to: 1/confirm the
amplitude and geographic distribution of early
diagenetic Mg-rich calcite deposition on Mediter-
ranean planktonic shells; 2/identify the Mediterra-
nean areas — if any — in which this diagenetic imprint
does not exist or can be neglected, making it possible
to obtain non-biased, foraminiferal shell Mg/Ca
data; 3/use these carefully selected data to better
constrain the thermal and salinity dependency of
G. ruber Mg/Ca. For this purpose, we analyzed
the Mg/Ca ratios and §'®0 of the spinose species
G. ruber (white; sensu stricto) picked from box
corers and core tops retrieved across the entire
Mediterranean Sea. Scanning Electron Microscope
(SEM) observations and X-ray diffraction analyses
were also performed in order to better constrain
the post-mortem, diagenetic alteration of G. ruber
shells.

2. Materials and Methods

2.1. The Globigerinoides ruber Planktonic
Foraminifer Species

[7]1 Globigerinoides ruber is a spinose, shallow-
dwelling species and a long-time favorite of many
paleoceanographic studies, which seek to recon-
struct surface, paleo-hydrographic conditions. As
shown by Thunell [1978] and, especially by Pujol
and Vergnaud-Grazzini [1995], G. ruber is the
dominant planktonic species across all the Medi-
terranean Sea: its abundance diminishes in the
zones of deep water formation, while in the eastern
basin it reaches high percentages, from 40% up to
60% in the Ionian and Levantine basin, respec-
tively. The species dominates at depth of 50 to
100 m and it is more abundant at the end of the
summer when SST is higher than 24°C (in partic-
ular in the Ionian basin, Levantine basin and the
Strait of Sicily). During winter the species thrives
in deeper waters.

2.2. Samples

[8] Isotopic and trace element analysis were per-
formed on G. ruber (white) picked from 49 surface
sediment samples (both box corer tops and core
tops, see Table 1) spanning the Mediterranean
salinity and temperature gradient and 2 box corer
tops from the Atlantic Ocean, near the Strait of
Gibraltar (Figure 1 and Table 1). The stratigraphic
controls (late Holocene or Holocene) of samples
which were used in the study by Boussetta et al.
[2011] (Table 1) were based on radiometric dat-
ing, foraminiferal counts and/or §'*0 isotopic
stratigraphy, as defined in MARGO [Kucera et al.,
2005]. In addition to those samples, most of the
new sediment samples used for the present study
were collected with sampling devices which are able
to retrieve undisturbed surface sediments (multi and
box corers). The upper Holocene age of these sam-
ples was attested based on 6'°0 stratigraphy.

[6] G. ruber were picked in the same size fraction
(250-315 pm) for paired oxygen isotopic and trace
elemental measurements to minimize sample het-
erogeneity and limit ontogenic effects [Elderfield
et al., 2002].

2.3. Geochemical Analyses (Stable Oxygen
Isotopes and Mg/Ca)

[10] Oxygen isotopic ratios were measured at the
Laboratoire des Sciences du Climat et de I’Envir-
onnement (LSCE). Measurements were done on
3 to 7 shells. Shells were ultrasonically cleaned in a
methanol bath to remove clays and other impuri-
ties. They were roasted under vacuum at 380°C
during 45 min to eliminate organic matter. Samples
were analyzed with a Finnigan A+ mass spec-
trometer. All results are expressed as §'°0 in %o
versus V-PDB with respect to NBS 19 and NBS 18
standards. The mean external reproducibility esti-
mated on a powder calcite standard is +0.05%o.

[11] Trace element analyses were performed at
LSCE, a member of an interlaboratory comparison
study of calibration standards for foraminiferal
Mg/Ca thermometry [Greaves et al., 2008]. About
20-30 specimens per sample (2 replicates) were
used for each Mg/Ca measurement. The sample
preparation for the analysis of foraminiferal Mg/Ca
follows the protocol of Barker et al. [2003]. It
consists of several ultrasonic treatments in water
and then ethanol to remove adhesive clays, and
then a reaction with alkali buffered 0.3% hydrogen
peroxide at 100°C to remove any organic matter. A
very slight acid leaching with 0.001 M nitric acid is
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Table 1. Locations of Sediment Samples Used for Analysis of G. ruber (white)®
Area Stations Latitude (N)  Longitude (E)  Depth (m)  Age Control MARGO?  Instrument
Atlantic Ocean VK 34°08.019' 09°33.28' W 4385 4 box corer
Atlantic Ocean VM 35°20.008' 08°00.97" W 1847 4 box corer
Western Mediterranean
Alboran Sea V4A 36°47.391" 00°29.066' 2688 4 box corer
Balearic basin V3C 40°35.744' 05°17.483' 2748 4 box corer
Balearic basin MD90-901 39°56'84 01°33'52 1560 4 core top
Balearic basin PSM I 31 37°190033 03°34395 4 box corer
Balearic basin PSM I 32 37°190033 03°34395 4 box corer
Tyrrhenian Sea 8226 39° 03.78’ 15°23.7 1045 4 core top
Tyrrhenian Sea 8234 38°24.41" 13°10.21" 781 4 core top
Tyrrhenian Sea 8248 40° 21.77' 11° 48.30" 2481 4 core top
Tyrrhenian Sea KET80-22 40°35’ 11°42'5 2430 4 core top
Tyrrhenian Sea DEDS87-07 39°41,22 13°34,51 2970 4 core top
Tyrrhenian Sea KET80-03 38°492 14°29'5 1900 2 core top
Tyrrhenian Sea KET80-19 40°33’ 13°21' 1920 3 core top
Gulf of Lion CI09 42° 41.045' 03° 51.123' 91 4 box corer
Gulf of Lion MD99-2344  42°02,61 04°09'04 2326 1 core top
Gulf of Lion KIGC06 41° 58.744' 04° 42.375' 2387 4 box corer
Eastern Mediterranean
Adriatic Sea Al 41°48' 95" 17° 49" 89" 1195 4 box corer
Adriatic Sea MD90-917 41°17 17°37 1010 1 core top
Adriatic Sea KET82-16 41°31 17°59' 1166 1 core top
Adriatic Sea MD90-916 41°30'3 17°58' 2 1150 1 core top
Ionian basin KET80-68 38°06' 17°17,5 1578 4 core top
Ionian basin 8209 37° 50.6' 18° 09.8' 2740 4 core top
Ionian basin 8213 38°29.86 18° 23.51" 2803 4 core top
Ionian basin 8214 40° 35.4' 18° 52.1 800 4 core top
Ionian basin MD90-918 39°35 18°50 695 4 core top
Strait of Sicily KET80-37 36°57' 11°39 740 4 core top
Strait of Sicily MDO04-2797  36°57' 11°40 771 4 core top
Strait of Sicily 560 35°51.27' 14°06.20’ 992 4 box corer
Strait of Sicily 561 35°47.89' 12°59.49' 485 4 box corer
Levantine basin 562 32°46.45' 19°11.46’ 1390 4 box corer
Levantine basin 563 33°43.07' 23°29.95' 1879 4 box corer
Levantine basin 564 33°00.01' 23°37.77 1475 4 box corer
Levantine basin 565 34°55.26 23°44.59' 1049 4 box corer
Levantine basin 566 34°27.98' 25°39.96' 1339 4 box corer
Levantine basin 569 33°27.18' 32°34.51" 1294 4 box corer
Levantine basin 571 32°38.87' 34°06.18' 1437 4 box corer
Levantine basin 574 34°26.79' 33°51.77" 1173 4 box corer
Levantine basin 575 34°31.63' 31°47.17 2337 4 box corer
Levantine basin 576 35°34.41 30°27.66' 1275 4 box corer
Levantine basin 578 35°29.68' 27°34.53' 1367 4 box corer
Levantine basin MD84-632 32°47'3 34°22'8 1425 4 core top
Levantine basin MD84-639 33°40’ 32042’ 870 2 core top
Levantine basin MDg4-641 33°02' 32°38' 1375 2 core top
Aegean Sea 582 35°39.71" 26°35.00" 1495 4 box corer
Aegean Sea 584 35°51.80' 25°10.39' 1836 4 box corer
Aegean Sea 589 36°45.23' 26°35.26' 583 4 box corer
Aegean Sea 590 37°16.42' 26°11.54 580 4 box corer
Aegean Sea 595 38°15.72' 25°06.17 665 4 box corer
Aegean Sea 596 38°57.29' 24°45.20’ 883 4 box corer
Aegean Sea 602 40°13.02' 25°14.40' 1496 4 box corer

Size fraction = 250-315 pum. Chronostratigraphic quality levels ranked from 1 to 4 and corresponding to different levels of uncertainty

according to criteria established within the MARGO project (Multiproxy Approach for the Reconstruction of the Glacial Ocean): numbers 1
and 2 indicate radiometric controls within the intervals 0-2 ka and 0—4 ka, respectively; number 3 is used for specific stratigraphic control
(like percent of Globorotalia hirsuta left coiling); and number 4 represents other stratigraphic constraints [Kucera et al., 2005].
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Sample location map. Dark initials mark the locations of the box corer and core tops used in this study and

the underlined initials indicate the positions of the analyzed core top samples by Boussetta et al. [2011]; in the Table 1

we report all data references.

finally applied to eliminate contaminants adsorbed
on foraminiferal tests.

[12] Mg/Ca analyses have been performed on a
Varian Vista Pro Inductively Coupled Plasma
Atomic Emission Spectrometer (ICP-AES) follow-
ing the intensity ratio method of de Villiers et al.
[2002]. The mean external reproducibility obtained
on replicate analyses of a standard solution of
Mg/Ca = 5.23 mmol/mol is £0.02 mmol/mol (1 s);
that is a relative standard deviation (RSD) of 0.4%.
For marine samples, clay minerals are the major
source for contamination in Mg/Ca analyses of
foraminiferal calcite as shown by Barker et al.
[2003]. In accordance to these authors, we care-
fully considered the Fe/Ca and Al/Ca ratios as
potential indicator of such a contamination. Samples
showing Fe/Ca values higher than 0.10 mmol/mol
and Al/Ca values higher than 0.04 mmol/mol were
rejected. Samples with Mn/Ca ratios higher than
0.10 mmol/mol were also disregarded in order to
eliminate biases associated to oxide coatings.

2.4. X-Ray Diffractometry Analyses

[13] Several samples showed clearly anomalous
Mg/Ca values reaching up to 35.5 mmol/mol.
Because they are not associated with significant
values of Fe, Al and Mn, these anomalous Mg/Ca
ratios could not be explained by a terrigeneous
contamination (in Figure 1, samples: 560, 563, 564,
569). Specimens of G. ruber were extracted from

these samples and observed under a scanning elec-
tron microscope, and analyzed through X-ray dif-
fractometry (XRD) after having been submitted to a
simplified cleaning procedure (ultra-sonification in
distilled water) without acid leaching. The powder
preparation for XRD analyses follows the protocol
of Nouet and Bassinot [2007]. Because foraminifera
tests weight only a few micrograms, this protocol
was developed using a “zero-background,” silicon
mono-crystalline sample holder that makes it
possible to work with minute amounts of powder
(around 250 ug). Analyses were performed at IDES
(University of Paris Sud, Orsay) on an Xpert Pro
from Panalytical, equipped with a Cu X-ray tube
and a Ni filter that eliminates the Cu K X-ray.

2.5. IGOR® Deconvolution Approach

[14] Inorder to isolate overlapping peaks that belong
to different minerals, profiles obtained from the
X-ray diffractometry analyses were deconvolved
using the IGOR® package, a more powerful soft-
ware that the one used by Boussetta et al. [2011],
and which allows a better control on the peak
deconvolution process.

[15s] In order to test the IGOR® deconvolution
package and estimate uncertainties and limits of
our procedure, we generated synthetic, bi-phased
calcite diagrams (“pure calcite” + Mg-rich calcite)
with known amounts of Mg-rich calcite coating
(varying from 0.5 to ~15%), and we used IGOR®
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to deconvolve these known, synthetic diagrams
using Voigt fitting functions.

[16] Our results indicate that, for the synthetic
diagram constructed with 0.5% Mg-rich calcite,
this calcite coating goes undetected. Thus, the
absence of a detectable Mg-rich peak in our XRD
diagrams from Mediterranean samples suggests that
the coating is either absent, or below a detectable
limit, which is around 0.5%. Our tests also indicate
that a 1% coating of Mg-rich calcite can be
detected in XRD diagrams and deconvolved with
IGOR®, providing that the noise/signal is not too
important. However, it is crucial to note that, when
the Mg-rich contribution is low, deconvolution of
XRD diagrams tends to strongly over-estimate the
amount of Mg-rich calcite present. For instance,
applied on a synthetic diagram that contains 1%
Mg-rich calcite coating, the deconvolution indi-
cates a ~5% content. This overestimation is due to
the fact that the deconvolution tends to overesti-
mate the width of very small diffraction peaks (Full
Width at Mid-Height, FWMH), resulting in erro-
neous peak area calculations. With increasing
amounts of Mg-rich calcite, the difference between
“deconvolved” and “true” contents of Mg-rich
decreases, as in shown by the ratio between these
two values that tends toward unity (1), as the
amount of Mg-rich calcite increases (Figure 2).
When the coating corresponds to more than 8—9%,
true and deconvolved values are almost identical.

[17] Thus, the lack of detectable Mg-rich calcite
peak in the XRD profiles does not prove that dia-
genesis is not present, it only indicates that the Mg-
rich calcite coating corresponds to less than ~0.5%
of the foraminifer calcite. In order to get additional
constrains on the amount of diagenetic coating on
G. ruber shells, we conducted detailed Scanning
Electron Microscope (SEM) investigations on 9
box corer top samples to look for any evidence of
calcitic overgrowths in the western Mediterranean
material. G. ruber specimens for these analyses
were all picked from the superficial sediment
(0-0.5 cm depth) and they underwent the normal
cleaning process to remove contaminants like clays
and coccoliths.

2.6. Calculation of Calcification Salinity

and Temperature

[18] In order to discuss the Mg/Ca data and their
relationship to SST, G. ruber 6'*0 and surface
seawater 6'°0 (6'®0,,) have been combined to
estimate the isotopic calcification temperatures. We
obtained salinities by averaging MEDAR Group

[2002] climatological data (http://www.ifremer.ft/
medar/) over the appropriate season and depth
range corresponding to the peak development of
G. ruber as observed by Thunell [1978] and Pujol
and Vergnaud-Grazzini [1995]. In addition, we
also extracted mean annual salinities for the upper
0-50 m depth range.

[19] For the conversion of salinities to surface
water §'%0y,, we used the empirical regression
equation developed by Duplessy et al. [1991] for
our two Atlantic sites (VK and VM):

81804, = (0.558 * salinity) — 19.264 (1)

For the Mediterranean sites, we used the empirical
equations developed by Kallel et al. [1997]. The
modern, seawater isotopic database used by these
authors clearly suggests that two regression equa-
tions should be used, one for surface salinities <38
(Practical Salinity Unit, psu), and the other for
surface salinities >38 (psu).

8804y = (0.41 * salinity) — 14.18 S < 38 (2a)

8804, = (0.199 * salinity) — 6.12S > 38 (2b)

Finally, in accordance with several Mg/Ca-T cali-
bration exercises [i.e., Anand et al., 2003; Mathien -
Blard and Bassinot, 2009], we used the re-arranged
equations from O’Neil et al. [1969] and Shackleton
[1974] to calculate the isotopic temperatures of
calcification:

Tiso = 16.9 — 4.38(6"%0; — (6'°0y, — 0.27))
+0.1(6"0; — (6"%0, —0.27))’ (3)

with 6'%0,, the seawater isotopic composition (see
above), and 6'°0; the isotopic composition of
G. ruber.

[20] We checked what differences would result
from using mean annual §'*Og,, values instead of
seasonally weighted §'®0g, values in order to
assess if taking into account G. ruber seasonal
productivity would significantly alter the correla-
tion of Mg/Ca values to hydrographic parameters.
The maximum differences between the absolute
annual, 0-50 m mean SSS and those estimated
based on the living depth and seasonal distributions
[Thunell, 1978; Pujol and Vergnaud-Grazzini,
1995], are <0.3 (psu). These differences range
from —0.26 to +0.18 (psu), with an average
absolute value of 0.07 (psu). Based on Kallel et al.’s
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Figure 2. For each synthetic XRD diagram built with two calcite types (pure calcite and Mg-rich calcite), we cal-
culated the ratio between the deconvolved Mg-rich calcite contribution and the true amount of Mg-rich calcite. We
plotted this ratio versus the corresponding true Mg-rich calcite contribution for synthetic diagrams containing 0.5 to
15% of Mg-rich calcite. As can be seen in this figure, for samples containing low amount of Mg-rich calcite, decon-

volution tends to largely overestimate its contribution.

8"804-SSS empirical relationships [Kallel et al.,
1997], those salinity differences translate into
differences between annual mean 6'°0,, and
productivity-weighted §'®0,, that are <0.12 (psu)
(average =0.02 (}])su)). Using our box corer and core
tops, G. ruber 6 8Of data, those seawater isotopic
composition differences lead to maximal differences
in T}, that are <0.3°C, and average 0.1°C over our
database. Because this difference is small, in the
present paper, we decided to use Tjs, obtained from
mean annual §'®Oy, (SSS) over the first 50 m depth.

[21] Hydrographic parameters at the location of
core top samples, and geochemical data obtained
on G. ruber are presented in Tables 1 and 2.

3. Results

[22] Most G. ruber Mg/Ca ratios fall within the
large range 2.6—10.3 mmol/mol, a few even reaching
strongly anomalous values as high as 35.5 mmol/mol
(see Table 2 and Figures 3 and 4). Given the
reconstructed Tj,, range obtained from G. ruber
580 data at our core top locations (17 to 26°C), our
Mg/Ca ratios appear to be high compared to open
ocean data published in the literature [Mashiotta
et al., 1999; Anand et al., 2003]; yet, they cover
the same range of variability than the Mediterranean
data from Ferguson et al. [2008]. The clearly

anomalous Mg/Ca values are obtained principally
for core tops located in the central and the eastern
basins (Figures 1 and 4). There, Mg/Ca data not
only show the highest values (up to 35 mmol/mol),
but display also the largest variability (ranging from
3.4 to 35.5 mmol/mol). There is an apparent West-
East trend of increasing Mg/Ca ratios (Figure 4).

[23] With no surprise, the presence of numerous,
anomalously high Mg/Ca values and the important
scattering of the data result in the absence of
statistically meaningful relationship between G. ruber
Mg/Ca and isotopic calcification temperatures
(R? ~0.003) (Figure 3).

[24] Boussetta et al. [2011] using XRD and SEM
data, showed and quantified the presence of
Mg-riche calcite coating foraminiferal shell from
the Mediterranean core top samples. We extended
their work by performing XRD analyses on 5
additional box corer tops from the Western Medi-
terranean Sea (underlined values in Figure 4). The
%Mg content of the Mg-rich phase in our samples
can be estimated from the angular shift of the main
calcite diffraction peak (104) as evaluated in the
study by Boussetta et al. [2011]. Results indicate
that it contains about 10-12% of MgCO3;, which is
coherent with a calcite phase deposited in equilib-
rium with seawater Mg and Ca concentrations
[Mucci, 1987]. Precipitation of carbonate out of

7 of 19



o)
y( I) SABBATINI ET AL.: DIAGENESIS, SALINITY ON G. ruber Mg/Ca 10.1029/2011GC003675
0

ics
tems

eoSys

S
-
2
’d
55
22
=]
v
]

=]
7]
QO

ocelr ve r9°6 1c 1c 6¢ 6¢ 1c 0¢ S9'1 891 0 SLS
618 1€ &L €C £€C 6¢ 6¢ [44 1C L9°1 L9°1 1o VLS
S6'C LT 881 14 14 6¢ 6¢ 14 1< 91 651 SI'0— ILS
0e'1c LS61 1C 1C 6¢ 6¢ (44 1T £€9°1 S9'L S0 696
6L11 [43 68°'L 0¢ 0C 6¢ 6¢ €C 0¢ 99°1 S9'1 L9°0 99¢
c0°Sl 93 £€01 0¢ 0¢ 6¢ 6¢ 1C 61 91 91 690 $9¢
81'1¢C It SLLI 0¢ 0¢ 6¢ 6¢ [44 0¢ 091 861 690 ¥9¢
06'1C O 0Ll 6l 81 6¢ 6¢ IC 61 091 091 960 €9¢
9T¢l LE socl €C €C 6¢ 8¢ €C 0¢ 9¢°1 €51 91°0— 9¢
YL 6¢ 979 (44 [44 8¢ LE 1T 61 0Tl 611 81'0— 196
IT1e o6 4% L1 L1 8¢ 8¢ [44 61 LT 0¢'l €60 09¢
'L 9¢ L8V 61 61 LE LE 0¢ 81 LT'1 611 8Y'0 L6LT-YOAIN
L9'8 9¢ 08t 81 81 LE LE 0¢ 81 LT'1 LT'1 €L'0  LE-08LH
vT9 9C L8V 0¢ 0¢ 8¢ 8¢ 0¢ 81 0s'1 0s'1 870 89-08Ld3
LES ¥ 68'¢ 61 61 8¢ 8¢ 81 L1 €Sl €Sl L80  916-06dIN
08¢ 4 ey 61 61 8¢ 8¢ 81 L1 €51 €51 IL°0  91-781dX
6'C €C or'¢ 0¢ 0¢ 6¢ 8¢ 81 L1 125! [4! ¥9°0  LI6-06AdN
SI'L 9¢ YLV 61 61 6¢ 8¢ 91 81 SS'l 4! LL'O  816-06AIN
86'Y 14 18°¢ 61 61 8¢ 8¢ 61 91 1s'1 €51 ¥8°0 Y178
90t 9¢ 1% [44 [44 8¢ 8¢ 61 81 €Sl €51 120 €18
Yo'y 9C 6ty IC ¥4 8¢ 8¢ 61 81 (4! (4! Seo 6078
L6'E €C 9°¢ 61 61 6¢ 8¢ 91 Ll 9¢°1 12! L0 v
UISDY UDIUDALIJIPIJN UAIISDT]
£€6°S 14 e8¢ 81 81 8¢ 8¢ 81 Sl or'l 6¢'1 880 90051
LS€ ¥C (4% 0¢ 0¢ 8¢ 8¢ 81 Sl 8¢'1 or'L 8¢€'0 PrET-66AN
e€re (44 ere 61 61 8¢ 8¢ L1 Sl Se'l vl 09°0 601D
99°L 9¢ 8Y'v 81 81 8¢ 8¢ 61 81 el el ¥8°0  61-08LdM
09°¢ 14 v 6l 61 8¢ 8¢ 61 81 €'l Se'l 990  €0-08L1dX
LES 14 S6'¢ 61 61 8¢ 8¢ 61 81 €e'l [ €90  L0-L8ddd
9L'S 94 % 6l 61 8¢ 8¢ 61 L1 €l vl 6v'0  TC-081dX
611 4 9Ty Ic ¥4 8¢ 8¢ 61 L1 9’1 vel 61°0 8¥C8
66'C (44 6C¢ 61 61 8¢ 8¢ 61 81 €'l or'l 290 14%4}
98°C € 1253 0¢ 0¢ 8¢ 8¢ 61 81 el 1 w0 9Tc8
£8°0 0¢ 99°C 6l 61 LE LE 0¢ 81 660 10°1 80 ¢ I INSd
¥6'0— 1T £0°¢ [44 [44 LE LE 0¢ 81 660 10°1 e 0— 1€ 1 INSd
S0°S 1 8¢ 61 61 8¢ 8¢ L1 L1 1€l vTl $S°0  106-06dN
8C0—- ¢ [4R3 1c 1c 8¢ 8¢ 81 Ll 9¢'l 0¢'l 120 DEA
98¢ IC €0°¢ 81 L1 LE LE L1 81 €r'l 011 Lo VYA
¥8'0— 0T 6LC Ic ¥4 9¢ 9¢ 81 81 0’1 S0'L LT°0— WA
L91— 0T 97 IC 1C 9¢ 9¢ 61 61 801 I ero- A
UISDG UDIUDALDJIPIPN UAI]SI M

(Do) (Do) (owyjow) (o) (o) (nsd) (nsd) (Do) (Do) (°9%) (%) (%)  suoneig
V4 mU\m_Zrﬁ NU\WE yidop SurAl] pue uoseos om_r—n 1.0k ommr—l yydop Sural pue :ommumm ._mm%m ydop Sural pue :Ommmm,H ._mmxr—n yydop Sural] pue uosess BOMZ% 1.0k BmOwﬁ% uog%

mﬁuﬁﬂgv 4oqnd "£) uo paureijqQ eje(J [eIIWAYI03L) pue AQO,H AI0)) pue QO..—L J310) xomv mmﬁgamm JUQWIPaS JO UONEd0T 3y} Je sidjoweled omﬂamuw0€%m ‘7 dqe L

8 of 19



4 Geochemist
~ Gggche';.‘g ry( 1D SABBATINI ET AL DIAGENESIS, SALINITY ON G. ruber Mg/Ca 10.1029/2011GC003675
Geosystems \ s

—~ O — . . .
59 § E % f § § i § * é @ E seawater is known to result in the formation ofa Mg-
- - - T enriched phase [e.g., Wollast et al., 1980; Morse and
%G M 06 O et 06 < < 6 1~ <t Mackenzie, 1990; Tribble et al., 1995; Tribble and
2T MOOAaAAAAA A DA Mackenzie, 1998; Gehlen et al., 2004].
s - - [25] The relative amount of this Mg-rich calcite
SE[RANRIZNRRE TS (Mg-rich calcite/(Mg-rich + Mg-poor calcite)) has
Sg|TT e rone =2 been estimated based on the areas of the two calcite
phases in the XRD profiles deconvoluted using the
IGOR® software (see above the paragraph 2.5. in
the Materials and Methods), a more powerful soft-
Slam o~ o oo ware that the one used by Boussetta et al. [2011],
A= —aa—=a which allows a better control on the peak deconvo-
lution process.
[26] Thus, we re-analyzed the G. ruber data from
Boussetta et al. [2011], and show them here
Slamzag=cagsaa together with the new data gathered for this paper

(Table 3). This relative amount (in %) of Mg-rich
calcite, obtained for 19 samples in total, has been
plotted on a Mediterranean Sea map (Figure 4).
The values plotted here are those given directly by
the IGOR® software. We did not try to correct for
deconvolution overestimation in the low end-
member part of the spectrum (Figure 2). As indi-
cated by our initial calibration (see above), the
lowest values obtained through deconvolution by
IGOR® software (i.e., 3.8; 4.5%) should actually
correspond to Mg-rich coatings around ~1%; and
the lack of detectable Mg-rich calcite (n.d.) signifies
that it should be lower than ~0.5%.
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[27] As can be seen from the Figure 4, there are
important differences across the Mediterranean Sea.

[28] In the Central and Eastern Mediterranean, high
amounts of Mg-rich calcite are measured (>3%),
reaching up to ~20% in most locations of the
Levantine basin, with extreme values as high as
25.8% (Table 3). Noticeably, it is also in these
central and eastern sites that anomalously high (and
highly scattered) Mg/Ca ratios were obtained with
ICP-AES (i.e., sites 560, 563, 564 and 569 as well
as eastern most sites MD84-639, MD84—641 and
MD84-632; Figure 4 and Tables 2 and 3). Thus,
high and scattered Mg/Ca data together with XRD
analyses clearly suggest that Mg/Ca thermometer is
strongly biased by early diagenetic deposition of
Mg-rich calcite coatings in the central and eastern
basins of the Mediterranean Sea. It should be

O
20
19
19
19
19
18
18
17
17
20
21
21

(%0)
1.63
1.66
1.64
1.64
1.64
1.60
1.56
1.52
1.56
1.59
1.62
1.61

(%0)
1.65
1.66
1.65
1.65
1.65
1.61
1.57
1.52
1.52
1.59
1.62
1.61
250-315 pm. T and S are extracted from MEDAR Group [2002] climatological data (http://www.ifremer.fr/medar/) over the appropriate season and depth range corresponding to the peak

development of G. ruber as observed by Thunell [1978] and Pujol and Vergnaud-Grazzini [1995]. In addition, we also extracted mean annual T and S for the upper 0—50 m depth range. To obtain 6'*Og,, we

18 18 18
0 Of 0 Osw year 0 Ow season and living depth Tyear Tseason and living depth Syear Sseason and living depth Tiso year Tiso season and living depth

used the empirical regression equation developed by Duplessy et al. [1991] for our two Atlantic sites and for the Mediterranean sites, we used the empirical equations developed by Kallel et al. [1997]. Values
of 680, were measured on G. ruber, and the isotopic temperature (T;s,) was calculated using an equation from Shackleton [1974]. Values of Mg/Ca were measured on G. ruber, and the corresponding

temperatures (Tyg/ca) Were calculated based on calibration from Anand et al. [2003] for G. ruber in the size fraction 250-315 pum. AT is the difference between TMg/Ca and Tiso (see section 2.6 for details).

In italics are presented samples where Mg/Ca values are anomalous.

=) - © noted, however, that even the highest Mg/Ca ratios
ELE|I2RZRTERSER] measured by ICP-AES (i.e., 35.5 mmol/mol) are
= ~ | T S o oo —~O T (===l Il

= £ much lower than values that could be expected
< " ozl from the contamination of foraminiferal calcite by
o 8 333 = significant amounts (several weight percent) of a
] = N . . .. .
= 2 cxazaownea RRR |2 Mg—rlch calcite containing 10-12% MgCOs. It. 18
= N S R R AR AR AR A= likely, therefore, that during the sample preparation
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A Boussettaetal [2011]
== Anand etal. [2003]
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R
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Isotopic Temperature of Calcification (C°)

Figure 3. G. ruber (white) Mg/Ca ratios plotted against 6'*0,-derived isotopic temperatures calculated using the
equations of Shackleton [1974] for all Mediterranean samples. The dark triangles represent our Mg/Ca values and
the green triangles are Mg/Ca data based on samples from a longitudinal transect in the Mediterranean Sea analyzed
by Boussetta et al. [2011]. Purple curve is existing calcification temperature calibration for G. ruber from the sed-

iment trap series located in the Sargasso Sea; Anand et al. [2003] Mg/Ca = 0.44

for ICP-AES analyses, most of the Mg-rich calcite
coating is removed during the acid-leaching step,
as was suggested by Ferguson et al. [2008]. This
hypothesis is supported by the fact that Mg-rich
calcite is highly soluble. Several studies have
shown that the solubility of Mg-rich coatings
formed on calcite seeds during laboratory experi-
ments [Wollast et al., 1980] or in the field [Morse
et al., 2003] even exceeds that of aragonite. Yet,
opposite to what was concluded by Ferguson et al.
[2008], our data clearly suggest that Mg-rich
coating on G. ruber picked from the central and
eastern sites cannot be completely removed during
the cleaning process, thus explaining the high and
scattered Mg/Ca values obtained on those sites. A
similar conclusion was reached by Hoogakker et al.
[2009] who studied downcore sediment samples
from the Red Sea and who attributed the high Mg/Ca
ratios to coatings and overgrowths resilient to the
conventional cleaning procedures. Persistence of
overgrowths to routine cleaning procedures has also
been observed for Pliocene Caribbean samples
[Regenberg et al., 2007; Groeneveld et al., 2008].

9¢e 0.09T

[29] In most of the western basins, this Mg-rich
calcite is not detected (n.d.) by XRD analysis. Yet,
because of the relative high level of noise/signal
ratio for several samples, there was a possibility
that we could have missed small Mg-rich calcite
contributions. Because such a Mg-rich calcite is
extremely labile, we decided to check whether we
could observe some difference between the original
XRD diagrams and those obtained after G. ruber
shells had been leached with acid. This leaching
was performed with the same acid as the one used
in the cleaning protocol for Mg/Ca (HNOs - 0.001 M),
but the duration of the leaching was increased to
more than 1 min (instead of ~30 s for the Mg/Ca
cleaning procotol) in order to leave more time for the
acid digestion to remove Mg-rich coating, if any.
We compared XRD diagrams obtained on bulk and
leached shells picked from five samples, for which
enough material was available. But the results were
not conclusive. None of the analyzed samples
showed a noticeable difference between its initial
and leached XRD profiles. Thus, whether there is or
not some Mg-rich coating in the western sites of
Mediterranean Sea, it is clearly beyond the detection
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Figure 4. Map showing the geographic distribution of 1) the Mg/Ca ratios measured on G. ruber (white) picked
from surface sediments as blue (2—4 mmol/mol) and red (>4 mmol/mol) circles; and 2) the relative amount (%) of
diagenetic, Mg-rich calcite estimated from XRD analyses (numbers in brackets). Bold numbers correspond to
XRD data obtained by Boussetta et al. [2011], whereas underlined values are new data from this study. The
deconvolution of the main (104) peaks corresponding to the foraminiferal calcite and the Mg-rich calcite, respec-
tively, was performed with the IGOR® software (thus, we re-analyzed data from Boussetta et al. [2011]). Mg-rich
calcite was not detected (n.d.) in XRD diagrams in most samples from the western Mediterranean Sea. The clearly
anomalous Mg/Ca values (large red circles) are obtained principally for samples located in the Levantine basin and its
margins, which also show the highest Mg/Ca scattering. It is in this area that we also estimated the highest proportion
of Mg-rich calcite from several G. ruber (white) samples.

limit of the XRD analyses (~0.5% as shown by our
calibration tests).

[30] In order to look for the presence of very low
amounts of Mg-rich coating that could have gone
undetected through XRD, we performed SEM
observations (Figure 5) of the microstructural details
of G. ruber shells picked from several western
Mediterranean samples. Samples from across the
Gibraltar strait, in the Atlantic, and from the
Alboran sea do not show any sign of diagenetic
recrystallization at all (Figure 5, images 1 and 2).
Trace amounts of recrystallization were observed
on some shells from the Gulf of Lyon and the
Tyrrhenian Sea, although pristine specimens could
be found as well in nearby samples (Figure 5,
images 3-6), indicating that diagenesis remains
limited and patchy in these areas (XRD did reveal
the occurrence of Mg-rich calcite in a few samples
from the Tyrrhenian Sea), But diagenetic alteration
is clearly less pronounced here than in central

and eastern Mediterranean Sea samples (Figure 5,
images 7 and 8). Interestingly, in their core top
samples from the Mediterranean basin, van Raden
et al. [2011] did not observed secondary over-
growths on tests from Globorotalia inflata, but only
on Globigerina bulloides. They observed these
overgrowths, for instance, at one site from the Strait
of Sicily, located nearby our site 560 for which our
SEM analyses show evidence of diagenetical over-
growths on G. ruber. Other authors have reported
the occurrence of similar overgrowths on G. ruber,
G. sacculifer, Globorotalia menardii and Neoglo-
boquadrina dutertrei picked in sediments from the
Caribbean Sea, the Red Sea, and the eastern Medi-
terranean [Regenberg et al., 2007; Ferguson et al.,
2008; Groeneveld et al., 2008; Hoogakker et al.,
2009].

[31] Because of the very limited impact of diage-
netic imprints in the samples from the western
Mediterranean Sea, we decided to test whether,
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Table 3. Results of the Deconvolution of Calcite (104) XRD
Peaks for G. ruber (white) With the IGOR® Software®

Percentage of High

Stations Mg/Ca (mmol/mol) Mg-Calcite®
Western Mediterranean Basin
VK® 2.62 n.d?
VM 2.79 n.d.
V4A4° 3.03 n.d.
V3C* 3.92 n.d.
MD90-901 3.84 n.d.
PSM I 31 3.03 n.d.
KET80-22°¢ 4.35 4.5
MD99-2344¢ 3.82 n.d.
Eastern Mediterranean Basin
KETS82-16 431 n.d.
MD90-916 3.89 n.d.
KET80-37 4.80 n.d.
MDO04-2797 4.87 3.8
560 35.49 20.7
563 17.03 19.6
564 17.75 19.2
569 19.57 25.8
MD84-632 5.63 10.7
MD84-639 12.35 18.2
MD84-641 9.96 16.3

Size fraction = 250-315 pm. This deconvolution makes it possible
to quantify the relative amount of Mg-rich calcite (diagenesis) with
respect to the total calcite (foraminifer + diagenetic), and estimate its
concentration of %Mg based on the peak (104) angulare position.
The values in roman font correspond to samples already analyzed in
the study by Boussetta et al. [2011], while the values in italics indi-
cate new samples from the present study.

°The relative amount (in %) of the Mg-rich calcite (Mg-rich calcite/
(Mg-rich + Mg-poor calcite)) has been estimated based on the areas of
the two calcite phases in the XRD profiles.

“Sites in which we conducted detailed Scanning Electron
Microscope (SEM) investigations. Site V2, in the Tyrrhenian Sea, is
located at the same location than site KET80-22; and sites B-109
and B-110 are located on the same site than core MD99-2344, in
the Gulf of Lyon (see Figure 1).

dAt several sites Mg-rich diagenetic calcite was not detected in
XRD diagrams (n.d. = non detected).

using only G. ruber Mg/Ca data from the western
Mediterranean Sea, we could find a significant
relationship to calcification temperature, making it
possible to validate Mg/Ca thermometry for paleo-
reconstruction in this part of the Mediterranean Sea
at least. We plotted Mg/Ca values with respect to
isotopic temperatures for the seventeen, western
Mediterranean core tops including the two Atlantic
samples. Interestingly, even with these selected
core tops for which Mg/Ca values are in the expected
correct range of Mg/Ca-thermometry, there is still
no clear correlation between G. ruber Mg/Ca ratios
and isotopic calcification temperatures (R* = 0.21
for an exponential fit; Figure 6a). Furthermore, the
global Mg/Ca trend with increasing SST seems to
be rather opposite to what is expected, showing no

coherence with the G. ruber Mg/Ca-T calibration
from the open ocean [Anand et al., 2003].

4. Discussion

4.1. Potential Sources of Mg/Ca Bias
in Our Western Mediterranean Sites:
Dissolution at Depth and Possible Bias
by Surface Water pH or [CO3]

[32] Dissolution at the seafloor is well known to
affect the Mg/Ca of deposited foraminifer shells
[Brown and Elderfield, 1996, Dekens et al., 2002;
Rosenthal et al., 2003; Nouet and Bassinot, 2007,
Hoogakker et al., 2009]. However, at our western
Mediterranean sites, bottom water [CO3] is high,
and calculation of saturation states relative to cal-
cite clearly shows that bottom water is always
supersaturated relative to calcite. The lack of dis-
solution is also confirmed through visual inspection
of samples, which shows no evidence of foramin-
ifer shell modifications or assemblage changes that
could be related to dissolution processes.

[33] Mg/Ca data from core top material retrieved in
the Atlantic Ocean suggest that the incorporation
of Mg in the calcite shell of G. ruber could respond
to surface water pH or carbonate ion content of
surface water [Arbuszewski et al., 2008]. However,
recent culture experiments [Kisakiirek et al., 2008]
and other core top studies concluded that the influ-
ence of pH or surface [CO3] on planktonic fora-
minifer Mg/Ca ratios is negligible at ambient
seawater pH [Cléroux, 2007; Cléroux et al., 2008;
Mathien-Blard and Bassinot, 2009]. We tested the
possible effect of pH and [CO3] of our G. ruber
Mg/Ca data set using Archer [1996] gridded Atlas,
but found no significant effect.

4.2. Can We Confidently Use Calcification
Isotopic Temperature for the Empirical
Calibration of Globigerinoides ruber Mg/Ca

in the Mediterranean Sea?

[34] To look for the Mg/Ca —temperature relation-
ship of G. ruber, we used the isotopic calcification
temperatures obtained from G. ruber §'%0; and the
salinity-derived §'%0,, of seawater. This approach
has been adopted in several other studies dealing
with empirical Mg/Ca-T calibration [i.e., Elderfield
and Ganssen, 2000; Elderfield et al., 2002; Anand
et al., 2003; Cléroux et al., 2009; Mathien-Blard
and Bassinot, 2009, Regenberg et al., 2009]. Yet,
according to Ferguson et al. [2008], the isotopic
temperature approach is complicated by the pres-
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Alboran basin — V4A

Gulf of Lion - B-109

Strait of Sicily - 560

Figure 5. SEM images of the exterior of specimens of Globigerinoides ruber (white) picked in surface sediments
(0-0.5 cm) retrieved from the Mediterranean seafloor. 1) one specimen from Site V4A (Alboran Sea; x210); 2) detail
of image 1 (x7000) showing the well-preserved, glassy texture of the test; 3) one specimen from site V2C (Tyrrhenian
Sea; x210); 4) detail of specimen from image 3 (x7000) showing the well-preserved, glassy texture of the test; 5) one
specimen from site B109 (Gulf of Lyon; x210); 6) detail of image 5 (x7000) showing light evidence of re-crystallization
(rthombohedral calcite overgrowth); 7) a specimen from Site 560 (Eastern Mediterranean Sea; from Boussetta et al.
[2011]; x280); 8) detailed of image 7, showing evidence of intense re-crystallization (pores are closed, coccoliths
glued to the surface of the test; numerous well-crystallized (rhombohedral), calcite overgrowths). Sample V4A is a box
corer replicate collected from the site V4, see Figure 1; sample V2C come from the same oceanographic campaign and is
a box corer replicate collected from the site V2 in the Tyrrhenian Sea during the TRANSMED (TMC-07) cruise and its
geographical position is comparable to site sample KET80-22, see Figure 1; the same situation for the sample B-109

which geographical position is comparable to site sample MD99-2344 in the Gulf of Lyon.

ence of vital effects, which vary from species to
species and with region, and which result in offsets
from pure thermodynamic behavior during oxygen
isotope incorporation. In the Mediterranean Sea,
estimates for the vital offsets in foraminifera spe-
cies are not generally available, with the exception
of some modeled results [Rohling et al., 2004].
In addition, Ferguson et al. [2008] suggest that
applying the isotopic thermometer on Mediterra-
nean foraminifers is made even more difficult due
to large seasonal changes in sea surface §'*0,, (to

gpsu) [MEDAR Group, 2002]) and the paucity of

O,, database available to constrain this variabil-
1ty. Thus, Ferguson et al. [2008] preferred to use
World Ocean Atlas 2005 data [Locarnini et al.,
2006], averaged over the observed depth habitats
and peak seasonal abundances for the Mediterra-
nean [Pujol and Vergnaud-Grazzini, 1995]. Using
this approach with our own western Mediterranean
sites and comparing G. ruber Mg/Ca data relative
to Atlas derived temperatures, instead of isotopic

temperatures, does not improve the Mg/Ca-SST
correlation. Using the Atlas derlved tempera-
tures, the correlation coefficient (R*) drops to 0.07
(Figure 6b), whereas it reaches 0.21 when using
isotopic temperatures (Figure 6a). Our data sug-
gest, therefore, that the lack of consistent rela-
tionship between Mg/Ca and SST is not an artifact
associated to our choice of using isotopic tem-
peratures instead of Atlas-derived temperatures.

4.3. Salinity Effect on Globigerinoides ruber
Mg/Ca

[35] Recent studies have emphasized the potential
role of salinity as a bias on Mg/Ca thermometry
[Ferguson et al., 2008; Kisakiirek et al., 2008;
Mathien-Blard and Bassinot, 2009; Arbuszewski
et al., 2010]. In order to evaluate the possibility
that G. ruber Mg/Ca data from western Mediter-
ranean Sea core tops are affected by salinity, we
followed the approach developed by Mathien-
Blard and Bassinot [2009]. These authors relied
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Figure 6. (a) G. ruber (white) Mg/Ca ratios plotted against §'*O,,-derived isotopic temperatures calculated using the
equations of Shackleton [1974]. (b) G. ruber (white) Mg/Ca ratios plotted against atlas-derived isotopic temperatures.
The exponential regression, derived from taking into account all core top data from the Western Mediterranean
samples, is shown in dark. Purple curve is existing calcification temperature calibration for G. ruber from the sed-
iment trap series located in the Sargasso Sea; Anand et al. [2003] Mg/Ca = 0.449 © *0T,

on the empirical calibration of G. ruber Mg/Ca to
isotopic calcification temperatures (Tjg,) performed
in the Atlantic Ocean by Anand et al. [2003]. Then,
they simply proposed to look at the salinity effect
by analyzing the potential shift between the esti-
mated Tyig/c, and the reference Ti,.

[36] Following this approach, we calculated, at all
of our sites, the difference (AT) between Mg/Ca-
temperature (Tyig/ca) and the isotopic temperature
(Tiso), and compared AT to SSS. For this purpose,
the Mg/Ca of G. ruber was converted to sea surface
temperature based on Anand et al.’s [2003] empiri-
cal equation developed for G. ruber picked in the
size fraction 250-315 pm.

Tmg/ca = In(Mg/Ca/0.449)/0.09 for G.ruber  (4)

We chose to use Anand et al.’s [2003] Mg/Ca
thermometry calibration for two reasons. First, their
empirical relationship to temperature was obtained
using the same isotopic temperature equation than
the one we used here [Shackleton, 1974]. In addi-
tion, Anand et al. [2003] have used the same
cleaning protocol as we did in this work [Barker
et al., 2003]. This aspect is important since an
inter-laboratory calibration exercise have clearly
showed that the cleaning protocol has a noticeable
effect on Mg/Ca results [Rosenthal et al., 2004].

[37] In our database AT (= TumgcaTiso) Vvaries
from —2°C in the Atlantic Ocean to +8°C in the
Western Mediterranean Sea. When plotted versus

SSS, our AT values show a clear, positive trend
with a rather good correlation coefficients despite
some level of scattering (R? = 0.61; *** = P <
0.001; Figure 7a). We decided to plot our data
together with those obtained from Indo-Pacific and
Atlantic core tops by Mathien-Blard and Bassinot
[2009], and which cover a much larger salinity
range. Interestingly, despite the higher level of
scattering, our western Mediterranean AT appear to
be coherent with Indo-Pacific and Atlantic core top
data (Figure 7b). The linear regression calculated
through the combined data set, shows a good cor-
relation coefficient (R? = 0.71) and correspond to
the following equation:

AT = 1.72*SSS — 61.15 (5)

The slope of the equation (5) indicates that a
salinity change of +1 (psu) change in salinity
would induce a ~+1.7°C change in Tyg/ca(bias)
relative to the isotopic calcification temperature
(this equates to about ~15% Mg/Ca change per unit
salinity change increase). AT equals 0 (Tiso = Tnvg/ca)
for a salinity of ~35.6 (psu). Below this threshold
of salinity, T/, are lower than Tis, and they are
higher than Ti,, for salinity above ~35.5 (psu)
(Figure 7). Thus, despite a higher level of scatter-
ing, it clearly seems that western Mediterranean
Sea G. ruber Mg/Ca data confirm the salinity bias
on Mg/Ca-thermometry evidenced using Atlantic
and Indo-Pacific core tops [Mathien-Blard and
Bassinot, 2009].
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[38] Concerning the vertical dispersion of western
Mediterranean data (see Figure 7b), it is likely that —
at least partially - this could result from the limited
and heterogeneous imprint of Mg-rich diagenesis
on samples from this area. Our conclusions that
diagenesis does not seem to cancel out totally the
original, sea surface Mg/Ca signal and that it mainly
affects the “second-order” variability (scattering),
will need to be tested in future studies by using
more powerful methods such as, for instance, the
Flow-Through Time Resolved (FT-TRA) approach
developed at OSU [Klinkhammer et al., 2004].

4.4. Salinity Effect on Mg/Ca: Discrepancy
Between Core Top and Laboratory Culture
Results

[39] The existence of a salinity effect on planktonic
foraminifer Mg/Ca is also in general agreement with
culture experiments or other core top studies [i.e.,
Niirnberg et al., 1996; Lea et al., 1999; Ferguson
et al., 2008; Groeneveld et al., 2008; Kisakiirek et al.,
2008; Duerias-Bohorquez et al., 2009; Kontakiotis
et al., 2009; Sadekov et al., 2009; Arbuszewski
et al, 2010]. Yet, the sensitivity of Mg/Ca to
salinity changes differs markedly from one study to
another. Our results are coherent with core top
studies of Mathien-Blard and Bassinot [2009] and
Arbuszewski et al. [2010], which both suggest a
~15% change per unit change in salinity. This is
only slightly higher than the 11% change per unit
change in salinity established for another plank-
tonic species, G. sacculifer, based on culture
experiments [Nirnberg et al., 1996; Duerias-
Bohorquez et al., 2009], but it is significantly
higher than the 5% sensitivity estimated for G. ruber
from culture [Kisakiirek et al., 2008]. Based on its
880 record, Groeneveld et al. [2008] interpreted
the high Mg/Ca ratios (>7 mmol/mol) measured in an
ODP site from the Caribbean Sea as related to SSS.

[40] The reason for the discrepancy between culture
results and core top calibrations has not been
clearly addressed yet. Kisakiirek et al. [2008] -
referring to Ferguson et al.’s [2008] data - explain
the much steeper slope obtained from Mediterra-
nean foraminifers compared to culture results, as
due to the precipitation of inorganic calcite within
bottom sediments or in the water column causing
shell Mg/Ca ratios to increase. As we have seen
above, this explanation may be valid when con-
sidering Mg/Ca-SST calibrations performed over
the entire Mediterranean Sea, for which a clear
diagenetic contamination exists in the central and
eastern basins. However, when considering data

from the western Mediterranean sites only, this
explanation is unlikely. We have shown that Mg/
Ca data obtained in this area and the salinity effect
that can be deduced, are in agreement with results
from Indo-Pacific and Atlantic sites, for which no
overgrowth of Mg-rich calcite has been described
[Arbuszewski et al., 2008; Mathien-Blard and
Bassinot, 2009]. Barker et al. [2005] suggested that
culture experiments may not sufficiently reproduce
the natural environment conditions, which may
induce a potential stress on foraminifers, possibly
affecting the calcification of the chambers. Uncer-
tainty in culture calibrations may arise, therefore, if
differences in Mg/Ca during shell growth are
caused by changing biological controls rather than
solely by changes in temperature or salinity. In any
case, even if the discrepancy between culture and
core top results is not fully understand, Mg/Ca-SST
calibrations and salinity bias derived from core top
material are extremely valuable for paleoceano-
graphic reconstructions since they are based on the
same material that will eventually form the sedi-
mentary record.

4.5. Paleoceanographic Implications:
Addressing the Reliability of the Mg/Ca
Thermometer for Mediterranean
Reconstructions

[41] As we have seen above, in the Mediterranean
Sea, post-depositional alteration results in the devel-
opment of an early diagenetic, Mg-rich (~10—
12% MgCO;) calcite coating, which can constitute
up to 20% of the total shell calcite in the central
and eastern Mediterranean basin. The protocol of
Barker et al. [2003] used for the sample preparation
for the Mg/Ca analysis, is clearly insufficient in
removing and cleaning with accuracy this diage-
netic deposit that continues to pollute the Mg/Ca
ratios measured from ICP-AES analyses. The result-
ing Mg/Ca values measured from our ICP-AES
method range from 2.6 mmol/mol to clearly anom-
alous values as high as 35.5 mmol/mol (Table 2),
with a high degree of scattering.

[42] Alternative cleaning method that contains a
reductive step can help removing this high-Mg
coating [Yu et al., 2007; Hoogakker et al., 2009]
clearly showed that the citrate used for this reductive
cleaning step results in the preferential leaching of
Mg-rich parts of benthic foraminiferal shells. Yet,
there is no real control on the exact amount of
Mg-rich calcite dissolved. Thus, a more powerful
alternative for well constrained and accurate Mg/Ca
thermometry in the Mediterranean Sea might be the
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Tiso) plotted against atlas-derived sea surface salinities [MEDAR Group, 2002] and [Antonov et al., 2006] for G. ruber
(white). Temperatures corresponding Mg/Ca ratios were calculated based on calibration from Anand et al. [2003] as
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triangles. The black line materializes the linear regression calculated taking into account all the data on the graphic
and for both Figures 7a and 7b, it results highly significant (*** = P < 0.001).

use of Flow-Through Time Resolved (FT-TRA)
method developed at the Oregon State University
[Klinkhammer et al., 2004]. This approach dis-
solves progressively the foraminiferal shell and
make possible to separate Mg contributions from
various calcitic phases, since Mg-rich phases will
dissolve more rapidly than Mg-poor phases. This
technique has been recently tested by Boussetta
et al. [2011] using four core tops from the Medi-
terranean basin. These authors obtained Mg/Ca
values significantly lower than those obtained by
conventional ICP-AES analysis with an improved
homogeneity. Further studies are required to con-
firm the potential of the FT-TRA technique.

[43] In the western Mediterranean basin (including
the two Atlantic samples), the Mg/Ca values vary
from ~2 to ~5 mmol/mol, showing a typical open-
ocean range. XRD do not reveal the presence of
Mg-rich calcite, but.SEM observations suggested
the occurrence of little amount of recrystallization
in a few areas, associated to inter-sample hetero-
geneity. Such diagenetic imprint is likely associ-
ated to Mg/Ca scattering, but it does not cancel out
totally the initial Mg/Ca signal, which reveals a
significant relationship to sea surface salinity,
which bias the expected temperature effect. This
salinity effect is coherent with recent results
obtained on Indo-Pacific and Atlantic surface sedi-

ments, which suggest that a +1 change in salinity
(psu) results in a +1.7°C Mg/Ca-temperature bias
[Mathien-Blard and Bassinot, 2009; Arbuszewski
et al., 2010]. Mathien-Blard and Bassinot [2009]
developed a correction procedure applied to Tyig/ca
and 6'%0¢ measured on G. ruber in order to derive
sea surface temperatures and 6'%0y,, corrected for
the salinity effect on Mg/Ca. This method rests
upon regional (evaporation/precipitation) and global
(ice sheet) SSS-6'%0y, relationships established
for the modern ocean. In order to apply this correc-
tion for paleoceanographic reconstructions, the nec-
essary assumption is that the regional SSS-6'%0gy
relationship remains invariant through time. In the
Indian Ocean, this assumption was validated by
model results [Delaygue et al., 2001]. Yet, such an
assumption could be wrong for the Mediterranean
Sea, which is a semi-enclosed basin for which SSS-
8'%0,,, depends not only on the hydrological cycle
but also on the exchanges of water with the Atlantic
Ocean. The modern regional SSS- 6'%0,,, equation
for the Mediterranean area obtained by Kallel et al.
[1997] has been used successfully for paleoceano-
graphic reconstructions over the Holocene, sug-
gesting that — at least over this period of time — the
correction procedure developed by Mathien-Blard
and Bassinot [2009] should be valid.
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[44] Additional work is mandatory to check whether
salinity of the ambient water also affects signifi-
cantly the Mg/Ca of other planktonic species in the
region (i.e., G. bulloides and O. universa) and its
implications in the hydrographic reconstructions.
Differences with van Raden et al. [2011]’s obser-
vations suggest that diagenesis may have a different
impact on foraminifer species in relation to test
morphology or microstructure.

5. Conclusions

[45] Our data shows that Mg/Ca ratio in G. ruber
shells retrieved from box corer and core tops of the
semi-enclosed, Mediterranean Sea reach much higher
values and show a stronger scattering than those
obtained in open oceans. The level of scattering and
high values we obtained are similar to what can be
observed in the data set from Ferguson et al. [2008].

[46] SEM observations and XRD analyses show the
presence of a Mg-rich calcite (10-12% MgCO;)
coating, particularly in the central and eastern
Mediterranean Sea where this calcite coating can
represent up to ~20% of the total G. ruber calcite.
Such a Mg-rich calcite is typical of early diagenetic
calcite deposition, in equilibrium with seawater Mg
and Ca composition.

[47] In the western Mediterranean Sea, Mg-rich
calcite is not detected by the XRD analyses. If it
present, it is therefore in small amounts (<0.5%).

[4s] SEM observations performed on G. ruber
shells picked from western Mediterranean sea
samples reveal the absence of diagenetic imprint in
several areas (i.e., Alboran Sea), and the occurrence
of limited recrystallization in samples from the Gulf
of Lyon and the Tyrrhennian Sea, with important
inter-sample heterogeneity. Due to the limited
extension of recrystallization, it is likely that most of
the Mg-rich calcite can be removed during the
Mg/Ca cleaning protocol. Yet, some part of the
Mg/Ca scattering in the western Mediterranean Sea
may be attributed to remains of Mg-rich calcite (as
only minute amounts of this calcite that contains 10—
12 mol% Mg car significantly alter Mg/Ca data).

[40] Using only those western Mediterranean sea
samples, there is no immediate and clear correlation
between Mg/Ca and isotopic calcification tempera-
tures (estimated from G. ruber '8O; and using
modern seawater §'®Og,,). Comparing our data with
those obtained on the open ocean (Atlantic and
Indo-Pacific [Mathien-Blard and Bassinot, 2009]),
suggests that salinity creates a major bias on Mg/Ca-

thermometry, with a +1 change in salinity (psu)
resulting in an ~+1.7°C shift in temperature esti-
mated from Mg/Ca ratio in the Western Mediterra-
nean basin. This is, however, a much steeper relation
to salinity than what has been evidenced from G.
ruber culture experiments [Kisakiirek et al., 2008].

[s0] One should be extremely cautious when using
Mg/Ca in the Mediterranean Sea for paleo-
temperature reconstructions. Our results suggest
that accurate paleo-reconstructions in the central
and eastern Mediterranean Sea are probably impos-
sible with conventional methods due to the strong
overprint associated to the diagenetic deposition of a
Mg-rich calcite. As shown by Boussetta et al. [2011],
using the FT-TRA approach [Klinkhammer et al.,
2004] to measure Mg/Ca is likely the only way to
get reliable Mg/Ca data in this area.
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