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A B S T R A C T

Taking advantage of the recent clumped-isotope methodological developments, the present study focuses on the
reconstruction of temperatures and seawater δ18O in the central Mediterranean Sea across the Mid-Pleistocene
section from Montalbano Jonico (south of Italy). Our results suggest that Mg/Ca paleothermometer can be
biased over several intervals, making clumped-isotope a promising choice to reconstruct past changes in sea-
water temperature and isotopic composition in the Mediterranean Sea. Our results provide the first clumped-
isotope temperature and δ18OSW reconstruction across several glacial and interglacial Marine Isotope Stages from
MIS 36 to MIS 19 in the central Mediterranean Sea.

During the climatic optimums of MIS 31 and MIS 19, considered as close analogues to the current interglacial
in terms of insolation forcing, reconstructed average sub-surface temperatures from benthic foraminifer analyses
(13.8 ± 1.5 °C and 14.8 ± 1.3 °C, respectively) and isotopic composition of seawater (between 1.6 ± 0.4‰
and 2.0 ± 0.3‰) are similar to the ones measured today below the thermocline in the Gulf of Taranto. Our
results show that bottom water conditions remained similar in all the studied glacial periods, with cold tem-
peratures around ~ 8 °C in average. The lack of a clear cooling across the Mid-Pleistocene either suggest that
glacial oceanographic conditions in the Mediterranean Sea remained relatively stable between the 41 ka-world
and the 100 ka-world or that the tectonic uplift that took place during this transition balanced out the MPT
cooling trend through the shallowing of the deposition site.

1. Introduction

The Early- Mid-Pleistocene is a particularly puzzling time interval
characterized by a major change in the frequency and amplitude of
glacial-interglacial cycles, with a shift from low amplitude, obliquity-
dominated climate changes (41 ka cycles) to larger amplitude ~ 100-ka
dominated cycles (Ruddiman et al., 1986; Lisiecki and Raymo, 2005;
Lang and Wolff, 2010; Head and Gibbard, 2015). This transition (Mid-
Pleistocene Transition, noted MPT) corresponds to an intensification of
glacial periods and an increase of their duration (Lisiecki and Raymo,
2005; Head and Gibbard, 2015 and references therein), with Marine
Isotopic Stage (MIS) 22 being sometime considered as the precursor of

glacial periods typical of the 100 ka-world. Paleo-temperature re-
constructions are particularly important to better understand the Mid-
Pleistocene evolution and try to disentangle the temperature from the
ice volume effect in foraminifer δ18O records. However, long time
marine paleo-temperature reconstructions are rare across this period
and several problems have been raised regarding usual paleo-thermo-
meters. This is the case, in particular, for potential salinity and pH
biases on the Mg/Ca paleo-thermometer (Mathien-Blard and Bassinot,
2009; Gray et al., 2018 and references therein), which cannot be dealt
with easily for the MPT.

In the present study, we take advantage of the recently developed
clumped isotope thermometry to reconstruct sea-water temperature
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and δ18O changes across the MPT in the context of the Mediterranean
Sea using the exposed Montalbano Jonico section (south Italy, Gulf of
Taranto, central Mediterranean; Fig. 1). The carbonate clumped-isotope
thermometer, noted ∆47 is based on the quantification of subtle statis-
tical anomalies in the abundance of the doubly substituted carbonate
isotopologue (13C18O16O16O) compared to a stochastic distribution of
isotopes (Ghosh et al., 2006; Eiler, 2007; Eiler, 2011). For thermo-
dynamical reasons, ∆47 varies with temperature (Schauble et al., 2006).
As a result, the slightly higher abundance of 13Ce18O bonds decreases
systematically with mineral crystallisation temperature. The main ad-
vantages of the ∆47 thermometer compared to other more frequently
used geochemical paleotemperature proxies (such as δ18O and Mg/Ca)
are the absence of detectable species-specific and salinity effects in both
planktonic and benthic foraminifera (Tripati et al., 2010; Grauel et al.,
2013; Peral et al., 2018) and the fact that it does not require any
knowledge of seawater δ18O (noted δ18OSW hereafter) in which the
carbonate calcified (Schauble et al., 2006). Thus, combining ∆47 and
δ18OC measurements in foraminifera allows reconstructing both past
seawater temperatures and δ18OSW.

We decided to focus our study on the exposed Montalbano Jonico
section (MJS, south Italy, Gulf of Taranto, central Mediterranean;
Fig. 1), which is one of the highest-resolution marine sedimentary re-
cord spanning the MPT (Bertini et al., 2015; Marino et al., 2015). Being
a semi-enclosed basin, the Mediterranean Sea can amplify climate
changes and its geographic position makes it sensitive to both tropical
and high-latitude influences (Hurrell, 1995; Trigo et al., 2004; Giorgi,
2006; Lionello et al., 2006). Several studies have already revealed the
clear imprint of MPT changes on the Mediterranean marine and con-
tinental environments (Joannin et al., 2008; Pol et al., 2010; Giaccio
et al., 2015; Wagner et al., 2019). In the MJS, the benthic and plank-
tonic δ18O records show the clear alternation between glacial and in-
terglacial periods, and a small enrichment of glacial benthic δ18O across
the MPT (Fig. 2; Brilli, 1998). There exists no accurately quantified-
marine temperature and δ18Osw records over this key time interval yet.
The exposed Montalbano Jonico section allows to collect large amounts
of sedimentary material, which are necessary to replicate clumped-
isotope analyses in order to reduce analytical uncertainties and provide
the most accurate reconstruction possible of ∆47-temperature changes
along the Mid-Pleistocene of the central Mediterranean Sea.

2. Strategy and main objectives

When dealing with the Mid-Pleistocene interval, two periods are of
particular interest: marine isotopic stages (MIS) 31 and 19. The MIS 31,
also called “super interglacial” (Pollard and DeConto, 2009; DeConto
et al., 2012; Melles et al., 2014; Coletti et al., 2015), extends from about
1.082 to 1.062 Ma (Lisiecki and Raymo, 2005). It is an unusually long

interglacial for the 41 ka-world and numerous authors suggested that it
could be a precursor of the high-amplitude ~ 100 ka cycles (e.g. Scherer
et al., 2008; Girone et al., 2013). This interglacial is characterized by
the highest summer insolation forcing of the Pleistocene (Laskar et al.,
2004), while indirect pCO2 reconstructions suggest concentration
around 300 ppm at 1.0 Ma (Hönisch et al., 2009). In high latitudes and
particularly in the North Atlantic, most of MIS 31 records point toward
warm oceanic temperatures (Helmke et al., 2003; Bintanja et al., 2005;
Bintanja and Van de Wal, 2008; Naafs et al., 2013), with differences,
however, in the magnitude of this warming (Ruddiman et al., 1989;
McClymont et al., 2008; Hillaire-Marcel et al., 2011; Oliveira et al.,
2017). Several studies have focused on MIS 19 (Pol et al., 2010;
Tzedakis et al., 2012; Giaccio et al., 2015; Maiorano et al., 2016;
Nomade et al., 2019; Regattieri et al., 2019). They documented changes
in the terrestrial and marine realms with continuous and high-resolu-
tion records and especially for the interglacial sensu-stricto (i.e. MIS
19c hereafter; Tzedakis et al., 2012; Giaccio et al., 2015; Sánchez-Goñi
et al., 2016; Nomade et al., 2019). These records depict a shorter cli-
matic optimum compared to MIS 31 (i.e. 10 ka up to 13 ka) followed by
millennial- to-centennial-scale climate oscillations, particularly well-
expressed within the substages 19a and 19b (Tzedakis et al., 2012;
Giaccio et al., 2015; Sánchez-Goñi et al., 2016; Regattieri et al., 2018;
Nomade et al., 2019).

The onset of these two interglacials are characterized by insolation
forcing conditions that are relatively similar to those that prevailed
during the onset of the Holocene (high obliquity, low precession),
making these two MIS good candidates to study the response of the
Mediterranean Sea under an orbital forcing similar to the Holocene but,
presumably, under different mean climate conditions and greenhouse
gas composition of the atmosphere.

The MJS is divided into two parts: Interval A (lower part of the
section – 168 m thick, from MIS 37 to MIS 23) and Interval B (upper
part of the section – 280 m thick; from MIS22 to the MIS17/16 transi-
tion), separated by a stratigraphic gap estimated to last about 19 ka
(Ciaranfi et al., 2010; Fig. 2). As already mentioned above, available
δ18O data suggest a slight increase in glacial benthic δ18O values be-
tween section A and section B, accompanied by an increase in the dif-
ference between planktonic and benthic δ18O values. Such evolution
does seem to be coherent with an intensification of glacials across the
MPT. However, paleo-water depth reconstruction based on benthic
foraminifer assemblages suggests that the depth of deposition of MJS
varied from a bathyal environment in the Interval A to a circalittoral
environment in the Interval B (Stefanelli, 2003). The transition from a
deeper to a shallower environment appears relatively abrupt and syn-
chronous to the stratigraphic gap observed between Intervals A and B,
corresponding to the transition between MIS 23 – MIS 22 (Fig. 2;
Stefanelli, 2003). This shallowing has been attributed to a tectonic

Fig. 1. General view of Italy with Montalbano Jonico location (MJS; black star) and Geological context.
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uplifting. The evolution of vertical δ18O gradients (i.e. planktonic-
benthic difference) and the slight increase in glacial benthic δ18O across
the MPT are counter-intuitive when considering that they took place
during an important shallowing of the deposition site. In order to better
constrain the relative importance of oceanographic and tectonic im-
prints in the Mid-Pleistocene evolution of glacial conditions recorded in
MJS, we propose to separate temperature and δ18Osw effects in the
benthic δ18O record and compare the evolution of glacial periods from
interval A (MIS 36, MIS 34 and MIS 30) with those from interval B (MIS
22 and MIS 20).

The present paper aims at two main objectives: 1) comparing the
key MIS 31 and MIS 19 interglacials, and 2) documenting the evolution
of the glacial conditions through the Mid-Pleistocene in the MJS. We
achieve these goals by reconstructing seawater temperature through
and oxygen isotope composition by combining clumped-isotope (∆47)
temperature estimates and δ18O measured in foraminifera. In addition,
this work will compare ∆47-derived temperatures in benthic for-
aminifera with Mg/Ca-derived temperatures.

Paleodepth reconstructions indicate that the water depth was only a
few hundred meters at the time of deposition (D'Alessandro et al., 2003;
Stefanelli, 2003; Aiello et al., 2015). Thus, benthic foraminifera in the
MJS have recorded sub-surface conditions, characteristic of inter-
mediate waters to upper deep waters. In the rest of this study, we will
use the term, “subsurface water”, for hydrographic conditions re-
constructed from benthic foraminifers.

3. Regional settings and presentation of the Montalbano Jonico
section

3.1. Modern oceanographic settings in the Gulf of Taranto

The Gulf of Taranto is a semi-enclosed basin, located in southern
Italy and open to the Ionian Sea (Fig. 1). Its central depth exceeds
2000 m, while coastal areas (continental shelf) are shallower than
200 m. The surface circulation is connected to the Western Adriatic
Coastal Current (WACC; Poulain, 2001; Bignami et al., 2007; Turchetto
et al., 2007; Goudeau et al., 2014). The WACC has a relatively low
salinity due to freshwater runoffs (Turchetto et al., 2007; Pinardi et al.,
2016) and shows a clear intra-annual variability. Its influence in the
Gulf of Taranto is weaker in summer than in winter and spring because
of the reduced river discharges from the Po River and several Alpine
and Apennine rivers, leading to a decreased inflow into the Gulf of
Taranto during summer (Poulain, 2001; Milligan and Cattaneo, 2007;
Brandimarte et al., 2011; Goudeau et al., 2014). In the Gulf of Taranto,
waters from WACC are mixed with the Ionian Surface Water (ISW),
from the central Ionian Sea (Poulain, 2001; Bignami et al., 2007;
Turchetto et al., 2007; Goudeau et al., 2014). The Modified Levantine
Intermediate Water (MLIW) can be traced in the basin between 200 and
600 m of water depth (Savini and Corselli, 2010). The deeper circula-
tion (below 600 m) in the Gulf of Taranto is influenced by lateral water
exchanges with Ionian and Adriatic Sea, which are affected by seasonal
changes in the vertical stratification in response to changes in atmo-
spheric dynamics (Turchetto et al., 2007; Civitarese et al., 2010; Cessi

Fig. 2. Lithological and stratigraphical settings of MJ composite for Interval A and B. The composite is from Ciaranfi et al., 2010; the δ18OG. bulloides (planktonic
foraminifera) and δ18Obenthic (benthic foraminifera) curve are from Brilli, 1998; Brilli et al., 2000 and Ciaranfi et al., 2010. The 40Ar/39Ar ages of V3-V5 are in
Ciaranfi et al., 2010; Maiorano et al., 2010; Petrosino et al., 2015; Simon et al., 2017 and Nomade et al., 2019. The correlation to sapropel stratigraphy was done
according to Lourens (2004) and Konijnendijk et al. (2014). Summer insolation is from Laskar et al. (2004). The paleo-water depth was reconstructed in Stefanelli,
2003. G = glacials; IG = interglacials.
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et al., 2014; Pinardi et al., 2016).
Today, surface-waters show an average temperature around 24 °C

and a relatively low and constant salinity of 37.7, which result from the
mix between the WACC and the ISW (Fig. 3; Poulain, 2001; Bignami
et al., 2007; Turchetto et al., 2007; Goudeau et al., 2014; Pinardi et al.,
2016). The annually-averaged thickness of the mixed-layer is ~ 50-
60 m. The thermocline is abrupt, the temperatures decreasing rapidly
from 23 to 24 °C at the base of the mixed layer (50-60 m) to around
16 °C at ~ 100 m (Fig. 3; Pinardi et al., 2016). The intermediate waters,
between 100 and 300 m depth, show higher salinities and lower tem-
peratures characteristic of the MLIW (Theocharis and Georgopoulos,
1993; Turchetto et al., 2007). The deeper-water mass shows a low,
average temperature around of 14 °C, and a constant salinity of 39
(Fig. 3; Pinardi et al., 2016).

The carbonate ion concentration [CO3
=] (Global Alkalinity and

Total Dissolved Carbon Estimates Dataset, Goyet et al., 2000) varies
from > 255 μmol/kg in surface waters to ~ 235 μmol/kg at the base of
the 800 m profile shown in Fig. 3. These values are high, well above the
equilibrium [CO3

=] values for calcite (varying from 40 to 60 μmol/kg
over this depth range), indicating that the entire water column is super-
saturated with respect to calcite.

3.2. The Montalbano Jonico section

The Montalbano Jonico section (southern Italy; 40°17′27”N,
16°33′57″E), is located in the Lucania Basin of Bradano Trough
(Balduzzi et al., 1982; Casnedi, 1988), between the external border of
the Apennines fold and thrust belt and the internal margin of the
Apulian Foreland (Fig. 1). The Bradano Trough formed in the Early
Pliocene and evolved during the Pliocene and Pleistocene. Its inner
border experienced deformation associated with polyphasic active

thrusts, as a result of interactions between the Apulian Foreland and the
Apennines Chain, which determined the north-eastward migration of
the Cenozoic Apennine and Pliocene-Pleistocene foredeep units as well
as the small-scale marine/lacustrine intramontane basins that were
forming at that time (Patacca and Scandone, 2004). The outer margin of
the Bradano Foredeep progressively overspread the Mesozoic-Cenozoic
Apulian Foreland units (Casnedi et al., 1982).

The MJS comprises ~450-m-thick, upward-coarsening deposits
ranging from hemipelagic silty clays to silty sands (Fig. 2 – Montalbano
Jonico composite section). It is interspersed by nine volcanoclastic
layers (labelled V1-V9) and five sapropel layers identifiable by benthic
foraminiferal and macro-invertebrate assemblages (D'Alessandro et al.,
2003; Stefanelli, 2003; Stefanelli et al., 2005; Maiorano et al., 2010).

The chronological framework of MJS is based on stable oxygen
isotope measurements on benthic (δ18Ob; Cassidulina carinata) and
planktonic (δ18Op; Globigerina bulloides) foraminifera, combined with
calcareous plankton biostratigraphy, radiometric dating (40Ar/39Ar)
and identification of sapropel layers (Fig. 2). The whole series covers
the interval from MIS 37 to MIS 17/16.

In the lower part of the section (Interval A; Fig. 2), an astronomical
age-model was developed by tuning the sapropel layers to precession
minima with a constant 3 ka time lag (Ciaranfi et al., 2010; Maiorano
et al., 2010), while in the upper part of the section (Interval B; Fig. 2),
the astronomical tuning was achieved by visual comparison of the MJS
δ18Oplanktonic record to ODP Site 975 δ18Oplanktonic (Lourens, 2004). The
tuning is also supported by glacial-interglacial oscillations observed in
δ18Obenthic at Montalbano Jonico that can be compared with open ocean
benthic stack of Lisiecki and Raymo (2005). Additional tie-points were
provided by tephras V3 and V5 precisely dated by 40Ar/39Ar (Ciaranfi
et al., 2010; Maiorano et al., 2010; Petrosino et al., 2015). This
chronostratigraphic frame indicates that the MJS covers the time in-
terval from 1.240 to 0.645 Ma (Ciaranfi et al., 2010; Fig. 2). The esti-
mated sedimentation rates range from 0.28 to 0.9 m/kyr for Interval A
and from 0.5 to 2 m/kyr for Interval B (Ciaranfi et al., 2010; Maiorano
et al., 2010). The chronostratigraphy of MIS20-MIS19 (belonging to
Interval B, hereafter referred to as Ideal Section or IS) has been recently
improved based on a much higher-resolution benthic foraminifer δ18O
record (~ 200 years resolution) and using a revised 40Ar/39Ar age of
tephra V4 (Nomade et al., 2019).

3.3. Paleoenvironmental changes recorded in the MJS

3.3.1. Over the Interval A
The major paleoenvironmental changes that occurred during the

Interval A of MJS spanning from 1.24 to 0.9 Ma (MIS 37 to 23), were
orbitally controlled (Joannin et al., 2008; Girone et al., 2013). Sa-
propel-like horizons have been described in MJS and their occurrence
has been explained by (i) the stratification of the water column and the
preservation of organic material at the sea bottom and/or by (ii) en-
hanced sea surface productivity (Girone et al., 2013). The glacial in-
terglacial cycles through Interval A were considered the result of
complex interactions between global climate changes and regional/
local responses.

In the MJS, MIS 31 limits were set at the mid-slope of MIS 32/31
and of MIS 31/30 transition in the benthic foraminifer δ18O record,
which correspond to 1.095 and 1.064 Ma respectively based on the age
model of Maiorano et al. (2010). Based on calcareous nannofossil and
planktonic foraminifera assemblages, it has been inferred that the MIS
31 corresponds to a long climatic optimum lasting 10 kyr, from 1.075 to
1.065 Ma (Girone et al., 2013). Micropaleontological and mineralogical
data suggest warm and wet conditions associated with changes in the
local precipitation regime with potential effects on sea surface tem-
perature and salinity through enhanced freshwater input into the basin
(Stefanelli, 2003; Joannin et al., 2008; Girone et al., 2013). The wet
climate likely resulted from strong northern Hemisphere summer in-
solation associated to precession minimum in a period of high obliquity

Fig. 3. Temperatures and salinity profiles from the Gulf of Taranto over the first
800 m (data from Pinardi et al., 2016 and World Ocean Atlas 2013); and CO3

=

profile over the first 800 m at the entrance of the Gulf of Taranto (data from
Goyet et al., 2000) in red, the closer station from our site location. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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and eccentricity. This warm climate phase coincided with regional
tectonic instability that may have influenced local patterns of erosion
and sediment transport (Girone et al., 2013), suggesting that pa-
leoenvironmental changes over MIS 31 at MJS likely result from the
interaction between global climate changes and regional factors, in
particular associated to landscape evolution.

3.3.2. Over the Interval B
Interval B (MIS22-MIS17/16) had initially been studied at low re-

solution with a particular focus on time interval from MIS 20 to MIS 18
(Stefanelli, 2003, 2005; Aiello et al., 2015; Bertini et al., 2015; Toti,
2015; Marino et al., 2015; Maiorano et al., 2016). The chronostrati-
graphy of MIS 19 benefits from the precise and accurate 40Ar/40Ar age
of the tephra layer V4 (Nomade et al., 2019) as well as from a high-
resolution cosmogenic 10Be profile (Simon et al., 2007), a proxy for the
dipolar magnetic field intensity that makes it possible to clearly
monitor the field weakening associated to the Brunhes-Matuyama
magnetic reversal. It also benefits from recent, high-resolution studies
of marine microfossils and pollen assemblages (Aiello et al., 2015;
Bertini et al., 2015; Marino et al., 2015; Maiorano et al., 2016), and
from high-resolution records of benthic δ18O and δ13C changes recently
obtained over the MIS 20-MIS 18 interval (Nomade et al., 2019). This
set of data provides invaluable pieces of information about the climatic
and environmental variability throughout the MIS 19.

The deglaciation between MIS 20 and MIS 19 (Termination IX) is
characterized by the cyclic advection of cold surface waters that likely
originated from the North Atlantic and resulted in an “Heinrich-like
event” followed by a potential “Bølling-Allerød-like event” and a
“Younger Dryas-like event” (Maiorano et al., 2016). During MIS19c,
several proxies point to the existence of a shallow-water analogue to a
sapropel event (Maiorano et al., 2016). This so-called “red interval” or
“ghost sapropel” (Emeis et al., 2000), seems to correspond to the “i-
cycle 74” event according to Lourens (2004). The existence of a
shallow-water sapropel is supported (i) by a negative excursion in
benthic foraminifera δ13C, which suggests an enhanced stratification of
the upper water column and/or an increased productivity (Nomade
et al., 2019), and which is coeval with (ii) a low oxygen content at the
sediment-water interface (Stefanelli, 2003). During this event, marine
(Maiorano et al., 2016) and continental (Bertini et al., 2015) proxies
suggest an increase in sea-surface temperatures (SST) and a climatic
amelioration on land with a rapid increase in annual precipitation, both
of which providing favourable conditions for sapropel formation during
an insolation maximum (Maiorano et al., 2016; Nomade et al., 2019).
The MIS 19c is associated with warm and wet conditions in continual
and warm surface waters (Bertini et al., 2015; Maiorano et al., 2016;
Nomade et al., 2019).

4. Materials and methods

4.1. Conventional stable isotope analyses

Planktonic and benthic foraminifera were handpicked for stable
isotope analyses. Around 20–30 individuals of Globigerinoides ruber and
Cassidulina carinata and 7–15 individuals for Uvigerina mediterranea and
Elphidium crispum, were picked from the 200–355 μm fraction. The
three-benthic species (U. mediterranea, C. carinata and E. crispum) are
shallow infaunal or epifaunal species (Altenbach et al., 1999; Fontanier
et al., 2002; Murray, 2006), which can live on different substrates, such
as on sand or on algae (Murray, 1963). From 1 to 5 replicate analyses of
δ18O and δ13C were performed. Foraminifera were cleaned in an ul-
trasonic bath for few seconds with reagent-grade methanol to eliminate
impurities. δ18OVPDB and δ13CVPDB values were measured at the La-
boratoire des Sciences du Climat et de l'Environnement (LSCE) using a
MultiCarb system coupled to a dual-inlet Isoprime (Elementar). Stan-
dardization to VPDB was based on repeated measurements of interna-
tional reference materials NBS 19 and NBS 18, with respective nominal

values for δ18OVPDB of - 2.20‰ and - 23.01‰, and for δ13CVPDB of
1.95‰ and - 5.01‰. The uncertainties reported here are based on the
external reproducibility of an in-laboratory carbonate standard
(MARGO) with 1SD = 0.05‰ for δ18OVPDB and 1SD = 0.03‰ for
δ13CVPDB.

4.2. Clumped-isotope analyses

Clumped-isotope method is a promising isotopic thermometer for
seawater paleo-reconstructions because 1) it does not require that one
knows the past isotopic composition of sweater, δ18OSW (Schauble
et al., 2006) and 2) there are no detectable vital or salinity effects for
both the planktonic and the benthic foraminifera Δ47 (Tripati et al.,
2010; Grauel et al., 2013; Peral et al., 2018). The main limitation is
analytical. From 2 to 3 mg of foraminifer calcite are required in order to
perform one clumped isotope measurement and a minimum of four
replicates are mandatory to reduce significantly the analytical un-
certainty. In the Montalbano Jonico section, large amounts of thick and
heavy benthic foraminifer shells were available for Δ47 replicate ana-
lyses, but planktonic foraminifera were not present in large enough
quantities to reconstruct SST with the clumped-isotope thermometer.

A total of 257 clumped-isotope analyses were performed at the
LSCE, including 143 measurements on benthic foraminifera from
Interval A and B, and 114 measurements of carbonate standards. We
combined different foraminifer size fractions and cleaned benthic for-
aminifera with water and methanol after crushing, following the pro-
tocol described by Peral et al. (2018). Each carbonate sample was then
weighed and between 2 and 3 mg were dissolved in a common phos-
phoric acid bath at 90 °C during 15 min. The resulting CO2 was purified
in an automated line by cryogenic trapping to remove water and passed
through a Porapak Q column at −20 °C under helium 6.0 flow. This
CO2 was transferred by gas expansion into an Isoprime 100 dual-inlet
mass spectrometer (Daëron et al., 2016). Conversion of Δ47

raw to ab-
solute Δ47 values was done using carbonate standards (ETH-1/2/3;
Meckler et al., 2014; Bernasconi et al., 2018), and processed using the
IUPAC isotopic parameters (Brand et al., 2010) following the procedure
described by Daëron et al. (2016). “Absolute” ∆47 values were then
converted to temperatures using the calibration of Peral et al. (2018).

Where possible, three species of benthic foraminifera were picked
from each sample (i.e. same stratigraphic depth), Uvigerina mediterranea
(200–355 μm), Cassidulina carinata (200–315 μm) and Elphidium crispum
(200–450 μm; only for one stratigraphic level). From 2 to 27 replicates
for each sample/species pair were done in 4 sessions of measurements
between July 2016 and June 2018. The first session (2016–07) and the
last one (2018–05) were corrected for a slow trend observed in the
measured ∆47 values of ETH-3, probably resulting from subtle changes
in the ion collector backgrounds. Each analytical session (defined as
continuous period of ∆47 measurements) was assigned an independent
external ∆47 reproducibility (respectively 15.9 ppm, 13.9 ppm,
20.9 ppm and 18.1 ppm at 1SE) based on repeated analyses of standards
and samples. Details about the data processing are given with the py-
thon routine provided in the supplementary material.

4.3. Analyses of Mg/Ca ratio

Mg/Ca measurements were performed at LSCE on planktonic and
benthic foraminifera. A minimum of 30 foraminifera (~ 250 μg) were
hand-picked in the size range between 250 and 355 μm and cleaned
following the Barker et al. (2003) protocol. Shells were crushed be-
tween two glass plates and the resulting fragments were put into micro-
vials, making it possible to wash out fine material (i.e. clay) through
repeated cleaning with purified water and then ethanol. In order to
remove potential organic contaminants, the samples were then oxidized
with alkali-buffered 1% H2O2 solution for 10 min at 100 °C. The final
cleaning treatment consists in a rapid leaching with 0.001 M HNO3.
After dissolution in HNO3 0.075 M, each sample was analysed by
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inductively coupled plasma mass spectrometry (ICP-MS), using a Plas-
maQuant ELITE system from Analytik Jena. After a preliminary run to
estimate the Ca concentrations, samples were then diluted to a uniform
Ca concentration of around 100 ppm. Mg/Ca ratios were accurately
determined following the intensity ratio method (De Villiers et al.,
2002). The calibration standards were prepared from single element
solutions (e.g. Ca, Sr, Mg). Mg/Ca instrumental precision was de-
termined based on multiple replicates of a standard solution of known
Mg/Ca composition. It averages ± 1.3%, with daily variations varying
from 0.9 to 1.6%.

The Mg/Ca ratios were measured on the planktonic foraminifera G.
ruber and on the benthic foraminifera U. mediterranea. The Mg/Ca ratios
were converted to temperature using species-specific calibrations:

- For G. ruber: we used the calibration of Anand et al. (2003)

=
±

T log
0.449 ( 0.06)

/0.09
Mg

Ca

(1)

- For U. mediterranea: we used the calibration of Elderfield et al.
(2010)

=
±

±T log
0.86 ( 0.05)

/0.07 ( 0.005)
Mg

Ca

(2)

where T (in °C) is the temperature.
The uncertainties were calculated by propagating the analytical

errors, based on the long-term standard deviation of our standards and
uncertainties associated with calibrations.

4.3.1. Calibration and potential biases
Several potential sources of uncertainties or leading to systematic

errors have been reported for Mg/Ca-thermometry in foraminifer shells.
First, Mg/Ca-T calibration exercises have revealed species-dependent
differences and/or size effects for foraminifers (Anand et al., 2003) and
inter-laboratory comparisons have shown the existence of significant
offset (up to 14%) associated to the cleaning protocol (Rosenthal et al.,
2004). Thus, in the present work, we have used species-specific Mg/Ca-
T calibrations that were obtained with the same cleaning protocol that
we used (i.e. Anand et al., 2003 for G. ruber in the 250-350 μm size
fraction, and Elderfield et al., 2010 for U. mediterranea).

Recent calibrations have also suggested that Mg/Ca in foraminifer
shells is not only temperature dependent but could be also affected by
salinity (Nürnberg et al., 1996; Lea et al., 1999; Ferguson et al., 2008;
Kisakürek et al., 2008; Mathien-Blard and Bassinot, 2009; Arbuszewski
et al., 2010; Gray et al., 2018) and/or pH or CO3

= (Russell et al., 2004;
Kisakürek et al., 2008; Elderfield et al., 2006; Gray et al., 2018).
However, because we cannot estimate accurately salinity and pH var-
iations along the MPT interval, no effort was made in the present paper
to take these effects into account.

5. Results

5.1. δ18Ovpdb measurements

δ18OVPDB and δ13CVPDB measurements were performed on 3 species
of benthic (Cassidulina carinata, Elphidium crispum and Uvigerina medi-
terranea) and one species of planktonic foraminifera (Globigerinoides
ruber), except for sample DFJ-27/29 (transition between MIS 22 and
MIS 21) and the older two samples (FG-39/40 and FG-10/11) in which
G. ruber specimens were not present in sufficient quantity. All the
measurements are presented in supplementary material Table S1.

The difference of ∆18Oc between the three species of benthic for-
aminifera ranges between 0 and 0.43‰ (Table 1), which is larger than
the internal analytical uncertainty ( ± 0.05‰). Since the good re-
producibility of replicate measurements suggests homogeneous

samples, the observed differences likely result from the so-called “vital”
effects. But our results are puzzling since, according to Grossman
(1987), both Uvigerina spp. and Cassidulina ssp. are believed to pre-
cipitate following the equation of Kim and O'Neil (1997). The range of
differences and the small number of intervals studied here do not allow
us to quantify precisely the species-specific, oxygen-18 differences be-
tween C. carinata, U. mediterranea and E. crispum.

Variations in the difference between benthic species and the
planktonic species G. ruber (∆18Oc (p VS b), hereafter) are larger than the
inter-benthic variability, and are, as expected, primarily driven by
changes in the planktonic δ18O values. ∆18Oc (p VS b) values remain
relatively constant for glacial periods (MIS 36, 34, 30 and 20), hovering
between 1.37 and 1.86‰, except for sample DFJ-23 (MIS 22), which
yields ~ 2.5‰, a value comparable to those for interglacial periods. By
contrast, a much larger variability is observed for the interglacial per-
iods (MIS 31, 21 and 19), with benthic-planktonic differences (∆18Oc (p

VS b)) ranging between 1.32 and 3.19‰ (Table 1).

5.2. Temperatures estimated from clumped-isotope measurements

Final ∆47 values and the corresponding temperature reconstructions
are given in Table 2. More details in the data processing (python code)
and all the ∆47 measurements are presented in supplementary material
Table S2. Given the analytical standard deviation, the ∆47-derived
temperatures for U. mediterranea and C. carinata are statistically indis-
tinguishable from each other in samples NC-199, DFJ-57, FG-39/40 and
FG-10/11. The absence of species-specific effects in clumped isotopes
(Tripati et al., 2010; Grauel et al., 2013; Peral et al., 2018) allows us to
combine results from the three benthic species to compute average ∆47-
derived temperatures and reduce the analytical error. By doing so, we
assume that there is no significant temperature difference between the
water-sediment interface (epifaunal species habitat) and the first cen-
timetres of sediments where the infaunal species grew. An additional
assumption is that bioturbation does not result in large vertical re-
mobilisation that could have brought together benthic specimens from
different climatic intervals. The high sedimentation rates of MJS and
the large quantity of material required for ∆47 measurements insure
that the effects of vertical remobilisation can be neglected.

The reconstructed glacial temperatures range from 7.1 °C ( ± 3.6 °C,
2SE) to 12.1 °C ( ± 4.2 °C, 2SE), for samples NC-172, DFJ-72, DFJ-23,
DFJ-20, FG-103/104 and FG-124, while interglacial temperatures are
warmer, with a lower variability, respectively 14.8 °C ( ± 2.6 °C, 2SE)
and 16.6 ( ± 3 °C, 2SE) for MIS 19 (sample NC-271) and MIS 21 (DFJ-
57). Surprisingly, two of the three ∆47-derived temperature values ob-
tained during MIS31 (samples FG-103/104 and FG-119/121) are si-
milar to the glacial period temperatures and only the last sample (FG-
124), within the δ18O optimum of MIS31, shows a warm temperature of
13.8 °C ( ± 3 °C, 2SE). It is worth noting that samples DFJ-27-29 and
NC-172, located at the transitions between MIS 22 – MIS 21 and be-
tween MIS 20 – MIS 19, yield significantly different temperatures,
8.6 °C ( ± 3.8 °C, 2SE) and 12.1 °C ( ± 1.6 °C, 2SE; Table 2), respec-
tively.

5.3. Temperatures estimated from Mg/Ca ratio measurements

Our study makes it possible to compare Mg/Ca-thermometry to
clumped-isotope paleotemperatures. All the Mg/Ca analyses on benthic
foraminifers were performed on the species U. mediterranea. For a few
samples in which enough planktonic shells were available, we also re-
constructed Mg/Ca-derived sea-surface temperatures (SST hereafter)
using the planktonic foraminifer G. ruber. All the Mg/Ca results are
provided in supplementary material Table S3 and summarized in
Table 3.

Monitoring Al/Ca, Fe/Ca and Mn/Ca makes it possible to check for
potential contaminations. The low values Mn/Ca and Al/Ca and the
lack of any clear correlation between these elemental ratios and Mg/Ca
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values (Fig. 4) suggest that our Mg/Ca dataset is neither affected by Mn-
rich oxides nor clay material. Only one sample (DFJ-72) showed an
unusually high Al/Ca ratio, but it is not associated with an anomalous
Mg/Ca ratio (Fig. 4). The Fe/Ca values are relatively high in our sam-
ples (Fig. 4), but without any noticeable impact on Mg/Ca. We suspect
that the Fe values could reflect the presence of small amounts of pyrite,
which is not removed by our cleaning protocol. Sample FG-119/121
was analysed twice because the first results yielded an unrealistic
benthic Mg/Ca-temperature of 28.6 °C ( ± 3.4 °C, 2SE), warmer than
the Mg/Ca-derived SST obtained in the same sample on G. ruber
(22.7 ± 1.8 °C, 2SE; Table 3). Although there was no indication of
detrital or oxide contamination, we decided to re-analyse this sample
after adding another leaching step to our cleaning protocol. The second
set of replicates yield a bottom water temperature of 20.9 °C ( ± 3.0 °C,
2SE) for this sample.

Through the Interval A, as expected, Mg/Ca-derived SSTs indicate
colder temperatures during the glacials MIS 36 (FG-10/11 and FG-39/
40), MIS 34 (FG-74) and MIS 30 (IMJ-5b) than during interglacial MIS
31 (FG-103/104, FG-119/121 and FG-124). Along the interglacial MIS

31, SSTs increase from 22.5 to 24.7 °C. As far as benthic foraminifer
results are concerned, glacial Mg/Ca-derived sub-surface water tem-
peratures are in good agreement with our ∆47-derived temperature es-
timates. By contrast, in interglacial MIS 31, Mg/Ca-derived tempera-
tures obtained from U. mediterranea are higher than the corresponding
∆47-derived temperatures.

In the Interval B, Mg/Ca-SSTs vary less in Interval B than interval A,
ranging between 20.8 °C ( ± 1.8 °C, 2SE) and 23.1 °C ( ± 1.6 °C, 2SE).
Two samples, however, show much warmer temperatures: NC-199
(transition from MIS 20 and 19), with a SST of 27.8 °C ( ± 1.8 °C, 2SE)
and sample NC-271 (MIS 19) with a SST of 25.4 °C ( ± 1.6 °C, 2SE;
Table 3). As far as bottom water temperature are concerned, Mg/Ca-
reconstructed temperatures range from 9.7 to 18.2 °C. Surprisingly, the
glacial periods yield warmer bottom temperatures than the inter-
glacials: the two glacial MIS 22 samples yield high bottom temperatures
of 18.2 °C ( ± 2.6 °C, 2SE) and 17.2 °C ( ± 2.4 °C, 2SE), and in MIS 20
bottom temperatures are 14.1 °C and 14.7 °C ( ± 2.2 °C, 2SE). The de-
glaciation samples show Mg/Ca temperatures comparable to those de-
rived from ∆47, with 9.7 °C ( ± 1.8 °C, 2SE) for MIS 22–21 and 14.7 °C

Table 1
Difference (absolute values in ‰, PDB) of δ18O between each species.

Samples MIS ∆18O (‰)
C. carinata – U. mediterranea

∆18O (‰)
E. crispum – C.
carinata

∆18O (‰)
E. crispum – U. mediterranea

∆18O (‰)
E. crispum – G.
ruber

∆18O (‰)
U. mediterranea - G. ruber

∆18O (‰)
C. carinata – G. ruber

NC-271 19 0.13 2.57 2.44
NC-199 20/19 0.25 0.18 0.43 1.9 2.33 2.08
NC-172 20 0.02 1.64 1.62
DFJ-72 20 0.07 1.49 1.56
DFJ-57 21 0.19 2.30 2.11
DFJ-27/29 22/21 0.00
DFJ-23 22 0.32 2.67 2.35
DFJ-20 22 0.15 1.83 1.68
IMJ-5b 30 0.24 1.86 1.62
FG-124 31 0.05 2.50 2.45
FG-119/121 31 0.29 1.61 1.32
FG-103/104 31 0.07 3.19 3.13
FG-74 34 0.14 1.50 1.37
FG-39/40 36 0.30
FG-10/11 36 0.08

Table 2
δ18OVPDB, δ13CVPDB, ∆47 values and temperatures derived from ∆47 values for each sample within each species.⁎

Sample Species MIS N δ13CVPDB (‰) SE δ18OVPDB (‰) SE ∆47 SE T-∆47 (°C) SE

NC-271 C. carinata 19 5 −0.68 0.03 1.96 0.06 0.713 0.007 13.3 2.0
U. mediterranea 19 8 −0.48 0.02 2.00 0.05 0.705 0.006 15.7 1.6
Combined⁎ 19 13 −0.55 0.02 1.98 0.04 0.708 0.004 14.8 1.3

NC-199 C. carinata 20/19 6 −0.29 0.02 3.57 0.05 0.718 0.006 11.8 1.8
Elphidium crispum 20/19 27 0.95 0.01 3.53 0.02 0.717 0.003 12.2 0.9
Combined⁎ 20/19 33 0.78 0.01 3.54 0.02 0.717 0.003 12.1 0.8

NC-172 C. carinata 20 4 −0.62 0.01 3.75 0.04 0.736 0.007 7.1 1.8
DFJ-72 C. carinata 20 4 −0.59 0.01 3.50 0.04 0.731 0.007 8.4 1.9
DFJ-57 C. carinata 21 3 −0.59 0.03 2.35 0.06 0.693 0.007 19.2 2.1

U. mediterranea 21 5 −0.51 0.03 2.33 0.06 0.710 0.007 14.1 2.0
Combined⁎ 21 10 −0.55 0.02 2.34 0.04 0.701 0.005 16.6 1.5

DFJ-27/29 U. mediterranea 22/21 4 −0.43 0.01 2.94 0.04 0.730 0.007 8.6 1.9
DFJ-23 C. carinata 22 4 −0.63 0.01 3.21 0.04 0.727 0.007 9.4 1.9
DFJ-20 C. carinata 22 5 −0.63 0.03 2.94 0.08 0.717 0.009 12.1 2.6
IMJ-5b U. mediterranea 30 15 −0.44 0.01 3.45 0.02 0.732 0.005 8.0 1.2
FG-124 U. mediterranea 31 11 −0.58 0.01 2.19 0.03 0.711 0.005 13.8 1.5
FG-119/121 U. mediterranea 31 12 −0.43 0.01 2.21 0.03 0.732 0.005 8.1 1.3
FG-103/104 U. mediterranea 31 12 −0.83 0.01 2.75 0.03 0.735 0.005 7.1 1.2
FG-74 U. mediterranea 34 2 −0.52 0.04 3.61 0.09 0.728 0.011 9.2 3.0
FG-39/40 C. carrinata 36 4 −0.82 0.03 3.51 0.06 0.716 0.010 12.6 2.9

U. mediterranea 36 4 −0.71 0.01 3.77 0.04 0.737 0.007 6.7 1.8
Combined⁎ 36 27 −0.72 0.01 3.68 0.03 0.731 0.006 8.4 1.5

FG-10/11 C. carrinata 36 4 −0.59 0.03 3.17 0.06 0.712 0.010 13.5 2.9
U. mediterranea 36 4 −0.57 0.01 3.34 0.04 0.724 0.007 10.3 1.9
Combined⁎ 36 5 −0.57 0.01 3.28 0.03 0.720 0.006 11.2 1.6

⁎ Combined: mix of different benthic species.
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( ± 2.2 °C, 2SE) for MIS 20–19. Bottom water temperatures for inter-
glacial periods are indistinguishable, within analytical uncertainties,
from ∆47-derived estimates: 11.9 °C ( ± 1.4 °C, 2SE) for MIS 21 and
12.9 °C ( ± 1.6 °C, 2SE) for MIS 19 (Table 3).

5.4. Subsurface seawater δ18O reconstruction

The subsurface seawater δ18O (δ18OSW, hereafter) derived from
paired ∆47-δ18OC data are presented in Table 4. We paired our ∆47-
derived temperature estimates with the corresponding δ18OC values of
each benthic species, using the 18O/16O fractionation relationship of
Kim and O'Neil (1997):

= ×1000 ln( cc/w) 18.03 1000/T 32.17 (3)

where T is temperature in ° Kelvin (K) and αcc/w is the oxygen-18
fractionation factor between calcite and water: αcc/w = (1 + δ18OC/

VSMOW/1000)/(1 + δ18OSW/VSMOW/1000) with δ18OC/VSMOW and
δ18OSW/VSMOW corresponding to foraminiferal calcite and seawater,
respectively, both relative to VSMOW.

Reconstructed δ18OSW values range from 0.7‰ ( ± 0.6‰ 2SE) to
3.0‰ ( ± 0.4‰ 2SE), with higher values during glacials than during
interglacials through the Interval A. Within MIS 31 the δ18OSW values
are relatively low (1.0‰ ± 0.6‰, 2SE) for sample FG-103/104, and
0.7‰ ( ± 0.6‰, 2SE) for sample FG-119/121 but increase to 2.0‰
( ± 0.6‰, 2SE) in sample FG-124. In the interval B, changes between
interglacial and glacial periods are small and remain within the range of
propagated analytical uncertainties.

6. Discussion

6.1. Clumped isotope versus Mg/Ca-derived temperatures

As indicated above, the comparison of the two thermometers can
only be achieved for benthic foraminifers since we could not extract
enough planktonic shells for clumped-isotope analyses. Within Interval
A of MJS, throughout the three glacial periods we investigated, both

thermometers yield very similar temperature estimates (Fig. 5.a). By
contrast, during interglacial MIS 31, Mg/Ca-derived temperatures are
significantly higher than those derived from ∆47. The first set of ana-
lyses on sample FG-119/121 (MIS 31) resulted in an unrealistic benthic
Mg/Ca-derived temperature (28.6 ± 3.4 °C, 2SE), warmer than the
Mg/Ca-derived SST values obtained in the same sample on G. ruber
(22.7 ± 1.8 °C, 2SE; Table 3). We re-analysed this sample and the
second set of data yielded a cooler benthic temperature (20.9 ± 3.0 °C
2SE), although still much warmer than the corresponding ∆47 estimate
(8.1 ± 2.6 °C 2SE).

For the Interval B, the Mg/Ca-derived temperatures do not show
significant changes between glacial and interglacial periods (Fig. 5.b).
By contrast, ∆47 temperatures display larger variations correlated with
benthic foraminifer δ18O oscillations. The Mg/Ca-derived temperatures
are higher than the ∆47-derived ones during glacial periods, and lower
during interglacial periods.

The Mg/Ca-derived temperatures during glacials such as for in-
stance those in MIS22 (i.e. 18.2 ± 2.6 °C (2SE) and 17.2 ± 2.4 °C
(2SE)) are not only higher than ∆47 results, they also correspond to
temperatures only found today at very shallow water depths (~ 100 m)
in the Gulf of Taranto (Pinardi et al., 2016; Fig. 3). The difference be-
tween benthic and planktonic δ18O (which vary from Δδ18Oc (p VS

b) = 1.75 to Δδ18Oc (p VS b) = 2.51 in interval B) rule out the possibility
that the deposition site could have been located under such a shallow
water depth. As seen above, trace elements, used to monitor potential
contaminations (i.e. Mn, Fe, Al), do not reveal any oxides contamina-
tion or presence of detrital material. Even sample FG-119/121, for

Table 3
Mg/Ca values and temperatures derived from Mg/Ca values for each samples
and species.

Samples MIS N Mg/Ca Species T-Mg/Ca (°C) SE

NC-271 19 1 4.41 G. ruber 25.4 0.8
NC-199 20/19 1 2.93 20.8 0.8
NC-172 20 1 5.46 27.8 0.9
DFJ-72 1 2.94 20.9 0.9
DFJ-57 21 1 3.59 23.1 0.8
DFJ-23 22 1 3.35 22.3 0.9
DFJ-20 20/19 1 2.94 20.9 0.8
IMJ-5b 30 1 2.41 18.7 0.9
FG-124 31 1 4.14 24.7 0.8
FG-119/121 1 3.45 22.7 0.9
FG-103/104 1 3.51 22.9 0.9
FG-74 34 1 2.70 19.9 0.8
NC-271 19 1 1.96 U. mediterranea 12.9 0.8
NC-199 20/19 1 2.09 14.7 1.1
NC-172 20 1 2.09 14.7 1.1
DFJ-72 22 1 2.04 14.1 1.1
DFJ-57 21 1 1.89 11.9 0.7
DFJ-27/29 22/21 1 1.74 9.7 0.9
DFJ-23 22 1 2.26 17.2 1.2
DFJ-20 20 1 2.33 18.2 1.3
IMJ-5b 30 1 1.54 6.9 0.8
FG-124 31 1 2.26 17.1 0.9
FG-119/121 1 3.06 28.6 1.7
FG-119/121 1 2.52 20.9 1.5
FG-103/104 1 1.94 12.6 1.0
FG-74 34 1 1.73 9.6 0.7
FG-39/40 36 1 1.63 8.1 0.8
FG-10/11 1 1.60 7.8 0.8

Fig. 4. Fe-, Mn- and Al/Ca ratio alongside Mg/Ca for all of our benthic sample
(Uvigerina mediterranea; first column) and planktonic (G. ruber; second column).
The last box represents Al/Ca versus Mg/Ca for the benthic measurement
without the sample DFJ-72, which present a very high value of Al/Ca.
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which a first set of results yielded a clearly anomalous bottom water
temperature of 28.7 °C ( ± 3.4 °C, 2SE; warmer than the Mg/Ca-derived
surface temperature obtained on the same sample) did not show
anomalous Mn, Fe or Al contents (Fig. 4).

It has been shown from recent studies of core-top material that the
Mg/Ca-thermometer in the Mediterranean Sea can be affected by the
growth of Mg-rich calcite precipitated on foraminifer shells during early
diagenetic processes (Boussetta et al., 2011; Sabbatini et al., 2011). The
development of diagenetic calcite has been attributed to the super-sa-
turation of Mediterranean bottom water [CO3

=] with respect to calcite.
However, if such a diagenetic mechanism was at play, it would affect
both benthic and planktonic shells. In general, Mg/Ca-derived tem-
peratures performed on planktonic shells do not result in unrealistic
SST values (assuming that past values should be in the same range as
modern values), with the exception of sample NC-172. Thus, it is not
clear whether anomalous Mg/Ca-derived sub-surface temperatures
could be attributed to a diagenetic effect. Alternatively, several studies
have concluded that the Mg/Ca-thermometer on foraminifers can be
biased by salinity and/or pH (Russell et al., 2004; Elderfield et al.,
2006; Raitzsch et al., 2008; Kisakürek et al., 2008; Mathien-Blard and

Bassinot, 2009; Gray et al., 2018). Modern geochemical profiles show
that CO3

= concentrations in the Gulf of Taranto (and in most of the
Mediterranean Sea) are much higher than in open ocean areas (Fig. 3).
Yet, without estimates of pH or [CO3

=] variations along the Mid-
Pleistocene in the Mediterranean Sea one has no possibility to conclude
about pH or carbonate ion influences on the Mg/Ca-thermometer in
MJS. As far as a potential salinity effect is concerned, benthic-derived
δ18OSW values from paired ∆47-δ18O do not show a clear relationship
with Mg/Ca-temperatures but uncertainties are too large to drive any
robust conclusion.

One cannot exclude also the possibility that the Mg/Ca ratio of
waters in the Gulf of Taranto did not remain constant through time
owing to the semi-enclosed nature of the basin, which may make it
sensitive to continental rock weathering and local river runoffs. The
Mg/Ca-thermometry is based on the assumption that Mg/Ca in sea-
water is constant and invariant through time. This assumption is likely
to be true in open oceans due to the long residence time of Mg and Ca,
respectively 13 Ma and 1 Ma (Broecker and Peng, 1982; Bruland, 1983;
Riley and Skirrow, 1975). However, seawater Mg/Ca may have varied
through time in the Gulf of Taranto due to local inputs of dissolved Mg

Table 4
δ18OSW records derived from paired ∆47-δ18OC in benthic foraminifera, using the O-isotopic fractionation factor at equilibrium of Kim and O'Neil (1997).

Samples MIS Species T-∆47 (°C) SE δ18Oc (‰) SE δ18Osw (‰) SE

NC-271 19 C. carinata 13.3 2 1.96 0.06 1.6 0.4
NC-271 U. mediterranea 15.7 1.6 2 0.05 2.2 0.4
NC-199 20/19 C. carinata 11.8 1.8 3.57 0.05 2.9 0.4
NC-199 E. crispum 12.2 0.9 3.53 0.02 3.0 0.2
DFJ-72 20 C. carinata 8.4 1.9 3.5 0.04 2.0 0.4
NC-172 C. carinata 7.1 1.8 3.75 0.04 2.1 0.4
DFJ-57 21 C. carinata 19.2 2 2.35 0.06 3.3 0.4
DFJ-57 U. mediterranea 14.1 2.1 2.33 0.06 2.2 0.4
DFJ-27/29 22/21 U. mediterranea 8.6 1.9 2.94 0.04 1.6 0.4
DFJ-20 22 C. carinata 12.1 2.6 3.21 0.04 2.0 0.4
DFJ-23 C. carinata 9.4 1.9 2.94 0.08 2.3 0.6
IMJ-5b 30 U. mediterranea 8.0 1.2 3.45 0.02 1.9 0.3
FG-124 31 U. mediterranea 13.8 1.5 2.19 0.03 2.0 0.3
FG-119/121 U. mediterranea 8.1 1.3 2.21 0.03 0.7 0.3
FG-104 U. mediterranea 7.1 1.2 2.75 0.03 1.0 0.3
FG-74 34 U. mediterranea 9.2 3.0 3.61 0.09 2.4 0.7
FG-39/40 36 C. carinata 12.6 2.9 3.51 0.06 3.0 0.6

U. mediterranea 6.7 1.8 3.77 0.04 1.9 0.4
FG-10/11 C. carinata 13.5 2.9 3.17 0.06 2.9 0.6

U. mediterranea 10.3 1.9 3.34 0.04 2.3 0.4

Fig. 5. comparison of ∆47- (in scare) and Mg/Ca-derived (in triangle) temperatures (2SE), performed on benthic foraminifera (U. mediterranea) through Interval A (a.)
and Interval B (b.) at MJS, associated to δ18Obentic (Brilli, 1998).
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and Ca from nearby river runoffs. Why such changes may have affected
preferentially sub-surface Mg/Ca records is not clear, though, and we
have no possibility to address that potential source of bias for Mg/Ca-
thermometry.

In conclusion, we cannot rule out the possibility that discrepancies
we observed in several intervals between benthic Mg/Ca- and ∆47-de-
rived temperatures reflect changes in the chemistry of bottom waters
and/or diagenetic effects but given the observation available in the
present paper none of the above hypotheses can be tested with con-
fidence. Further studies are mandatory to address those anomalously
high Mg/Ca-derived sub-surface temperatures in MJS. For the rest of
this manuscript, we have decided to favour ∆47-derived subsurface
temperatures for our palaeoceanographic interpretations owing to the
fact that in the present state of our current knowledge, there is no
strong bias known for the clumped-isotope thermometer whereas sev-
eral studies have highlighted potential problems for the Mg/Ca-ther-
mometry in the Mediterranean Sea (Ferguson et al., 2008; Boussetta
et al., 2011; Sabbatini et al., 2011). But those issues about Mg/Ca biases
are not agreed upon by the whole community, several recent works
concluding about the quality and consistency of Mg/Ca-derived tem-
peratures in the Mediterranean Sea (e.g. Cisneros et al., 2015; Català
et al., 2019).

In the present paper, although we favour clumped-isotope tem-
peratures for benthic foraminifers, we have no alternative than using
Mg/Ca-derived temperatures for sea-surface conditions (planktonic
data).

6.2. Paleoceanographic conditions during the glacial periods

We propose firstly to describe the evolution of the glacial periods
through the MPT at MJS (Fig. 6) in term of water-column stratification
and sub-surface water temperatures and δ18OSW. To the best of our
knowledge, our results provide the first sub-surface temperature and
δ18OSW reconstructions for the five Mid-Pleistocene glacial periods MIS
36, 34, 30, 22 and 20 in the central Mediterranean Sea.

6.2.1. Glacial conditions within Interval A
∆47-derived temperature estimates are low (between

8.0 °C ± 2.4 °C and 11.2 °C ± 3.2 °C at 2SE; Table 2; Fig. 6) within the
Interval A. Such values are much cooler than temperatures that can be
found today in the upper water column of the Gulf of Taranto (Pinardi
et al., 2016, Fig. 3).

Paired ∆47-δ18O data obtained on specific-benthic species were used
to reconstruct past δ18O of sub-surface seawater. As expected, the gla-
cial seawaters are oxygen-18-enriched relative to the interglacial MIS
31 values, likely reflecting the fact that more water is stored in con-
tinental ice sheets during these glacial periods than during MIS 31
(Fig. 6).

The difference of δ18Oc between the surface (planktonic for-
aminifera) and sub-surface (benthic foraminifera; ∆18Oc (p VS b)) can be
used to address the vertical stratification (Zahn et al., 1991). Lower
∆18Oc (p VS b) values are observed for glacial periods (MIS 34 and 30)
compared to those for MIS 31, which argues for a more efficient vertical
mixing during glacial periods (Fig. 6).

The reconstructions of land conditions are based on pollen and can
be summarized by the use of the ratio between two groups of taxa:
mesothermic and steppic taxa. This ratio makes it possible to dis-
criminate between warm-temperate periods (mesothermic dominance)
and cold periods (steppic dominance; Fig. 7; Joannin et al., 2008). One
of the most abundant local taxa is the mesophilous deciduous tree
Quercus, which is also the most representative taxon of the mesothermic
plants recorded through the Interval A (Joannin et al., 2008). This
taxon suggests that warm-temperate periods are also humid (Rossignol-
Strick and Paterne, 1999). Several warm/temperate and wet phases
characterized by the dominance of mesothermic groups are highlighted
during the interglacial periods through the Interval A, while the glacial

periods are characterized by much colder and drier climates (i.e.
dominance of steppic elements; Fig. 7). Changes in the relative abun-
dance of tropical-subtropical marine planktonic species (Fig. 7; Girone
et al., 2013) suggest that warm surface conditions (i.e. increased
abundance of G. ruber and Globigerinoides tenellus) were associated to
warm periods on land (Joannin et al., 2008), and drifted slowly to
cooler conditions at the onset of glacial periods. The glacial MIS 30 is
characterized by an abrupt decrease of tropical-subtropical planktonic
species indicating colder conditions (Fig. 7; Girone et al., 2013), com-
pared to the previous warm MIS 31. The evolution of the mesothermic
vs. steppic ratio suggests cold and dry climate that may have sig-
nificantly reduced the river runoff and resulted in saltier waters in the
Gulf of Taranto (high δ18OSW; Fig. 6), thus making the upper water
column more prone to vertical mixing during the glacial periods. This
agrees with the higher glacial δ13Cplanktonic values which may reflect
increased surface productivity made possible by the enhanced vertical
mixing and the upward redistribution of nutrient-enriched sub-surface
waters (Fig. 2; Brilli, 1998).

6.2.2. Glacial conditions within Interval B
The two samples from MIS 22 provide contrasting pieces of in-

formation despite having been retrieved close to one another in the
MJS. The older sample (DFJ-20) is characterized by a relatively warm
sub-surface ∆47-temperature (12.1 ± 5.2 °C at 2 SE) (Fig. 6). For this
stratigraphic level, the ∆18Oc (p VS b) is small, suggesting a good vertical
mixing (Fig. 6). The second sample (DFJ-23), retrieved in the peak
maximum of δ18O, reveals a colder sub-surface ∆47-temperature
(9.4 ± 1.9 °C). In this sample, ∆18Oc (p VS b) is high, implying a more
pronounced stratification of the water column (Fig. 6). Changes in sub-
surface temperature reconstructed from benthic ∆47 appear coherent
with vertical mixing history reconstructed from ∆18Oc (p VS b), with
lower sub-surface temperature when stratification is stronger and
higher sub-surface temperature associated to more active vertical
mixing. Yet, one cannot rule out the possibility that sub-surface tem-
perature history is also controlled to some extent by lateral advection of
thermocline water of Ionian or Adriatic origins (Pinardi et al., 2016).

The glacial MIS 20 is characterized by cold, sub-surface ∆47-derived
temperatures and some vertical mixing of the column water (as evi-
denced by the low ∆18Oc (p VS b) gradient; Fig. 6). These observations,
combined with the constant and high value of δ18Ob (Fig. 8; Nomade
et al., 2019), suggest that the climatic conditions during the MIS 20
were relatively cold and stable. The late MIS 20 (change between
samples NC-172 and NC-199) corresponds to a − 0.25‰ decrease of
δ18Obenthic (Fig. 8). This would be equivalent to a temperature increase
of ~ 1 °C, assuming a constant δ18OSW. However, clumped isotopes
indicate that the bottom water temperatures increased by ~ 5 °C
(Figs. 6 and 8) between the two studied samples. This implies that the
shift in δ18Ob actually reflects the combined effects of a temperature
increase and a 1‰ increase of water δ18OSW. SSTs derived from for-
aminiferal and nannofossil assemblages (PC1 nannofossil and for-
aminifera) suggest persistent and cold surface water temperatures
across the MIS 20 (Fig. 8). These low temperatures are evidenced by the
high abundance of the polar-subpolar species Neogloboquadrina pachy-
derma left coiling (Fig. 8) and Coccolithus pelagicus ssp. pelagicus
(Maiorano et al., 2016). The strong stratification that persisted despite
the relative warming of sub-surface temperatures suggests that the in-
crease of δ18OSW could correspond to the lateral advection of saltier
(and warmer) sub-surface water at the end of MIS 20.

6.2.3. Evolution of glacial conditions through the Mid-Pleistocene
Transition

As seen above, in interval A the glacial periods we studied show
similar conditions characterized by high δ18OSW (~ 1.7‰) and cold (~
9 °C) sub-surface temperatures in a context of well-mixed water column
(Fig. 6). In Interval B, glacial periods are slightly more variable (Fig. 6).
The hydrographic conditions during MIS 20 are similar to those
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occurring during glacial periods of Interval A. The two nearby samples
analysed in MIS 22 suggest, however, the possibility of some variability
during glacials with the penultimate MIS22 sample showing a surpris-
ingly warmer temperature (12.1 °C) than the MIS22 sample that was
retrieved in the maximum δ18O peak (9.4 °C; Fig. 6). When averaging
out these two MIS22 temperatures, the mean value is slightly higher
than in the other glacials studied in MJS. While the MIS22 is often seen
in many open ocean δ18O records as one of the first intense post-MPT
glacials, it seems to be characterized by anomalously warmer sub-sur-
face temperatures compared to other Mid-Pleistocene glacial periods in
the Gulf of Taranto (Fig. 6).

The paleo-water depth reconstruction (Fig. 6) suggests that water
depth varied from bathyal through Interval A to circalittoral through
Interval B due to tectonic uplifting (Stefanelli, 2003). If the structure of
the water column had remained roughly similar to today, we would

expect that such a major shallowing of the deposition site would have
resulted in much warmer sub-surface (benthic) temperatures and re-
duced planktonic-benthic differences. This is not what is observed in
the data. Within the limit of our error uncertainties, sub-surface
(benthic) water temperatures and δ18OSW appear to be rather constant
and undistinguishable between all the studied glacials throughout in-
tervals A and B (with the exception of one sample in MIS22). The ab-
sence of any clear temperature increase may either suggest that the
tectonic uplift was more limited than previously thought and/or that
the benthic temperature increase resulting from the shallowing of the
site had been counterbalanced by an overall cooling of the water
column in interval B compared to interval A.

Fig. 6. Synthesis of main results for Interval A and B of MJS with δ18O curve from benthic foraminifera (Brilli, 1998), our ∆δ18O between benthic and planktonic
foraminifera, ∆47-derived subsurface temperatures, Mg/Ca-derived SST, reconstructed subsurface δ18OSW (‰, VSMOW) and the reconstructed paleo-water
(Stefanelli, 2003). All uncertainties are at 2SE.
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6.3. Paleoceanographic conditions during the interglacial periods

We focused on three interglacial periods: (i) MIS 31 and MIS 19 -
because they are potential analogues to Holocene in terms of orbital
parameters - and (ii) MIS 21 - because it is pivotal in the MPT, occurring
just after glacial MIS22. Interestingly, the deglaciation episodes leading
to these three interglacials present strong differences. Termination XV
(MIS 32–31) is characterized by an abrupt decrease of benthic for-
aminifer δ18OC, while the two others (terminations X-MIS22/21 and IX
– MIS20/19) are more gradual (Fig. 6). Furthermore, the beginning of
the transitions to MIS 31 and the MIS 21 show relatively cold sub-
surface water conditions, while the sub-surface water at MIS 20/19
transition is warmer (Fig. 6).

As seen above, our data suggest that Δ47-derived sub-surface tem-
peratures remained surprisingly cold during most of MIS31 (around
7–8 °C), similar to glacial temperatures, and only increased during the
optimum of MIS31. We have no analytical reason to reject these values,
yet they provide very puzzling pieces of information about sub-surface
conditions during MIS31. Combining these low temperatures with the
corresponding δ18Oc values result in seawater δ18Oc that are much
lower in the lower part of MIS31 (i.e. 1.0‰ ± 0.6‰ and
0.7‰ ± 0.6‰ at 2SE, respectively) than any of the other intervals
studied in MJS. The subsurface δ18OSW at the beginning of MIS 31 are
low (1.0‰ ± 0.6‰ and 0.7‰ ± 0.6‰ at 2SE). Such values could be
attributed to a combination of global signal (decrease of ice-sheet vo-
lume) and regional processes (enhancement of runoff around the
Mediterranean Sea and/or incursion of North Atlantic water; Fig. 6).
Enhancement of runoff is supported by micropaleontological and se-
dimentary data, which suggest a strong input of freshwater and the
increase of the detrital component from land, evidenced respectively by
a peak in the high relative abundance Braarudosphaera bigelowii, a low-
salinity nannofossil species, and high Pl/Qz ratios (Fig. 7; Girone et al.,
2013).

During MIS19, strong vertical stratification is associated to the

deposition of a sapropel-like event (Nomade et al., 2019). No sapropel-
like layer has been found at MJS during MIS 31, whereas in the Med-
iterranean Sea, the sapropel i-100 was deposited during this interval.
Further studies will be necessary to decipher whether specific condi-
tions blocked the deposition of a carbon-rich material in the Southern
Apennines foredeep during MIS 31.

The MIS 22/21 transition has been poorly documented at MJS in
previous studies and we cannot confront our data with other indicators.
The MIS 20/19 transition, on the opposite, has been extensively stu-
died. Previous works have shown that the deglaciation was character-
ized by several noticeable events: 1) the incursion of cold waters from
the North Atlantic resulting a thermic evolution typical of a Heinrich-
like episode, with moderately cold SST (PC1 nannofossils and for-
aminifera, abundance of N. pachyderma left coiling in Fig. 8), followed
by a sharp interval of low SSTs (Maiorano et al., 2016), and 2) the
deposition of a sapropel-like event (Maiorano et al., 2016), corre-
sponding to a strong stratification of the water column (high ∆18Oc (p VS

b), and low δ13Cbenthic from Nomade et al., 2019). Another possible
source of freshwater could be sub-surface waters from Adriatic origin
that could gain their low δ18OSW signature from the melting of Alpine
glaciers.

Our data indicate that the climatic optimum occurred at the end of
both MIS 31 and MIS 21, whereas it occurred at the beginning of the
interglacial interval for MIS 19. The MIS 31 covers two precession-cy-
cles, the climate optimum being associated with the second precession-
related peak of summer insolation (Fig. 2). This climatic optimum
shows a sub-surface temperature of 13.8 °C ± 3 °C (2SE), whereas it is
14.8 ± 2.6 °C (2SE) for MIS19. Among the three interglacials studied,
MIS 21 shows the highest sub-surface temperature: 16.6 °C ± 3 °C
(2SE). All interglacial periods following MIS 19, also show their cli-
matic optimum associated to the first strong precession-related summer
insolation peak. Furthermore, we observed increase in δ18OSW during
the climate optimum of MIS 31, with similar values to those recorded at
the climatic optimum for interglacials MIS 21 and MIS 19. It is worth to

Fig. 7. δ18O curves of benthic and planktonic foraminifera through the Interval A of MJS from 1.25 to 0.9 Ma (Brilli, 1998; Brilli et al., 2000; Ciaranfi et al., 2010)
with our subsurface ∆47- and surface Mg/Ca-derived temperatures, the ratio mesothermic vs steppe elements (Joannin et al., 2008), calcareous planktonic foraminifer
abundances (red = “warm” species; bleu = “cold” species), B. begelowii abundance and plagioclase/quartz ratio (Girone et al., 2013). Gray bands correspond to
glacial periods and yellow band to the climatic optimum of MIS 31. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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notice that these δ18OSW reconstructions are also similar, within the
limits of our error bars, to the glacial δ18OSW baseline (Fig. 6).

The current, annually-averaged temperatures in the Gulf of Taranto
are ~ 23–24 °C at the surface and ~ 14 °C at 300 m depth (Fig. 3;
Pinardi et al., 2016). Thus, temperatures recorded at the climatic op-
timums are comparable to modern conditions below the thermocline in
the Gulf of Taranto. Furthermore, the current δ18OSW at 500 m depth is
~ 1.7‰, which is also similar to the reconstructed δ18OSW for MIS 31
and MIS 19. Interestingly, the reconstructed sub-surface temperature
and δ18OSW during MIS 21 are was higher than the Holocene values.

7. Conclusions

By combining clumped-isotope temperature reconstructions with
higher-temporal resolution proxies, we document paleoenvironmental
changes over five glacial periods (MIS 36, 34, 30, 22 and 20) and three

interglacials (MIS 31, 21 and 19) throughout the Mid-Pleistocene series
exposed at Montalbano Ionico (Southern Italy), along the Gulf of
Taranto. Over a few intervals, our data revealed large discrepancies
between Mg/Ca and ∆47-derived temperatures. These observations
suggest that Mg/Ca-paleotemperature data may be biased, although
one cannot provide any conclusive explanation about the mechanisms
at play. In this work, we favoured the clumped-isotope thermometer
data to reconstruct benthic (sub-surface) past seawater paleo-
temperatures.

During the climatic optimums of MIS 31 and MIS 19, considered as
close analogues to the current interglacial in terms of insolation forcing,
reconstructed sub-surface temperatures from benthic foraminifer ana-
lyses (13.8 ± 1.5 °C and 14.8 ± 1.3 °C, respectively) and δ18OSW are
similar to the ones measured today below the thermocline in the Gulf of
Taranto.

Our results show that temperature conditions were similar in all the

Fig. 8. Zoom on MIS 20–19 from 0.805 to 0.755 Ma, with our ∆47-derived subsurface temperatures compared to high-resolution of benthic δ18O and δ13C curves
(performed on M. barleanum and C. carinnata; Nomade et al., 2019); principal component of SST from calcareous nannofossils and foraminifera (Pc1; Maiorano et al.,
2016); percentage of N. pachyderma left coiling (Maiorano et al., 2016), ratio mesothermic vs steppe elements (Bertini et al., 2015) and summer insolation at 65°N
from Laskar et al. (2004).
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studied glacial periods across the MPT suggesting that oceanographic
conditions in the Mediterranean Sea were relatively stable between the
41 ka-world and the 100 ka-world or that the tectonic uplift that took
place at MJS during this transition balanced out the MPT cooling trend
through the shallowing of the deposition site.
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