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a b s t r a c t

Planktonic foraminifer oxygen isotopes through MIS 12 were analysed from Ocean Drilling Program Site
977 in the Alboran Sea. After the correction of the sea surface temperature (SST) effect on the d18O
composition of foraminiferal calcite, the resulting seawater d18O (d18Ow) was used to reconstruct vari-
ations in the d18Ow of the Atlantic inflow into the Mediterranean. A synchronous record from the KC01B
core, in the Ionian Sea, was used to evaluate changes in the oxygen isotope gradient within the Medi-
terranean due to hydrological variations during MIS 12. Instead of the glacial d18Ow enrichment expected
for the Mediterranean, lower values than today have been observed both in the Alboran and the Ionian
seas, especially between 455 ka and the end of MIS 12 (424 ka). These negative oxygen isotope anomalies
must have been caused by a flux of freshwater to the Mediterranean during MIS 12. Although the largest
fraction of the freshwater anomalies entered the Mediterranean through the Atlantic inflow, especially
during Heinrich stadials, the Mediterranean d18Ow gradient allowed us to identify other sources of
freshwater to the eastern basin. One of these sources was probably the meltwater generated at the
southern margin of the Fennoscandian ice-sheet that entered via the Caspian and Black seas. However,
the proximity of core KC01B to the Adriatic Sea points to meltwater delivered from the Alpine ice-sheet
and transported through the Po river into the Mediterranean as the main cause of the Ionian Sea 18O
depletions.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Sea surface salinity and oxygen isotope composition of the
Mediterranean water changed at millennial and orbital time scales
(e.g. Cacho et al., 1999; Cacho et al., 2000; Capotondi et al., 2016;
Grant et al., 2016; Jim�enez-Amat and Zahn, 2015; Marino et al.,
2018; Sierro et al., 2005). Episodes of surface d18O depletions
have been related to freshening events triggered by meltwater
entries from the Atlantic. Most of these episodes have been
Ltd. This is an open access article u
associated with the so-called Heinrich events (HE) during some of
the coldest stadials and involved iceberg calving in the Atlantic
margin from Laurentide and Eurasian ice-sheets (Bond et al., 1992,
1993; Broecker et al., 1992; Grousset et al., 2000; Heinrich, 1988).
The meltwater release into the high latitudes of the Atlantic
decreased the advection of subtropical waters due to slowdown of
North Atlantic Deep Water (NADW) formation and triggered the
southward migration of the polar front (Barker et al., 2015; Bond
et al., 1993, 1999; Broecker et al., 1985, 1992; Cacho et al., 1999,
2001; Elliot et al., 2002; Hodell et al., 2017; McManus et al., 2004;
Peck et al., 2006; Vidal et al., 1997). Although current north-eastern
Atlantic circulation promotes a major advection of the subtropical
salty water of the Azores Current (AzC) into the Gulf of Cadiz (Peliz
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. a) Sea Surface Salinity in colours (Zweng et al., 2018 (WOA, 1998)) and d18Ow

isolines (black lines) (LeGrande and Schmidt, 2006; Pierre, 1999) with ODP Site 977
and KC01B locations. The white lines indicate the main surface currents (Macias et al.,
2019). b) Location of the studied sites ODP 977 and KC01B, and the main sites
mentioned throughout this study. White areas display approximate British, Scandi-
navian and Alpine ice-sheets extension during MIS 12 (Batchelor et al., 2019; Ehlers
and Gibbard, 2004). The white striped areas display Apennine, Dinaric Alps and Pin-
dus Mountains areas where small ice caps could have occurred (Hughes et al., 2010,
2011; Woodward et al., 2008). Dark arrows in the Atlantic delineate the main surface
currents mentioned in this study: North Atlantic Current (NAC), Azores Current (AzC)
and the Portugal Current (PC) (Daniault et al., 2016; Toucanne et al., 2021). The blue
lines on the continent illustrate drainage systems that represent potential freshwater
sources: (1) Fleuve Manche, and drainage of Loire and Gironde rivers (Toucanne et al.,
2009) that could have joined the Laurentide meltwaters in the (2) PC. (3) Nile river
discharge to the eastern Mediterranean, (4) Danube, Dniester and Dnieper rivers into
the Black Sea and (5) Po river drainage to the Adriatic Sea (Martinez-Lamas et al.,
2020). Light brown areas represent the approximate shoreline paleogeography for
120 m of sea level lowstand with no compensation for uplift or subsidence of the
coastline. The software Ocean Data View (Schlitzer, R., Ocean Data View, odv. awi.de,
2018) was used to generate this figure. (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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et al., 2005), a higher prevalence of the southward less salty and
cooler water of the Portugal Current has been reported during these
episodes of deep Atlantic circulation slowdown. This predominant
northern impact favours the advection of icebergs to the southern
Iberian Margin and themeltwater flow into the Mediterranean (e.g.
Cacho et al., 1999; Cacho et al., 2000; Capotondi et al., 2016; Girone
et al., 2013; Marino et al., 2018; Palumbo et al., 2013; Sierro et al.,
2020; Sierro et al., 2005; Voelker et al., 2009).

The most extensive glaciation over the last 500 ka ended with a
pronounced long deglaciation that culminated in one of the longest
interglacials (MIS 11) (Bauch and Erlenkeuser, 2003; Ehlers and
Gibbard, 2004; Jouzel et al., 2007; Lisiecki and Raymo, 2005;
Naafs et al., 2014; Poli et al., 2000; Rohling et al., 1998a, 2014; Stein
et al., 2009; Toucanne et al., 2009; Tzedakis et al., 2006, 2012).
During MIS 12, the European ice-sheet reached the maximum
extent of the last 1.2 Ma (Toucanne et al., 2009) and this huge
amount of continental ice was lost during the deglaciation, thus
producing a large freshwater entry to the Atlantic and potentially
propagating to the Mediterranean.

Changes in the Mediterranean hydrologic budget along the
Pleistocene and Holocene have been related to variations in evap-
oration or, more frequently, to varying entries of freshwater from
different sources such as the Nile, the Black Sea or the mightiest
rivers from the northern margin (Lane-Serff et al., 1997; Rossignol-
Strick, 1985; Rossignol-Strick et al., 1982; Ryan et al., 1997, 2003;
Sperling et al., 2003; Vidal et al., 2010). These intra-basin fresh-
water discharges had an important impact on the Mediterranean
hydrologic budget that substantially changed the seawater d18O
(d18Ow) and salinity of the Atlantic inflow along its path to the
eastern basin. Studies of the east Mediterranean oxygen isotope
stack (Lourens, 2004; Rohling et al., 2014; Wang et al., 2010)
detected great 18O depletions duringMIS 12,14 and 16 explained by
hypothetical extra freshwater input into the Mediterranean during
these major glaciations.

The main objective of the present study was the characteriza-
tion of meltwater flux from the northern ice-sheets to the Medi-
terranean during MIS 12. Through the study of planktonic
foraminiferal oxygen isotope data from the Alboran and Ionian seas
and the estimation of SST in both, we attempted to reconstruct
variations in the oxygen isotope composition of the Atlantic inflow
and the impact of variations in the Mediterranean hydrology on the
d18Ow along its path to the eastern basin. This study highlights the
contribution of the Alpine ice-sheet during episodes of 18O de-
pletions in the Ionian Sea.

2. Modern mediterranean sea surface salinity and d18O

The Mediterranean is a semienclosed sea with a hydrologic
regime characterized by excess of evaporation over freshwater
input (precipitation and runoff) (Bethoux, 1979; Lacombe, 1981). As
a consequence, there is an Atlantic surface water inflow that
compensates the evaporative loss and the Mediterranean outflow,
generating an anti-estuarine circulation system. The comparatively
low saline Atlantic water flows over the underlayingMediterranean
saltier water and mixes in the Alboran Sea to form the modified
Atlantic water (MAW) that moves eastward along the African coast
and penetrates the eastern Mediterranean through the Strait of
Sicily (Fig. 1a) (Font et al., 1998; Millot, 1999). The exposure of the
MAW to the negative hydrologic budget toward the east, results in a
longitudinal salinity gradient (Fig. 1a) until the buoyancy loss,
linked to the high salinity in the east, force the surface water to sink
to intermediate depth. As a result the Levantine intermediate water
is formed and returns to Gibraltar until its exit to the Atlantic
(Bethoux, 1979; D€ammer et al., 2020; Emelianov et al., 2006;
Lacombe, 1981; Millot and Taupier-Letage, 2005).
2

Both d18Ow and salinity are water budget dependent and
correlated in the modern Mediterranean (Fig. 1a), however, varia-
tions in both properties are not linearly correlated. Mediterranean
salinity is a function of the volume flux of the Atlantic inflow, its
salinity and the Mediterranean net freshwater flux. Meanwhile,
Mediterranean d18Ow depends on the volume flux of the Atlantic
inflow, its d18Ow and the O-isotope mass balanced mean of the
different freshwater inputs and of the evaporated water (see
Rohling, 2007) which generates the observed d18Ow longitudinal
gradient along the Mediterranean.

As a result, the Atlantic inflowwith an average d18Ow of 1‰ and
salinity of 36.2, increases up to 1.75‰ and 39.4 in the easternmost
Mediterranean (LeGrande and Schmidt, 2006; Pierre, 1999; Zweng
et al., 2018). Mixing at the Strait of Gibraltar today only causes a
minor change in the Atlantic inflow d18Ow as may be inferred from
similar d18Ow at both sides of the strait (LeGrande and Schmidt,
2006; Schmidt, 1999; Pierre, 1999; Voelker et al., 2015). Due to
the location of Ocean Drilling Program (ODP) Site 977 (ODP Site
977) close to Strait of Gibraltar (Fig. 1 a and b), the surface d18Ow at
this location mainly reflects the d18Ow of the Atlantic inflow
registering the freshwater perturbations occurring in the Atlantic
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and propagated into the Mediterranean Sea. At the location of core
KC01B in the Ionian Sea, average values of 1.47‰ and 38.3 are
observed today. A gradient of 0.38‰ in the d18Ow and 1.4 in salinity
is recorded today between surface water at sites ODP 977 and
KC01B.

3. Materials and methods

d18O planktonic foraminiferal records from two Mediterranean
cores were compared in this study: ODP Site 977 and KC01B (Fig. 1).
ODP 977 (36�01.9070N, 1�57.3190W) was recovered from a water
depth of 1984 m south of Cabo de Gata (Eastern Alboran Sea) and
sampled every 5 cm on average from 64.09 to 71.99m. A total of 146
samples were analysed for this study (~468 yr average time reso-
lution based on the age model discussed below). The sediment,
which is composed of calcareous clay and nannofossil ooze (Comas
et al., 1996), constitutes a continuous record validated by previous
studies (Gonz�alez-Lanchas et al., 2020; Marino et al., 2018; Martrat
et al., 2004; P�erez-Folgado et al., 2003, 2004). Site KC01B
(36�15.2500 N, 17�44.3400 E) (Fig. 1) was recovered on the Pisano
Plateau (southern Calabrian Ridge, Ionian Sea), during MD69 cruise
of the R/V Marion Dufresne from 3643 mwater depth. We analysed
samples previously studied in Capotondi et al. (2016) with an
average resolution of 4 cm from 19.1 to 20.5 m (~1260 ka
resolution).

Samples were washed with deionized water over a 63 mm sieve
and residues were dried and sieved again through a 150 mm sieve.
The size fraction >150 mm was split to obtain an aliquot of ~300
planktonic foraminifer specimens. In order to compare foraminif-
eral data from the same size fraction, we performed an additional
counting for Site KC01B to that published by Capotondi et al. (2016),
using the size fraction >150 mm. Relative abundances of all species
were calculated to estimate sea surface temperature (SST) with the
10 transfer functions derived from backpropagating artificial neural
network (ANN) (Malmgren et al., 2001) trained with the (Kucera
et al., 2005) Mediterranean coretop dataset.

Around 11 specimens of Globigerina bulloides from the
300e355 mm size fraction were picked to obtain the d18O record of
ODP 977 using a Thermo-Finnigan MAT-252 mass spectrometer at
the University of Barcelona as described in Gonz�alez-Lanchas et al.
(2020). Oxygen isotopes were also measured in approximately 10
specimens of Neogloboquadrina incompta from the >150 mm frac-
tion after organic matter removal by soaking in 15% H2O2 and ul-
trasound cleaning with methanol. The d18O measurements were
performed on a Thermo-Finnigan MAT 253 mass spectrometer
coupled to a Kiel IV carbonate preparation device at the Leibniz
Laboratory for Radiometric Dating and Isotope Research of the
Christian-Albrechts University in Kiel. The analytical precision of
two international standards (NBS-19; IAEA-603) and three labora-
tory internal standards was better than ±0.08‰. Results are re-
ported relative to the Vienna Pee Dee Belemnite (VPDB) scale.
Oxygen isotopes from N. incompta were measured to obtain a re-
cord comparable to that of the Ionian Sea published by Capotondi
et al. (2016).

3.1. Surface seawater oxygen isotope estimation

To estimate past d18Ow at ODP Site 977, we first established the
relation between the recent d18Ow at this location (1.09‰, LeGrande
and Schmidt, 2006; Pierre, 1999) and the d18O of N. incompta today
(1.20 ± 0.11‰ from the last 3 ka at ODP Site 977 and the nearby core
MD95-2043). N. incompta has been reported to dwell in subsurface
waters in the Mediterranean (Rohling et al., 2004). If N. incompta
precipitates its shells today in isotope equilibrium with seawater,
the temperature of precipitation should be ~16 �C using the
3

equation of Erez and Luz (1983) which approximately coincides
with a water depth shallower than 100 m. This water depth cor-
responds to the MAW, assuming there is no vital effect. This tem-
perature is close to winter-spring SST at ODP Site 977
(15.88 ± 0.31 �C, WOA, 1998). Based on this, we estimated past
d18Ow duringMIS 12 by adding to the present d18Ow the effect of the
winter SST change relative to present on the foraminifers calcite
d18O values (Kim and O'Neil, 1997) using the winter SST calculated
with the ANN methodology. Although the vital effect for
N. incompta is unknown in the Mediterranean, a similar effect was
assumed for both sites. Additionally, the ice volume effect on the
calcite d18O was also removed using the sea level record of Grant
et al. (2014) and a ratio of 0.008‰ per m of sea level (Lea et al.,
2002).

No recent d18O measurement for N. incompta is available for
KC01B. Then, assuming similar dwelling conditions for N. incompta
in the Ionian Sea, living near the Deep Chlorophyll Maximum
(DCM) in the base of the euphotic layer (Casford et al., 2003; Grant
et al., 2016; Rohling et al., 2004) and the same isotopic equilibrium,
we estimated a calcite d18O value of 1.32‰ from current values of
16.10 �C and d18Ow of 1.47‰ (Boyer et al., 2018; LeGrande and
Schmidt, 2006; Pierre, 1999). KC01B d18Ow during MIS 12 was
calculated as previously described for ODP 977. The oxygen isotopic
relationship between VSMOW (Vienna-Standard Mean Ocean
Water) and VPDB scales was taken from Kim et al. (2015) (modified
from Coplen et al., 1983; Craig, 1957).

To reconstruct the Mediterranean longitudinal d18Ow gradient, a
common time scale with a constant step of 1 ka was obtained by
interpolating ODP 977 and KC01B records. The gradient was
calculated as [(KC01B d18Ow) e (ODP 977 d18Ow)].

3.2. Age model

In order to construct the chronology for ODP Site 977, SST
changes in the NE Atlantic at mid latitude and western Mediter-
ranean were considered synchronous because the two areas were
connected with the same surface ocean circulation in the late
Pleistocene (Artale et al., 2006; Cacho et al.,1999;Myers et al., 1998;
Paterne et al., 1999; Rogerson et al., 2008, 2010; Rohling et al.,
1998b) and during the MIS 12 and MIS 11 (Girone et al., 2013;
Kandiano et al., 2012; Voelker et al., 2010). Based on this assump-
tion, we built an age model for ODP Site 977 by aligning its
alkenone-based SST record (extended fromGonz�alez-Lanchas et al.,
2020) to that of the north Atlantic mid-latitude record IODP Site
U1313 (Naafs et al., 2011; Stein et al., 2009) (Fig. 2). Two primary
control points for MIS 12 were added to extend the age model of
Gonz�alez-Lanchas et al. (2020).

The existing KC01B age model was elaborated through the
tuning of sapropels with the astronomical records (Capotondi et al.,
2016; Konijnendijk et al., 2014; Lourens, 2004). An agemodel based
on the Lisiecki and Raymo (2005) global benthic stack was per-
formed for KC01B in this study using the ODP Site 977 previously
described chronology as target. As observed in previous studies of
the western Mediterranean, the d18O measurements obtained from
G. bulloides show high correlation with the N. incompta records,
although G. bulloides d18O signal shows higher short-term vari-
ability (Grant et al., 2016) (Fig. 3). Rohling et al. (2004) associated
this dissimilitude with differences in depth habitats and seasonal
growth. Then, the subsurface dwelling species N. incompta gives a
more stable signal, but similar to that of G. bulloides. Because of this,
d18O measurements in N. incompta from ODP Site 977 and KC01B
were synchronized for MIS 12 and early MIS 11 while G. bulloides
d18O record from ODP Site 977 was used for younger ages (Fig. 3).
With this proposed age model, the timing of tephra I24 (Lourens,
2004) is established ca. 458 ka, which matches within dating



Fig. 2. Age model of the studied interval performed by correlating alkenone-derived SST from ODP Site 977 (blue) with U1313 (grey) (Naafs et al., 2011; Stein et al., 2009) LR04-
based chronology (Lisiecki and Raymo, 2005). The dots over the time axis (ka) indicate Gonz�alez-Lanchas et al. (2020) tie points while triangles are primary control points used in
this study to extend the tuning for MIS 12. Substages MIS 12a, 12b and 12c nomenclature was adopted from Railsback et al. (2015), i.e., MIS 12c (~478e457 ka), 12b (~457e437ka)
and 12a (~437e424 ka). The boundary between MIS 12 and MIS 11 was adopted from Lisiecki and Raymo (2005). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

Fig. 3. KC01B age calibration of the studied interval by correlating d18O measurements in N. incompta and G. bulloides from ODP Site 977 (dark and light blue) with N. incompta d18O
curve from site KC01B (orange) (Capotondi et al., 2016). The crosses over the time axis (ka) are the primary control points established in this study. Substages from Railsback et al.
(2015) and MIS 12/MIS 11 boundary from Lisiecki and Raymo (2005). (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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uncertainties of the Pozzolane Rosse tephra chronology described
in Lake Ohrid (457 ± 2 ka) (Leicher et al., 2016).
4. Results

The studied interval covers most of MIS 12 and the earlier part of
4

MIS 11. For ODP Site 977, 18 taxonomical categories of planktonic
foraminifers were identified in the analysed assemblages including
six major species, i.e. N. incompta (¼ Neogloboquadrina pachyderma
dextral), Neogloboquadrina pachyderma (¼ Neogloboquadrina
pachyderma sinistral), G. bulloides, Globoconella inflata (¼ Globor-
otalia inflata), Globigerinoides ruber white, Globigerinita glutinata
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and Turborotalita quinqueloba. Four influxes of the polar species
N. pachyderma (B�e and Hutson, 1977) were identified from 463 to
425 ka, showing relative abundances up to 25 % (Fig. 4c). For KC01B,
21 taxonomical categories of planktonic foraminifers were recog-
nized. Unlike ODP Site 977, the relative abundance of N. pachyderma
in KC01B always remained below 2%, although the abundance
pattern of the species displays some similarities with that observed
at ODP 977 with higher abundances during N. pachyderma influxes
for the latter (Fig. 4c).

These N. pachyderma influxes in the Mediterranean (Girone
et al., 2013; Marino et al., 2018) have been associated to
extremely low SST and d18O drops in the Atlantic (Marino et al.,
2014; Palumbo et al., 2013; Rodrigues et al., 2011; Voelker et al.,
2010). Some of them were triggered by iceberg melting episodes
and have been correlatedwith the North Atlantic ice-rafted detritus
Fig. 4. (a) ODP Site 977 and KC01B N. incompta d18O records compared with the KC01B
d18O curves of G. ruber from Capotondi et al. (2016) (orange), from Rossignol-Strick and
Paterne (1999) (black). (b) Winter mean paleotemperatures of the studied interval
reconstructed using the ANN technique and benthic d18O global record (black line)
from Lisiecki and Raymo (2005). The thickness of the temperature plots reflects the
uncertainties in the SST estimates. (c) Relative abundance of N. pachyderma and (d)
calculated isotopic composition of the surface water (d18Ow) in ODP 977 and KC01B
studied samples. The thickness of the oxygen isotope plots corresponds to the un-
certainties in the SST estimates propagated in the d18Ow reconstruction. Light blue
vertical bars delimitate intervals defined as Heinrich stadials and light brown vertical
bar delimitate the time of sapropel S11 deposition in the Ionian Sea (Capotondi et al.,
2016). MIS 12 substages from Railsback et al. (2015) and MIS 12/MIS 11 boundary from
Lisiecki and Raymo (2005). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

5

(IRD) rich layers similar to the Heinrich events of the last glacial
period (Andrews and Voelker, 2018; de Abreu et al., 2003; Eynaud
et al., 2009; Martrat et al., 2007; Naughton et al., 2009). Although
IRDs are not detected within the Mediterranean, the intervals with
high relative abundances of N. pachyderma are clearly related to
Heinrich stadials. Due to similarities between the North Atlantic,
Iberian Margin and Mediterranean records, and in order to be
consistent with other studies (Capotondi et al., 2016; Girone et al.,
2013; Marino et al., 2018; Rodrigues et al., 2011), the nomenclature
proposed by Rodrigues et al. (2011) for the MD03-2699 record is
applied (Ht4 to Ht7).

The sea surface temperature decreased in both records along
MIS 12, as described in other North Atlantic and Mediterranean
studies (Alonso-Garcia et al., 2011b; Capotondi et al., 2016; Girone
et al., 2013; Rodrigues et al., 2011, 2017; Stein et al., 2009). Although
the Ionian SSTs during MIS 12c and the onset of MIS 12b were
significantly warmer than the Alboran ones (Fig. 4b), lower tem-
peratures as low as 7 �C during the glacial maximum MIS 12a were
similar in both regions. This cooling trend was abruptly broken
during Termination V with a 5e7 �C warming event recorded at
both sites.

The lowest winter temperatures of 5.5 �C were reached in ODP
Site 977 during Heinrich stadials, coinciding with the invasions of
polar species to the Mediterranean; these SST drops are not so
evident at KC01B. DuringMIS 11 two phases can be differentiated at
ODP Site 977, the interval from 424 to 415 ka with mostly constant
and lower temperatures and the interval younger than 413 ka
characterized by average higher temperatures. Both intervals are
separated by a minor cooling event. After 411 ka SST increased
reaching the absolute maximum of 16.65 �C on ODP Site 977 until
the end of the interval coinciding with the beginning of the lateMIS
11c (405e397 ka), a potential Holocene analogue (Berger and
Loutre, 2003; Capotondi et al., 2016; de Abreu et al., 2005;
Desprat et al., 2005, 2007; Droxler and Farrell, 2000; Kandiano
et al., 2012; Loutre, 2003; McManus et al., 2003; Tzedakis, 2010).
This thermal trend for early MIS 11 has been described previously
in Atlantic records from the Portuguese margin (Voelker et al.,
2010). During the studied interval of the MIS 11, the Ionian record
exhibits higher winter SST than the Alboran Site.

The N. incompta d18O records in ODP Site 977 and KC01B follow
very similar trends during MIS 12 and 11 (Fig. 4a). The two records
show a significant drop in early MIS 12b at around 455 ka and the
second one within MIS 12a at ~435 ka.

5. Discussion

Paradoxically, both the Alboran isotope record, reflecting the
Atlantic influence, and the Ionian d18Ow record with a more Med-
iterranean isotope imprint, show an opposite behaviour to the
global d18O LR04 stack (Fig. 4d) and to d18Ow changes for glacial
periods outside the Mediterranean Sea (Elderfield et al., 2012;
Sosdian and Rosenthal, 2009), which display the characteristic high
d18O values of a prominent glacial period. This is especially anom-
alous because, in addition to the global effect of the large ice vol-
ume during this stage, a Mediterranean d18O enrichment of around
2.5‰ is expected due to the effect of the restricted connectionwith
the Atlantic during glacials (Grant et al., 2012). The potential causes
of these oxygen isotope anomalies and their possible relationship
with Atlantic or Mediterranean freshwater sources will be dis-
cussed below.

5.1. Variations in the d18O of the atlantic inflow during MIS 12

The decreasing trend and rather low d18Ow values recorded
during MIS 12 at ODP Site 977 (Fig. 4d) must be the result of
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continuous advection of 18O-depleted waters from the Atlantic. The
freshwater anomalies observed at ODP Site 977 extend throughout
the glacial period, although in this study we analysed the interval
from 473 to 424 ka and they were found to be especially pro-
nounced during Heinrich stadials Ht4-Ht7, when the most signifi-
cant d18Ow decreases were observed at ODP Site 977.

The coincidence of this long decrease of d18O of surface water at
the entrance of the Mediterraneanwith the decrease in the benthic
d13C in the Atlantic suggests that both records can be related to a
common causal mechanism. We assume that the decrease of
Atlantic benthic d13C was caused bymeltwater release from the ice-
sheets that weaken the Atlantic Meridional Overturning Circulation
(AMOC). In consequence, the periods with low benthic d13C should
be linked to high meltwater inputs to the Atlantic and thus
decreasing d18Ow of the Atlantic inflow. The glacial MIS 12 is
characterized by slow north Atlantic thermohaline circulation
caused by the release of meltwater from the Eurasian and Lau-
rentide ice-sheets, which is reflected in the low benthic d13C all
over the Atlantic (Hodell et al., 2008; Toucanne et al., 2009; Voelker
et al., 2010) (Fig. 5c). These Atlantic freshwater anomalies caused by
meltwater derived from the Eurasian and Laurentide ice-sheets
instabilities during MIS 12 reached the Mediterranean when the
NE Atlantic surface circulation promoted their propagation to the
Strait of Gibraltar. This occurred especially during Heinrich stadials
when the polar front and the subtropical gyre shifted southward
(Alonso-Garcia et al., 2011a; Barker et al., 2015; Bond and Lotti,
1995; Broecker et al., 1992; Broecker, 1994; Hodell et al., 2017;
Peck et al., 2006, 2007). The enhancement of the freshwater fluxes
triggered a shutdown of the AMOC, and the southward shift of the
polar front favoured the advection of polar and less saline water
into theMediterranean (Palumbo et al., 2013; Rodrigues et al., 2011;
Sierro et al., 2020; Sierro et al., 2005; Voelker et al., 2009; Voelker
and de Abreu, 2011). Cooler and less salty waters are conveyed to
the Mediterranean throughout the Portuguese margin by the
Portugal Current, reducing the prevalence of subtropical saltier
waters from the Azores Current.

A higher influence of the PC in the western Portuguese margin
Fig. 5. a) Oxygen isotopic composition of the surface water and winter (dark blue) and annu
Site 977 and KC01B compared to (b) SST curve and N. pachyderma distribution pattern at OD
wuellerstorfi from U1313 (Voelker et al., 2010). Lithic fragments content in MD03-2699, lithic
(Stein et al., 2009) and Ti/Ca XRF-derived ratio (filled grey line) and N. pachyderma relative
blue interval marks glacial MIS 12 and darker blue bars the Heinrich stadials in the Mediterra
in this figure legend, the reader is referred to the Web version of this article.)
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was reported during late MIS 12b and MIS 12a, especially between
440 and 430 ka (Palumbo et al., 2013; Rodrigues et al., 2011;
Voelker et al., 2010). The great amounts of meltwater delivered
from the large ice-sheets over North America and northwest
Europe during MIS 12 are recorded in the Atlantic by depletions in
the planktonic d18O, sometimes accompanied by IRD deposits
(Fig. 5) (Alonso-Garcia et al., 2011b; Hodell et al., 2008; McManus
et al., 1999; Naafs et al., 2014; Oppo et al., 1998; Rodrigues et al.,
2011; Stein et al., 2009; Toucanne et al., 2009; Voelker et al.,
2010). Although the first d18O depletion in the Alboran Sea recor-
ded at 468 ka is not related to any Heinrich stadial, we correlated
these Heinrich events in the Northeast Atlantic with the freshening
events Ht7, Ht6, Ht5 and the most prominent in Ht4 during the
Termination, between 463 and 425 ka (Fig. 5) (Girone et al., 2013;
Maiorano et al., 2016; Marino et al., 2018; Rodrigues et al., 2011).
These d18Ow drops are accompanied by sea surface water cooling in
the Alboran Sea and invasions of the polar species N. pachyderma
(Figs. 4 and 5). These events of high abundance of N. pachyderma
and surface cooling have also been recorded in the Balearic and
Ionian seas, associated with low d18O planktonic foraminifer values
(Capotondi et al., 2016; Girone et al., 2013) (Fig. 5).

Although the dolomitic composition of IRDs from Site U1313 is
characteristic of Laurentide ice-sheet origin, the meltwaters and
icebergs captured by the PC could correspond both with either
Laurentide and/or Fennoscandian ice-sheets. Indeed, the highest
terrigenous accumulation rates of the last 1.2 Ma were reported in
the Bay of Biscay between 468 and 425 ka (Fig. 5), with rather high
Ti/Ca ratios as well (Toucanne et al., 2009). Those events were
linked to huge meltwater discharges from the Fennoscandian ice-
sheet, supporting the instability of these continental ice masses
during MIS 12. The most prominent discharge, which occurred
between 461 and 456 ka, has been associated with the opening of
the Dover Strait and the catastrophic drainage of previous progla-
cial lakes (Hodell et al., 2019; Toucanne et al., 2009).
al (light blue) SST records for ODP Site 977, N. pachyderma relative abundances in ODP
P Site 975 (Girone et al., 2013). (c) d13C record of the benthic foraminifera Cibicidoides
fragments (black line) and Dolomite (filled grey) composition detected by XRF analysis
abundances (black line) in samples of core MD01-2448 (Toucanne et al., 2009). Lighter
nean and Heinrich events in the Atlantic. (For interpretation of the references to colour
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5.2. Impact of the mediterranean hydrology on the oxygen isotope
gradient between Alboran and Ionian seas during MIS 12

In the Ionian Sea, a similar decreasing trend of the d18Ow is
observed along most of MIS 12 (Fig. 6a), but now these values
reflect the d18Ow signature carried from the Atlantic and its modi-
fications along the course of the MAW from the Alboran to the
Ionian. This oxygen isotope modification is caused by the Medi-
terranean hydrologic budget and water exchange with the Atlantic
(Rohling, 1999). In order to evaluate the impact of the Mediterra-
nean hydrologic budget on the d18O signature of the MAWalong its
flow to the eastern Mediterranean, we calculated the longitudinal
d18Ow Mediterranean gradient during MIS 12 (Fig. 6b), which
ranges between 2.78‰ and �0.76‰.

Along MIS 12, we observed two periods with distinctly different
d18Ow gradients between the western and eastern Mediterranean
(Fig. 6b). (1) The highest seawater d18O gradients are recorded
Fig. 6. a) Reconstructed oxygen isotopic composition of the sea surface waters in both OD
Mediterranean d18Ow gradient. The thickness of the plots corresponds to the uncertainties in
(2) after 455 ka with lower d18Ow gradients. c) Relative sea level (RSL) record from Grant et a
and 65� N caloric summer half-year insolation from Tzedakis et al. (2017). Light blue verti
delimitate the time of sapropel S11 deposition in the Ionian Sea (Capotondi et al., 2016). H
Koutsodendris et al. (2019). The dashed vertical line indicates the Pozzolane Rosse tephra (4
in KC01B (ca. 458 ka in this study) (Lourens, 2004). Substages from Railsback et al. (2015) a
references to colour in this figure legend, the reader is referred to the Web version of this
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during MIS 12c and the onset of MIS 12b before 455 ka. (2) After
455 ka (MIS 12b and 12a), the inter-basin differences are reduced
until the beginning of the MIS 11 at 424 ka. This change in the
Mediterranean hydrologic budget occurred briefly after the depo-
sition of the Pozzolane Rosse tephra, dated at 457 ± 2 ka (Leicher
et al., 2016) (MIS 12b/12b boundary), which correlates in time
with the tephra I24 identified in core KC01B (Lourens, 2004) (ca.
458 ka in this study).

Toward the glacial maximum, theMediterranean d18Ow gradient
remained below current values and reached negative values during
a significative interval between Ht5 and Ht4 (Fig. 6b). These
extremely low oxygen isotope gradients, especially during the
glacial maximum (late MIS 12b and MIS 12a), are even more
anomalous if we consider the great amplitude of the sea level drop
recorded during that time (Fig. 6c) and its estimated impact on the
Mediterranean surface d18Ow due to the reduced Atlantic Medi-
terranean water exchange (Rohling et al., 2014). The reduced water
P 977 and KC01B sites for MIS 12 and the deglaciation and (b) calculated longitudinal
the d18Ow reconstruction, (1) Interval before 455 ka with highest d18Ow gradients and
l. (2014). d) Arboreal pollen (%) record from the Lake Ohrid (Koutsodendris et al., 2019)
cal bars delimitate intervals defined as Heinrich stadials and light brown vertical bar
t7 and Ht6 were correlated with LO-12-8c and 6c events in Lake Ohrid according to

57 ± 2 ka) in Lake Ohrid (Leicher et al., 2016) and the presumably equivalent tephra I24
nd MIS 12/MIS 11 boundary from Lisiecki and Raymo (2005). (For interpretation of the
article.)
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exchange with the Atlantic should have increased the residence
time of the water inside the Mediterranean, and its exposure to a
negative hydrologic budget for a longer time should have increased
the d18Ow between the Alboran and Ionian seas. Nevertheless, very
low longitudinal Mediterranean gradient values are observedwhen
a maximum gradient was expected.

The higher seawater d18O gradients recorded before 455 ka are
probably the result of reduced freshwater inputs to the Mediter-
ranean or a heavier d18O freshwater flux. This high d18Ow gradient
can be expected for a glacial period with typically negative water
budgets and low rates of water exchange with the Ocean. However,
the low gradients after 455 ka are totally unexpected, considering
the low water exchange with the Atlantic and the dry and cold
conditions. In addition to the restriction in the water exchange
between theMediterranean and the Atlantic, the sea level lowstand
should have also reduced the effective exchange area between the
two Mediterranean basins through the Strait of Sicily, further
increasing the residence time of the water in the eastern basin, and
thus increasing the longitudinal isotopic gradient (Grant et al.,
2016; Rohling et al., 2014; Rohling, 1999).

MIS 12 is a severe glacial period and is considered one of the
driest and coldest periods of the Pleistocene over the Mediterra-
nean area as evidenced by a constant reduction trend in tree pop-
ulation with the absolute minimum extension, and higher steppic
taxa presence, during early MIS 12b and MIS 12a between 440 and
426 ka (Fig. 6d) (Koutsodendris et al., 2019; Pross et al., 2015; Sadori
et al., 2016; Tzedakis et al., 2006). These conditions should have
increased the negative water budget of the Mediterranean Sea.
Only a lower d18O of the precipitation linked to the lower d18O of
the Atlantic source of the moisture advected to the Mediterranean
could explain the lower d18Ow gradient, as reported for other pe-
riods (Bar-Matthews et al., 2003; Domínguez-Villar et al., 2009).
Although the lower d18O of the precipitation would be expected
during Heinrich stadials when the Atlantic surface water reached
the lowest d18O, higher longitudinal d18OwMediterranean gradients
are found during these intervals.

Therefore, the offset between the expected high d18Ow gradient
and the low gradient observed in this study after 455 ka, and
especially the negative gradients toward the glacial maximum,
must have been triggered by a greater flux of freshwater into the
Mediterranean, which is not related to enhanced annual rainfall or
to a decrease of the d18O of the precipitation in the Mediterranean
region. Although major freshwater anomalies are propagated from
the Atlantic, as explained above, the larger oxygen isotope de-
pletions seen in the Ionian Sea compared to Alboran can only be
explained by additional freshwater inputs to the Ionian Sea and
potentially to the eastern basin in general. Similar eastern Medi-
terranean freshwater anomalies can be foreseen for MIS 14 andMIS
16 when important oxygen isotope depletions have been also
identified in the eastern Mediterranean d18O stack (Lourens, 2004;
Rohling et al., 2014; Wang et al., 2010). As a consequence, we can
conclude that, at least after 455 ka, a great volume of freshwater (or
water with lower d18O) flowed into the Mediterranean and
contributed to lower the d18Ow in addition to the freshwater that
entered from the Atlantic through the Strait of Gibraltar. In section
5.3, the potential sources of this freshwater will be further
explored.

Although seawater d18Ow and salinity are water budget depen-
dent, changes in both properties are not linear because the d18Ow is
a function of the volumes and oxygen isotope imprints of the
evaporated water and freshwater inputs to the Mediterranean.
Therefore, a negative Mediterranean d18Ow gradient does not
necessarily have to be linked to a salinity gradient inversion,
although it corresponds to a reduction in the absolute value.
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5.2.1. Higher longitudinal mediterranean seawater d18O gradients
during heinrich stadials

Superimposed to the previously described general trend before
and after 455 ka, we identified a series of intervals with distinct
relative higher d18Ow gradient values that correspond to the
defined Heinrich stadials. In particular, remarkable increases in the
longitudinal Mediterranean d18Ow gradient values are recorded
during Ht6 and Ht5 that register d18O depletions in both eastern
and western records, but the negative anomalies at ODP Site 977
exceed those observed in KC01B (Fig. 6a). These data undoubtedly
reflect the propagation of 18O-depleted water from the Atlantic
inflow, probably due to a higher influence of the PC at the Strait of
Gibraltar during these Heinrich stadials (Palumbo et al., 2013;
Rodrigues et al., 2011; Sierro et al., 2005, 2020; Voelker et al., 2010).
Although meltwater input to the eastern basin has been observed
during Heinrich stadials (Martinez-Lamas et al., 2020), the Atlantic
inflow d18Ow anomalies are relatively larger. This d18Ow decrease is
mitigated to the east as observed in the higher d18Ow gradient
probably as a consequence of more extreme negative Mediterra-
nean hydrologic budget during these events. This is consistent with
the extremely arid conditions documented during Heinrich stadials
in the Mediterranean region (Cacho et al., 2000; Go~ni et al., 2002).
In a high-resolution palynological study of Lake Ohrid for MIS 12,
Ht7 (contraction event LO-12-6c), Ht6 (contraction event LO-12-
8c), Ht5 and Ht4 are synchronous to forest extension minima
(Fig. 6d) and steppic taxa maxima, which characterized coldest and
driest conditions (Koutsodendris et al., 2019). Similar evidences
have been observed in the Sulmona basin lacustrine record where
lake level drops, triggered by precipitation minima, were identified
during these Heinrich stadials, especially during Ht6, Ht5 and Ht4
(Regattieri et al., 2016). These arid conditions would modify the
18O-depleted incoming water at the entrance of Gibraltar into an
18O-enriched water along its transit from the Alboran to the Ionian
Sea and explain the relative higher longitudinal Mediterranean
gradients during the Heinrich stadials.

5.3. Potential freshwater sources in the eastern mediterranean

5.3.1. African monsoon
One of the main freshwater sources to the eastern Mediterra-

nean, principally during sapropel formation, is the Nile river
discharge due to maximum intensity of the African monsoons
triggered by northern Hemisphere summer insolation maxima
(Bethoux, 1993; Grant et al., 2016; Jenkins and Williams, 1984;
Rohling,1994; Rossignol-Strick et al., 1982). Two periods of stronger
Asian monsoons were recorded during the MIS 12, associated to
low amplitude summer insolation maxima at 465 and 446 ka
(Cheng et al., 2016). Assuming that changes in the intensity of Asian
and African monsoons were synchronous, high Nile discharge to
the Mediterranean Sea would be anticipated. However, no sapropel
has been identified in the eastern Mediterranean during MIS 12
(Konijnendijk et al., 2014). The absence of sapropels (Lourens et al.,
1996; Wehausen and Brumsack, 2000) suggests low Nile discharge
into the eastern basin. Furthermore, the decrease in d18Ow at 455 ka
in the easternMediterranean, and especially the extreme low d18Ow
recorded at the end of MIS 12, cannot be linked to the African
monsoons since they were extremely weak during that time
(Cheng et al., 2016). As a consequence, a different freshwater source
is needed to explain these low and negative d18Ow longitudinal
Mediterranean gradients during MIS 12.

5.3.2. Black Sea inflow
During the last glacial period, and especially during Heinrich

stadials, there is strong evidence of freshwater discharge from the
Fennoscandian and north-east Alpine ice-sheets to the Caspian and
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Black seas through the Dnieper, Dniester, Volga and Danube rivers,
and potentially to the eastern Mediterranean (Bahr et al., 2005,
2006, 2008; Major et al., 2002, 2006; Martinez-Lamas et al., 2020;
Ryan et al., 2003; Soulet et al., 2010). Additionally, synchronous
Alpine drainage events to the Black and Adriatic seas have been
reported for the Heinrich stadials during the last glacial period
(Martinez-Lamas et al., 2020; Rossato and Mozzi, 2016), suggesting
additional freshwater sources to those observed at Gibraltar.

As reported for the last glacial period, during MIS 12 the Black
Sea would have been a giant brackish ‘lake’ isolated from the
Marmara and Mediterranean seas, and its hydrologic budget would
have beenmainly driven by the evolution of the southernmargin of
the Fennoscandian ice-sheet and its meltwater draining episodes.
Although there is little information about MIS 12, input of 18O-
depleted meltwaters to the Black Sea during the last glaciation has
been related to red clay layers (Bahr et al., 2005, 2008; Major et al.,
2002, 2006; Mangerud et al., 2004; Tudryn et al., 2016) which, in
turn, have been linked to the retreat of the Scandinavian ice-sheet
between 17.2 and 15.7 ka (Soulet et al., 2013). Studies in the Mar-
mara Sea suggest that this meltwater could have overflowed the
Dardanelles Strait and thus reach the Mediterranean (Aloisi et al.,
2015; Soulet et al., 2010, 2013; Vidal et al., 2010). During MIS 12,
when the Eurasian ice-sheet reached its maximum extension, the
freshwater input to the Black Sea and possibly to theMediterranean
could have been even larger. The retreat of the southern margin of
the eastern Fennoscandian ice-sheet probably resulted in the for-
mation of proglacial lakes that eventually drained to the Caspian or
Black seas, as occurred during the last glacial maximum. Studies of
north Germany glaciation evidenced a major continental glaciation
during MIS 12 with large ice-sheets advances and evidences of
easternmeltwater drainage to the Danube and the Black Sea (Ehlers
et al., 2011 and references therein).

The impact of meltwater drained from the southern margin of
the Fennoscandian ice-sheet would have had a high impact on the
Mediterranean d18Ow because of its very negative oxygen isotope
values. For MIS 12, when comparing the G. ruber d18O record from
ODP Site 967 in the eastern Mediterranean with the G. ruber d18O
from KC01B in the Ionian Sea (Capotondi et al., 2016; Wang et al.,
2010), the most significant oxygen isotope depletions are found
in the Ionian Sea. Due to the predominant anti-clockwise circula-
tion of the Levantine basin (Fig. 1a), the salinity and d18Ow decrease
caused by a freshwater input from the Black Sea would firstly in-
fluence the surface water at core KC01B location rather than that of
ODP Site 967.

5.3.3. Drainage to the Adriatic Sea
Another potential source of freshwater, which could have

contributed to the isotope depletion of the Mediterranean surface
water during MIS 12, was the drainage of the southern Alpine,
Apennines and Balkan ice-sheets into the Adriatic basin. It is worth
noting that the eastern sector of the Adriatic Sea is surrounded by
the Dinaric and the Pindus mountain range that cover large part of
the eastern Europe area. Existing data document that during some
Pleistocene glaciations these mountains hosted glacial valleys and
cirques that would have drained though river systems into the
Adriatic Sea, and thus potentially into the Ionian Sea propagating
the 18O-depleted water to the location of core KC01B. In detail, for
the largest recorded glaciation dated >350 ka and correlated to MIS
12, moraines at altitudes below 1000 m were identified (Adamson
et al., 2014, 2017; Hughes et al., 2007, 2010, 2011; Leontaritis et al.,
2020; Marjanac and Marjanac, 2016; Woodward et al., 2008).
Although these glaciers were numerous, they accumulated much
lower ice volume than the Alpine of the Fennoscandian ice-sheets.
While glaciers up to 165 km2 and ca. 450 m thick have been
described for this period in Montenegro (Hughes et al., 2010), the
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Alpine ice-sheet has been estimated to be ~130,000 km2 for the last
glacial maximum, with ~50,000 km2 drained into the Black Sea and
the rest to the Adriatic Sea though the Po river (Ehlers and Gibbard,
2004; Martinez-Lamas et al., 2020). Therefore, although there must
have been a contribution from the Balkans and Apennines ice caps,
due to the considerable size difference, the Alpine ice-sheet should
have been the main freshwater input to the Adriatic Sea.

The study of the Brenta south-alpine glacier, which drained into
the Adriatic via the Po river during the last glacial maximum,
revealed a sequence of regressions and glacier advances synchro-
nous with fluctuations in the discharge regime of the Danube river
into the Black Sea (Rossato and Mozzi, 2016). Evidence of Danube
flood activity during the last glacial maximum was highly corre-
lated with Po river drainage activity (Martinez-Lamas et al., 2020);
north-east and south-east Alpine glacier deglaciation and draining
were synchronous. Recent studies also suggest extensive Mediter-
ranean glacier retreat during the Heinrich stadials of the last glacial
period (Allard et al., 2021). The volume of ice stored in the Alps
during MIS 12 was probably larger than that recorded in other
glacial periods, and thereby the freshwater contribution to the
Mediterranean, when these ice masses became unstable, should
also have been higher. This means that ice accumulation in the Alps
during MIS 12 was very high, and the instabilities of these ice-
sheets, probably driven by increases in the summer energy
(Huybers, 2006), generated large amounts of meltwater that left an
important isotope imprint in the d18Ow of the eastern Mediterra-
nean. From 465 to 445 ka, high values of the caloric summer half-
year, which is almost equivalent to the summer energy (Fig. 6c),
were related by Tzedakis et al. (2017) to incomplete deglaciations,
which would have triggered higher melting rates in the very dy-
namic Alpine glacier (Seguinot et al., 2018).

Core KC01B could have been strongly affected by freshwater
discharge from the Po because of the southern shift of the coastline
from 44.5�N to 41.5�N during the lowstand of MIS 12. The marine
regression and the subsequent fluvial erosion towards the south
increased the flow and drainage area, as reported for the last glacial
period (Amorosi et al., 2016; Ivy-Ochs et al., 2006; Maselli et al.,
2014; Monegato et al., 2007; Ravazzi et al., 2014), and a larger
freshwater discharge would have had a larger impact on the Ionian
Sea and surface water at KC01B. Furthermore, the highly negative
d18O signature of the meltwater derived from the Alps would have
had a greater impact on the Mediterranean d18Ow decrease.

5.4. Freshwater input during Ht4 and eastern mediterranean
stratification preceding sapropel S11

The extremely low d18Ow during Termination V, coinciding with
Ht4 in the Alboran and Ionian seas, is the result of the entrance of a
large flow of freshwater from Gibraltar and from the Alpine ice-
sheet through the Po river and/or through the Black Sea. This
freshwater anomaly, largely amplified by the sea level rise and the
deepening and widening of the Gibraltar and Sicily straits (Grant
et al., 2016; Matthiesen and Haines, 2003; Rohling et al., 2014,
2015), spread along the surface, decreased sea surface salinity and
increased the vertical density gradient in the Mediterranean. This
has been clearly recorded by the formation of a DCM at site KC01B,
as was inferred in Capotondi et al. (2016) from the high abundance
of N. incompta and N. dutertrei during this time period. The for-
mation of a DCM is characteristic of many sapropels due to the
concentration of nutrients near the pycnocline when a strong
density gradient is developed between the low-density surface and
high-density subsurface waters (e.g. Emeis and Party, 1996; Grimm
et al., 2015; Rohling, 1994; Rossignol-Strick et al., 1982). The strat-
ification during Ht4 is also inferred from the high Ba/Al ratio
(Langereis et al., 1997) and the low colour reflectance that preceded
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and continued during the formation of sapropel S11 (Figs. 4 and 6),
not only in core KC01B (Lourens, 2004) but also in ODP Sites 967
and 968 (Konijnendijk et al., 2014). It also coincides with a low Ti/Al
ratio that is normally tuned to summer insolation maximum, as is
the case for this DCM-sapropel S11 episodes (428 ka insolation
maximum, i-cycle 40) (Konijnendijk et al., 2014).

Consequently, we conclude that the freshwater entry to the
Mediterranean during Termination V was the first step towards the
buoyancy gain of Mediterranean surface water, increasing the
stratification of the water column and thus promoting the pre-
conditioning for sapropel formation (Rohling et al., 2015), that
decreased deep water ventilation, thus increasing organic matter
preservation in the seafloor. However, complete bottom water
stagnation in the eastern Mediterranean and formation of sapropel
S11 only happened at the end of Termination, which is registered
both in the Alboran and Ionian seas. This indicates that full anoxic
conditions during S11 were only reached a few ka after the initial
preconditioning as suggested for S1 (Grimm et al., 2015). It seems
that (Figs. 4 and 6) full bottom anoxia at the base of S11 was trig-
gered by the surface water warming recorded at that time probably
triggered by decreased heat loss to the atmosphere due to the
warmer winter air reaching the northern Mediterranean after the
AMOC resumption during Termination V, as has been proposed for
more recent sapropels (Sierro et al., 2020).

Other freshwater inflows that could be responsible for the
Mediterranean preconditioning for stratification are the African
monsoons and Mediterranean annual rainfall. Intensification of
African monsoon, which has been traditionally behind the forma-
tion of Mediterranean sapropels, was relatively weak at that time
(Cheng et al., 2016) and probably only played a minor role in water
stratification. In contrast, a rainfall increase at the beginning of MIS
11 was recorded in palynological records (Fig. 6d) (Koutsodendris
et al., 2019) and thus could have further contributed to Mediter-
ranean stratification.

6. Conclusions

Comparison of the oxygen isotope surface water records from
core ODP 977 and KC01B, collected in the Alboran and Ionian seas,
respectively, allowed us to reconstruct changes in the d18Ow of the
Atlantic inflow and the impact of the Mediterranean hydrology on
the d18O of Mediterranean water during MIS 12.

An increase of Mediterranean surface d18Ow was expected dur-
ing MIS 12 because of the high net freshwater loss and the longer
residence time of the water in the Mediterranean, due to the lower
Atlantic-Mediterranean and western-eastern basins water ex-
changes during the glacial lowstand. In contrast, lower d18Ow values
than today have been observed both in the Alboran and Ionian seas,
especially between 455 ka and the end of MIS 12 (424 ka). A large
fraction of the freshening, characterized by low d18Ow values,
lowest temperatures and high abundances of N. pachyderma,
entered the Mediterranean through the Atlantic inflow, especially
during Heinrich stadials, due to the southward migration of the
polar front and the prevalence of the Portugal Current in the
Atlantic inflow to the Mediterranean.

However, data of the Mediterranean d18Ow gradient allowed us
to identify other sources of freshwater to the Mediterranean basins.
From 455 ka to the end of MIS 12 (424 ka), the d18Ow gradient was
around and below current values, and the gradient became nega-
tive during part of the glacial maximum. This negative gradient can
only be explained by a significant source of an 18O-depleted
freshwater source into the eastern Mediterranean. Based on the
proximity of core KC01B to the Adriatic Sea, we speculate that this
meltwater source may have been delivered from the Alpine ice-
sheet and transported through the Po river to the Mediterranean
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Sea, even if an important source of meltwater from the Fenno-
scandian ice-sheet via the Caspian and Black Sea cannot be ruled
out. This evidence resembles the observed influence of the south-
east Alpine ice-sheet meltwater drainage into the Adriatic during
North Atlantic Heinrich stadials. Therefore, the ice accumulation in
the Alps during MIS 12 and meltwater delivery through the Po was
large enough to leave an isotope imprint on the eastern Mediter-
ranean d18Ow. The negative Mediterranean d18Ow gradient gener-
ated by inter-basin differences in freshwater input does not imply
negative salinity gradients. Nevertheless, we can infer lower
salinity gradients during MIS 12 between the Alboran and Ionian
seas.

The freshwater entry to the Mediterranean amplified by the sea
level rise during Termination V, was the first step towards an
eastern Mediterranean stratification that decreased deep water
ventilation. The complete bottomwater stagnation and full bottom
anoxia that culminates in the formation of sapropel S11 was only
reached at the onset of MIS11 probably triggered by the tempera-
ture rise, due to the abrupt warming after the deglaciation, and the
increase in rainfall.
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