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ARTICLE INFO ABSTRACT

Editor: M. Zhao The late Miocene Messinian salinity crisis (MSC; 5.97-5.33 Ma) transformed the Mediterranean basin into the
youngest salt giant in Earth history. The paleoenvironment and the paleodepth of the Mediterranean basin during
the terminal phase of the MSC (i.e., the Lago-Mare event), are still uncertain, primarily due to the contradicting
presence of in-situ, fully marine vs brackish to freshwater fossils, with different palaeoecological affinity, found
in the same rock record. This study uses the distribution of Cs7, C3g and C3g long-chain unsaturated methyl and
ethyl n-ketones (alkenones), produced by haptophyte algae, in combination with micropaleontological and stable
oxygen isotope data, to reconstruct the surface water temperatures and paleoenvironmental conditions in the
Northern Mediterranean basin across the transition between the latest Miocene Lago-Mare phase to the re-
establishment of marine conditions starting in Pliocene, at 5.33 Ma. The results suggest that the Mediterra-
nean basin was already receiving influxes from the Atlantic Ocean before the end of the MSC, resulting in a
progressive return to marine conditions proceeding from south to north, i.e., from the more distal to proximal
areas. Finally, fully marine conditions were established at the base of the Pliocene (5.33 Ma). The study high-
lights the reliability of alkenone-based paleo proxies for environmental reconstruction, especially when body
fossil records of primary producers are scarce or problematic.
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1. Introduction

During the Messinian salinity crisis (MSC) of the late Miocene (5.97-
5.33 Ma), the Mediterranean basin was transformed into the youngest
salt giant in Earth history, following its partial isolation from the
Atlantic Ocean caused by the tectonic restriction of the (paleo) Gibraltar
gateways (Hsii et al., 1973; Cita, 1982; Rouchy and Caruso, 2006; Ryan,
2011; Roveri et al., 2014a; Krijgsman et al., 1999; Capella et al., 2020).
The sedimentary record of the MSC consists of more than 1 million km®
of evaporites (gypsum, anhydrite, halite), deposited in less than 640 kyr
following an alleged high magnitude (600-1500 m) sea level drawdown
(see Roveri et al., 2014b; Gvirtzman et al., 2022).

After the acme, the terminal phase of the MSC is characterized by
peculiar brackish sediments that define the so-called Lago-Mare event
(5.53-5.33 Ma; CIESM, 2008; Andreetto et al., 2021 and references
therein). The Lago-Mare sediments are abruptly overlain by Zanclean
open marine deposits that end the MSC at 5.33 Ma (Rouchy and Caruso,
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2006). The nature of the return to the marine conditions is still under
discussion. Generally, there is an agreement that marine conditions were
restored from the base of the Pliocene (Zanclean), which is characterized
by sediments with well-preserved marine calcareous microfossil as-
semblages (Di Stefano et al., 1996; Iaccarino et al., 1999; Gennari et al.,
2008; Di Stefano and Sturiale, 2010; Corbi et al., 2016; Caruso et al.,
2020). Calcareous microfossils suggest bathyal paleodepths (laccarino
etal., 1999), although shallow water environments were documented in
marginal basins of the northern Apennines (Artoni et al., 2004; Gennari
et al., 2008) and Spain (Roveri et al., 2020). However, the paleoenvir-
onment and paleodepth interpretations of the latest Messinian
Lago-Mare event have not been solved yet (e.g., Andreetto et al., 2022b).
There is still a debate resulting in radically different interpretations of
the demise of the MSC. One of the proposed hypotheses suggests that
during the Lago-Mare event, the Mediterranean consisted of numerous
disconnected endorheic lakes fed by local rivers (Rouchy and Caruso,
2006; Amadori et al., 2018; Orszag-Sperber, 2006; Caruso et al., 2020),
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which were abruptly filled by catastrophic flooding of Atlantic water,
induced by the collapse of the Gibraltar sill (Hsii et al., 1973; Garcia--
Castellanos et al., 2020; Amarathunga et al., 2022). Such a scenario
seems to be supported by the observation of flooding-related erosional
features in seismic profiles from the western Mediterranean (Garcia--
Castellanos et al., 2009), by chaotic flood deposits of alleged Zanclean
age in the western Ionian Sea (Micallef et al., 2018; Garcia-Castellanos
et al., 2020) and by contourites (Arenazzolo Fm.) just under the
Messinian-Zanclean boundary exposed on land in Sicily (Van Dijk et al.,
2023). Alternatively, the Mediterranean was already connected with the
Atlantic Ocean during the latest Messinian and was gradually refilled
(Marzocchi et al., 2016; Merzeraud et al., 2019). The latter interpreta-
tion was proposed independently based on the brackish (Roveri et al.,
2014a; Andreetto et al., 2021; Bulian et al., 2022) or marine environ-
ments established before the Zanclean (Aguirre and Sanchez-Almazo,
2004, Carnevale et al., 2006, Schwarzans and Carnevale, 2022). These
different interpretations (catastrophic flooding vs gradual refilling and
brackish vs marine Lago-Mare environment) are fuelled by the ambi-
guity of the origin of body fossil record of the Lago-Mare sediments,
which is either composed of freshwater to brackish euryhaline ostracods
and mollusks (Bonaduce and Sgarrella, 1999; Iaccarino et al., 1999;
Taviani et al., 2007; Esu and Girotti, 2008; Gliozzi and Grossi, 2008) or
also marine biota represented by remains of marine fishes and calcar-
eous microfossils (Aguirre and Sanchez-Almazo, 2004; Carnevale et al.,
2006, 2008, 2018, 2019; Popescu et al., 2008, Clauzon et al., 2015,
Andreetto et al., 2022a). Alternatively, these marine and brackish fossils
are considered reworked from older sediments (Andreetto et al., 2021)
or displaced by more marginal settings (Aguirre and Sanchez-Almazo,
2004), respectively.

In this contribution, we combined organic (long-chain alkenones
based proxies) and inorganic (oxygen stable isotopes on foraminifera
and ostracods) geochemical data together with the micropaleontological
assemblages (foraminifera, calcareous nannofossils, ostracods), to
reconstruct the environmental changes at the end of the Lago-Mare
phase and across the Messinian-Zanclean boundary.

Long-chain alkenones (LCA) are unsaturated long-chain methyl and
ethyl n-ketones produced by coccolithophorids, haptophyte algae
(Henderiks et al., 2022) living in the upper photic zone. The degree of
unsaturation of LCA depends on the temperature of waters harbouring
their source organisms, a direct relationship that can be traced through
the Ul§7 index, which linearly increase with higher temperature and
decrease with lower temperatures (Brassell et al., 1986; Conte et al.,
1998; Marlowe et al., 1984; Miiller et al., 1998; Herbert et al., 2016).
The U’§7 was calibrated with modern sea surface temperatures (SST)
(Conte et al., 2001; Conte et al., 2006; Miiller et al., 1998; Prahl and
Wakeman, 1987; Prahl et al., 1988) and consequently allowed the
reconstruction of paleo SST fluctuations in Quaternary sediments (i.e.,
Gould et al., 2017; Rice et al., 2022). LCA-based SSTs were also applied
to the Late Miocene (Tzanova et al., 2015; Herbert et al., 2016), but no
data existed for the MSC, although LCA were found in the late Messinian
Upper Gypsum sediments of the Eraclea Minoa section in Sicily
(Southern Italy) (Vasiliev et al., 2017).

The recovery of LCA in modern and ancient brackish and freshwater
environments has revealed that LCA producers are not confined solely to
marine environments (Chu et al., 2005; Wang et al., 2015; Huang et al.,
2021). Within this context, identifying the specific type of LCA (marine,
freshwater, brackish water, or a mixture) within ancient sediments holds
great promise for reconstructing paleoenvironments. This is particularly
true because, although we cannot entirely exclude the possibility of
reworking, it is noteworthy that reworking of LCA is generally consid-
ered as an unlikely process (e.g., Kucera, 2019).

We provide an alkenone-based paleo SST record for the latest
Messinian-Early Zanclean interval that implements the available data-
sets (Herbert et al., 2016; Vasiliev et al., 2017; Tzanova et al., 2015) to
better understand the history of the Mediterranean basin in this critical
time interval. For the same interval and for the first time, SST data are
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combined with stable isotope geochemical analyses on calcareous mi-
crofossils to quantitatively constrain the Mediterranean Sea surface
salinity (SSS). Finally, we aimed to reconstruct the environmental
changes across the Messinian-Zanclean boundary proposing a possible
mode of the termination of the MSC in the northern Mediterranean
basin, using three sections located along a SE-NW transect in the
Northern Apennine chain, from deeper water in the south to coastal
areas in the north.

2. Geological setting

The N to NE verging Northern Apennine fold and thrust belt (Fig. 1A)
developed since the Cenozoic in response to the convergence between
the European and African plates (Carminati and Doglioni, 2012).
Following the Oligocene-Miocene continental collision, deposition
occurred within NW-SE elongated foredeep basins, which developed at
the front of the belt. At the top of already accreted internal units (e.g.,
Cretaceous to Eocene Ligurian units) smaller wedge-top basins were
established (Ricci Lucchi, 1986).

From SE to NW three sectors can be distinguished (Artoni et al.,
2007): a) the Marche and Romagna sector (MR; Fig. 1A, C), corre-
sponding to the Middle to Late Miocene foredeep; b) the central Emilia
sector (cE; Fig. 1A, C), characterized by small Eocene to Messinian
wedge-top basins (Epiligurian basins) developed at the top of deformed
Ligurian units; and c) the Piedmont Basin (PB; Fig. 1A, C), where Eocene
to Messinian sediments are floored by Alpine, Ligurian and Adriatic
basement units (Mosca et al., 2010).

The uppermost Messinian succession is composed of post-evaporitic
terrigenous sediments deposited between 5.53 and 5.33 Ma (Fig. 1C;
MSC stage 3; CIESM, 2008). These deposits are floored by clastic
evaporites grouped into the Resedimented Lower Gypsum unit (MSC
Stage 2, 5.60-5.53 Ma). They were sourced by the erosion of primary
gypsum deposits of MSC Stage 1 (5.97-5.60 Ma) that were uplifted and
eroded following an intra-Messinian tectonic phase (ca. 5.60 Ma; Manzi
et al., 2007; Roveri et al., 2014a).

In the Marche and Romagna and central Emilia sectors the post-
evaporitic (p-ev) sediments are subdivided into two units (Fig. 1B)
(Artoni et al., 2004; Roveri et al., 2008b): a) the p-ev1 unit, consisting of
fine-grained sediments with a coarsening upward trend (Roveri et al.,
1998); b) the p-ev2 unit (Fig. 1B), consisting of alternations of coarse
and fine-grained sediments of fluvial-deltaic, prodeltaic and basinal
environments (laccarino and Papani, 1979; Roveri et al., 2008b). In the
Marche and Romagna sector, a U—Pb dated ash layer (5.532 + 0.0046
Ma) is present in the p-evl unit of the Maccarone section (Cosentino
et al., 2013; Fig. 1B). Four lithological cycles with coarse and fine-
grained sediments were recognized in the p-ev2 unit. These cycles
were tuned to the insolation curve, allowing dating the succession be-
tween 5.42 and 5.33 Ma (Roveri et al., 2008b). The base of the p-ev2
unit marks a drastic change in the sedimentation, reflecting a trans-
gressive trend on the basin margins from 5.42 Ma (Roveri et al., 2008b).
In the Marche and Romagna sector, the uppermost three cycles contain
three fine-grained carbonate beds termed ‘Colombaccio’ (coll, 2 and 3;
Bassetti et al., 2004; Fig. 1B), correlating to insolation maxima (Roveri
et al., 2008b). A similar succession was found in the central Emilia sector
(Artoni et al., 2007).

In the Piedmont Basin, the post-evaporitic sediments are represented
by the Cassano Spinola Conglomerates. In the lower part, this unit
consists of fluvial deposits with remains of terrestrial fossils (Colombero
etal., 2013; Carnevale et al., 2018), grading upwards to clays and marls
with Lago-Mare ostracods and mollusks, mixed with marine calcareous
nannofossils and dinocysts (Andreetto et al., 2022a).

As for the rest of the Mediterranean, the mixing of freshwater,
brackish and marine microfossils have generated an intense debate on
the nature of the Lago-Mare phase and of p-ev units of the Northern
Apennine, which is still unsolved (Andreetto et al., 2021). According to
some authors (Roveri et al., 2008c; Grossi et al., 2008; Stoica et al.,
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Fig. 1. A) Simplified geological map of the Northern Apennine (adapted from Bigi et al., 1989, Artoni et al., 2007; Roveri et al., 2008b). The three studied sectors are
indicated: PB) Piedmont Basin; cE) Central Emilia sector; SMR) Marche and Romania sector); the bold lines indicate the cross section as shown in B. B) Schematic
cross section of the upper Messinian — lower Zanclean succession of the Northern Apennine (adapted from Roveri et al., 2008b). C) Simplified cross sections of the
three study areas showing the geodynamic context (adapted from Artoni et al., 2007; Mosca et al., 2010; Roveri et al., 2008b). RLG: Resedimented Lower Gypsum
unit; p-evl and p-ev2: post-evaporitic 1 and 2, respectively; coll, col2, col3: Colombaccio layers (Bassetti et al., 2004); the asterisk marks the ash layer (Cosentino

et al., 2013) intercalated in the p-ev1 unit.

2018; Grothe et al., 2018) fluvio -deltaic sediments and fresh to brackish
water body fossils of the p-ev units indicate that the marine microfossils
(calcareous plankton and otoliths of marine fish) (Popescu et al., 2008;
Carnevale et al., 2018) are reworked. Accordingly, Pellen et al. (2017),
considered the Northern Apennine foredeep from 5.60 to 5.33 Ma as a
large perched and isolated brackish-to-freshwater basin disconnected
from the central Mediterranean by an emerged sill (the Gargano-
Pelagosa sill), located to the south of the investigated area (see also
Amadori et al., 2018, and Andreetto et al., 2022b.)

The end of the MSC in the northern Mediterranean is marked by the
deposition of open marine marls and clays (Argille Azzurre Fm.), start-
ing at 5.33 Ma (Gennari et al., 2008; Trenkwalder et al., 2008; Violanti
et al., 2011) as in other Mediterranean sections (Iaccarino et al., 1999).
The Messinian-Zanclean boundary (MZB) is commonly marked by a
characteristic dm-thick dark layer (Iaccarino and Papani, 1979; Gennari
et al,, 2008; Violanti et al., 2011). Similar dark layers were also
described in the western (laccarino et al., 1999; Bulian et al., 2022) and
eastern sectors (Amarathunga et al., 2022) of the Mediterranean.

3. Material and methods
3.1. Studied sections

We studied three sections (Fig. 1); from SE to NW, they are:1)
Maccarone (Marche-Romagna sector), 2) Stirone (central Emilia sector)
and 3) Pollenzo (Piedmont Basin).

3.1.1. Maccarone section

The Maccarone section (Odin et al., 1995; Bertini and Martinetto,
2011) is in the Northern Apennine main foredeep (43°24'02.3” N
13°06'26.2" E; Fig. 2A) and comprises p-evl (with the 5.532 + 0.0046
Ma ash layer; Cosentino et al., 2013), p-ev2 and Zanclean deposits. The
studied interval is 13.95 m-thick and consists of the uppermost p-ev2
(Lago-Mare) and lowermost Zanclean deposits (Fig. 3); the basal
Colombaccio layer (col2 of Bassetti et al., 2004) and the overlaying 30
cm-thick dark layer (DL1) were not sampled. Above the DL1, 8.10 m of
grey silty marls alternating with cm-thick siltstones and sandstones
occur, followed by a second 50 cm-thick Colombaccio layer (col3 of
Bassetti et al., 2004), which is overlain by 40 cm of dark grey laminated
marls (DL2). The upper part of the Messinian p-ev2 unit consists of one
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Fig. 2. The Messinian — Zanclean transition in: A) Maccarone; B) Stirone and C) Pollenzo sections. col3: uppermost Colombaccio layer in the Maccarone section (see
Bassetti et al., 2004); DL2: dark layer above the col3; DL3: dark layer at the Messinian - Zanclean boundary. White arrows indicate the mentioned layers.
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meter of light grey homogeneous marls with thin sandstone in-
tercalations. The MZB is marked by a 10 cm thick layer of black bio-
turbated sandstones (DL3). The Zanclean deposits belonging to the
Argille Azzurre Fm. are represented by 2.8 m of clays, intercalated by 80
cm of laminated dark grey marls. These sediments were dated using bio-,
cyclo- and magnetostratigraphy by Gennari et al. (2008).

3.1.2. Stirone section

In the Stirone section (44°50'12.1”’N 9°57'58.5"E; Iaccarino and
Papani, 1979), the uppermost Messinian (Lago-Mare) to Lower Pliocene
succession is exposed; these deposits belong to a wedge top basin of the
central Emilia sector of the Northern Apennine (Fig. 1A). After several
meters of conglomerate and cross-bedded sandstone of fluvio-deltaic
origin (Iaccarino and Papani, 1979), the sampled section starts with
13.35 m of silty marls with sandstone intercalations. In the lower part,
the silty marls also include a 20 cm-thick interval consisting of thin
micritic limestone layers, probably equivalent to the Colombaccio beds
of the Marche and Romagna sector (Gennari et al., 2008; Artoni et al.,
2007). In this section, the MZB is marked by a densely bioturbated 60
cm-thick dark clay-to-silt layer (DL3, Fig. 2B), which is overlain by 2 m
of bioturbated marly clays belonging to the Zanclean Argille Azzurre Fm
(Fig. 4.

3.1.3. Pollenzo section

The Pollenzo section (44°41'09.6” N 7°54'50.4" E) in the Piedmont
Basin, comprises the entire MSC succession and the transition to the
Zanclean (Dela Pierre et al., 2011; Andreetto et al., 2022a). The studied
section refers to the uppermost 8.6 m of the succession (Fig. 2C). The
lowermost 3.2 m consists of an alternation of brown silty marls and
yellow sands representing the uppermost post-evaporitic unit, locally
named Cassano Spinola Conglomerates. A dark 50 cm-thick clay layer
(DL3), intensively bioturbated, marks the transition to the 4.9 m thick
Zanclean claystones of the Argille Azzurre Fm. (Fig. 5).
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3.2. Lipid Biomarker extraction, separation, and analytical approach

For lipid biomarker analysis, fifty sediment samples were collected
from the three sections: Pollenzo (10 samples), Stirone (15 samples), and
Maccarone (25 samples). To avoid potential contamination during
sampling and the up-work procedure, the outermost part of each sample
was discarded before sub-sampling for lipid extraction. The sediment
samples (40-60 g each) were air-dried and ground to a homogeneous
powder. Then, the powders were extracted at Senckenberg Biodiversity
and Climate Research Centre (SBiK-F) in Frankfurt using a Soxhlet
apparatus with a Dichloromethane (DCM) — Methanol (MeOH) (7.5:1; v:
v) organic solvent mixture. The resulting total lipid extracts (TLE) were
dried under continuous N flow using a TurboVap LV. Elemental sulfur
was removed from the TLEs using Cu shreds activated with 10% HCl and
subsequently rinsed with MeOH, DCM and MilliQ water until neutral.
The vials containing TLE, activated Cu and magnetic rods were placed
on a rotary table for ~20 h. Afterwards, TLEs were filtered over a
NaySO4 column to remove particles, including Cu and Cu sulphides and
any remaining potential water. An aliquot of the desulfurized TLE was
separated at the University of Hamburg using a solid-phase silica gel
column in a Pasteur pipette. The pipette was plugged with organic-
solvent cleaned cotton, then filled with partially deactivated silica gel
(4-5 cm). The silica gel column was cleaned with one column volume of
DCM and then conditioned with 5 column volumes of n-hexane. 10% of
the TLE was dissolved in 500 pl n-hexane and pipetted onto the column.
The hydrocarbons were collected by using n-hexane as solvent. The
ketones (including esters) were eluted with n-hexane/DCM (3:1). Then
the alcohols were eluted by using a mixture of DCM/acetone (9:1).

For this study, only the ketone fraction was used. Aliquots of the
ketone fraction were measured on the Gas Chromatograph coupled to
Flame Ionization Detection (GC-FID) for LCA relative abundance inte-
gration and Gas Chromatography-Mass Spectrometry (GC-MS) for
identification at the University of Hamburg. The identification of com-
pounds was achieved by comparing retention times and published mass
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spectra using Xcalibur® software. No internal standards were added to
the ketone fraction; therefore, we manually integrated the selected
peaks in GC-FID chromatograms (chromatogram examples Fig. S4) with
the Chromeleon ® software. Carrier gases used for the GC-MS and GC-
FID analyses were helium and hydrogen, respectively. Both instruments
were equipped with a Thermo Fisher TG-5MS fused silica column (30 m in
length, 0.25 mm diameter, thickness film of 0.25 pm). The temperature
program used for the GC was as follows: an initial temperature of 50 °C
was maintained for 3 min, followed by a linear increase to 230 °C at a
rate of 25 °C per minute, with a 2-min hold at 230 °C. Finally, the
temperature was raised from 230 °C to 320 °C at a rate of 6 °C per
minute and maintained at 320 °C for 20 min.

3.3. Analysis of long chain alkenones and sea surface temperature
calculations

The long chain alkenone-based unsaturation index (U'§7) is directly
proportional to surface water temperature in various aquatic environ-
ments ranging from marine to continental (Prahl and Wakeman, 1987),
and is based on the equation:

Uty = [Ca7n — C37:4]/[C37:2 + Cs75 + Cs74] 1)

Eq. (1) was the first calibration used, but was not applied for Qua-
ternary marine environments, because of the only minor amounts of
Cs7.4; due to this fact the U’§7 index is usually applied (Prahl and
Wakeman, 1987; Miiller et al., 1998; Conte et al., 2006; Herbert et al.,
2016) which is defined as:

U¥3; = [C372]/[C372 + Caza] (2)

The mean annual surface water temperature is based on a large and
global dataset of open marine environments (Conte et al., 2006) and can
be calculated according to the equation:

T = —(0.957) +54.293 x (U¥3;) —52.894 x (U"'3;)2+28.321 x (U" ;)
3

Eq. (3) has a residual standard (1c) deviation of +1.2 °C and was
chosen for this study since it includes also numerous data points from

the Mediterranean Sea. The U’§7 -based SST calibration, though, is
derived from modern marine environments, where the dominant LCA
producers are Coccolithophorids, especially Emiliana huxleyi, Gephyr-
ocapsa oceanica and related species (Group III; Theroux et al., 2010,
Wang et al., 2015). It has been shown that other groups of LCA pro-
ducers (namely Group I and II) contribute significantly to the Uk at
salinities lower than typical open marine values (between 31 and 39
PSU). If the signal of multiple LCA producers is preserved in sediments,
the SST reconstructions are heavily biased due to the multi-species effect
(Theroux et al., 2010). LCA originated by Group I (typical of freshwater)
and II (typical of brackish water, from 0.5 to 30 PSU) and were recog-
nized in lakes and brackish water bodies by DNA analyses and their
respective LCA signature (Huang et al., 2021). If LCA originated by
Groups I and II are present, alternative calibrations for SSTs in water
with low salinities are used (Zink et al., 2001; Chu et al., 2005; Wang
et al., 2021).

While the Pliocene sediments of this study were obviously deposited
in a marine environment and therefore the SST calibration of Conte et al.
(2006) can be confidently used, the Lago-Mare sediments are most likely
variably attributed to marine, brackish, or freshwater environments or a
mixture of the three (Pellen et al., 2017; Grossi and Gennari, 2008;
Andreetto et al., 2021). Since DNA is not preserved in several million-
year-old rocks, it is necessary to reliably evaluate the LCA composition
during the Miocene-Pliocene transition and to verify the source groups
of the LCA in our samples. Since LCA are referred to producers that
thrive in different environments and using molecules unlikely reworked
(Kucera, 2019), this evaluation is also helpful for paleoenvironmental
reconstructions and will be used to disentangle the ambiguous body
fossil record of the Lago-Mare sediments. This was done by using three
indices introduced by Chu et al. (2005), Wang et al. (2015), Kaiser et al.
(2019) and Huang et al. (2021): the Cs7.4[%], the C37/C3sg ratio and the
linear correlation between U’§7 and U'§7

The C37.4[%] is calculated as:

C37.4]%] = [C37:4]/([C37:2] + [C37:3] + [C37.4] ) X 100 4

and its values are directly related to the group of LCA producers (Chu
et al., 2005; Sun et al., 2007; Harada et al., 2008; Bendle et al., 2009;
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Theroux et al., 2010; Theroux et al., 2013; Nakamura et al., 2014;
D’Andrea et al., 2016; Longo et al., 2016; Huang et al., 2021).

The Cg7/Csg ratio reflects the composition of LCA producer assem-
blages (Conte et al., 1998; Chu et al., 2005; Liu et al., 2011; Nakamura
etal., 2014; Prahl et al., 1988; Wang et al., 2015; Zheng et al., 2019). It is
calculated as the sum of all C37 divided by the sum of all Czg ([£Cs7] /
[ZC3sD.

Finally, the linear correlation between U’§7 and U’§7 was used by
Wang et al. (2015) to unravel the multispecies effect. A high correlation
between the two ratios indicates monospecific LCA contribution, while
no significant correlation suggests a multi-species effect (Wang et al.,
2015).

3.4. Micropaleontological analysis and SEM observations

Samples for micropaleontological analyses were disaggregated using
a solution of Hy0O: HoO3 (9:1; v:v). Subsequently, the samples were wet
sieved to remove the <63 pm fraction and then dry sieved to obtain two
size fractions (>125 pm, and 125-63 pm). Qualitative observations on
the fraction >125 pm residues were performed and planktonic forami-
nifera and ostracod specimens were selected and hand-picked for sub-
sequent stable isotope measurements. Smear slides were prepared
according to the standard procedure outlined by Bown (1998) and used
for semi-quantitative assessment of the calcareous nannofossil
assemblage.

Finally, scanning electron microscope (SEM) images of bulk samples
and microfossils used for isotopic measurements were obtained at the
Earth Sciences Department of the University of Turin using a JEOL JSM
IT300LV. Images were used to assess the preservation and abundance of
microfossils, with a focus on the Lago-Mare interval.

3.5. Stable isotopes

The oxygen (5'80) and carbon (5'3C) stable isotopic composition of
selected species of planktonic foraminifera (Orbulina universa, Globiger-
inoides obliiquus and Globigerinoides extremus) and ostracods (Cyprideis
and Loxocorniculina djafarovi) were performed using a Thermo 253,
Thermo GasBench II coupled to a Thermo 253 isotope ratio mass spec-
trometer in continuous flow mode, thermostatic sample tray and a GC
PAL autosampler at the Goethe University-Senckenberg BiK-F Joint
Stable Isotope Facility in Frankfurt. Over the measurements, analytical
precision was 0.07%o for 5'80. Results are reported against Vienna Pee
Dee Belemnite (VPDB) using the standard & notation expressed in per mil
(%o).

Before isotope analyses, for each selected foraminifera and ostracod
species, a minimum of ~100 pg was hand-picked from the pre-cleaned
fraction that was first sonicated in MeOH for about 10 s to remove
adhered matrix particles, further rinsed five times in MilliQ water and
finally dried in clean hoods under constant airflow. To avoid reworked
extinct species contaminating the Lago-Mare interval, Orbulina universa
and Globigerinoides obliquus planktonic foraminifera were selected for
subsequent SSS calculation. Among ostracods, based on their preserva-
tion, abundance and occurrence, Loxocorniculina djafarovi and Cyrideis
spp. were selected from the Lago-Mare sediments, whereas Cyprideis spp.
(Maccarone and Pollenzo sections) and Agrenocythere spp. (Stirone sec-
tion) were selected from the Zanclean (Pliocene).

3.6. SSS estimates using SST and foraminifera 580

Planktonic foraminifera calcite oxygen isotopic composition (5'%0¢c)
can be used to estimate past changes in salinity because the ambient
oxygen isotopic composition of seawater (8'%0gy) in which the shell
precipitated co-varies linearly with sea surface salinity (SSS) and tem-
perature (SST) (e.g., LeGrande and Schmidt, 2006). The 61805W and SSS
increase with evaporation and decrease by addition of freshwater with
low-5'80 values. Based on this concept and like earlier studies (e.g.,
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Antonarakou et al., 2015; Kontakiotis et al., 2019; Vasiliev et al., 2019;
Kontakiotis et al., 2022), we used a multiproxy geochemical approach to
estimate regional past SSS variability at the MZB in the Northern Med-
iterranean. To estimate the 8;g0sw from the measured foraminiferal
5180¢. values, the temperature component was removed using the
Orbulina universa low-light paleotemperature equation of Bemis et al.
(1998):

T = 16.5-4.80 x (5'*0c— (8" 0sw=0.27%0) ) (+0.7°C) (5)

Eq. (5) has been initially calibrated for a temperature range between
15 and 25 °C but was then used with good results in warmer waters as
those reconstructed into the Mediterranean during the Late Miocene and
Early Pliocene (Kontakiotis et al., 2019; Bulian et al., 2022). The salinity
is obtained by removing temperature from the 5'%0 record using the
equation by Bemis et al. (1998). To correct the equation for the conti-
nental ice volume effect, we used the Late Miocene and Early Pliocene
records of eustatic sea level changes as modelled by Miller et al. (2011).
We linearly interpolated the Miller et al. (2011) record for the studied
time period and generated a record of global 5'%0SW change over the
upper Miocene to lower Pliocene transition by converting the sea-level
data into mean ocean 5'°0 changes and applying a 0.008 % increase
per meter of sea-level lowering (Siddall et al., 2003). Then, we sub-
tracted this component from the 5'®0SW profile to obtain the regional
ice volume free 5'%0SW (5'80yr.gw) as described earlier (Kontakiotis
et al., 2022). The calculated §'80yp.gw values are a function of changes
in regional hydrography. Therefore, these 61801vp_sw are considered to
approximate local variations in SSS (Kontakiotis et al., 2022). Absolute
errors in 8'80yr.sw were considered insignificant for the Late Miocene
since changes in global ice volume were small (Williams et al., 2005). To
convert the 5'80 signal to absolute SSS values we used the modern
51804, —salinity relationship for the Mediterranean Sea: 50 = 0.25 x S
— 8.2 (Pierre, 1999).

4. Results
4.1. The C37;4[%] and the C37/C38 ratio

A suite of LCA with carbon numbers ranging from 37 to 39 was
identified in the studied sections (supplementary Table S2). Whereas C3g
was found in low concentrations, C37 and Csg are more abundant, but in
varying proportions (supplementary Table S2; Fig. S4). Similarly, also
the C37 group of isomers shows significant variation (see supplementary
Table S2 and Fig. S5). Only in three samples (MC2.1, MC2.3, ST10.7),
LCA were not found and the Cz7.4[%] and the C37/Csg ratio were not
calculated.

In the Maccarone section (Fig. 3), the C37.4[%] index is continuously
decreasing from the lowermost sample (15.2%) to the col2 (0.4%)
(Fig. 3A).

The overall decreasing trend is interrupted in the DL2 above col3,
where C37.4[%] is increasing to 13.3%. After this single peak, the values
are generally below 5.0% in both the uppermost Messinian and Zanclean
sediments, except for one sample just above the Miocene-Pliocene
boundary (Fig. 3A). In contrast, the C3;/Csg ratio (Fig. 3B) oscillates
between 0.5 and 1.7, without any trend.

In the Stirone section (Fig. 4), the Cs7.4[%] index is constant with
values around 2.0% in the Messinian interval until the DL3, where the
value increases up to 6.9%. Above the DL3, in the Zanclean sediments,
values dropped to <0.5% (Fig. 4A). The variation of the C37/Csg ratio is
close to 1 both in the Messinian and Zanclean intervals, except for two
levels just below and within the DL3, where values close to 3 are
observed (Fig, 4B).

In the Pollenzo section (Fig. 5) the C37.4[%] index of the Messinian
interval is always >5.0% and increases from bottom to midpoint to a
maximum value of 23.4% at 200 cm; above the DL3, in the Zanclean
interval, the C37.4[%] decreases to values <1% (Fig. 5A). The C37/Csg
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ratio in the Messinian interval is characterized by values >1 (Fig. 5B),
with two peaks at the bottom of the section (2.0%) and within the DL3
(1.9%); in the Zanclean interval the C3;/Csg values are constantly <1
(Fig. 5B).

4.2. Micropaleontology

4.2.1. Foraminifera

In the Messinian sediments, common foraminifera are exclusively
observed at Maccarone section (supplementary Table S1) where they
present lower abundances compared to the Zanclean interval. Addi-
tionally, the scarce foraminifera of the Lago-Mare interval consist of a
mixture of long-ranging taxa (e.g., Globigerina bulloides, Orbulina uni-
versa, Globigerinoides obliquus and Globigerinoides extremus) and
reworked species from the Early Miocene (Paragloborotalia mayeri,
P. semivera, P. acrostoma, P. pseudokugleri and Catapsydrax dissimilis).
Among the long-ranging taxa, O. universa and G. obliquus are quite rare
and only occur in a few levels (at 460 and 1020 cm and 460, 800, 950
and 1020 cm, respectively). SEM observations allow the recognition of
well-preserved and pristine microcrystalline calcite of the wall of both
reworked and long-ranging taxa. In the Stirone and Pollenzo sections
only small-sized and uncommon globigerinids, often fragmented, oc-
curs. In contrast to the Messinian sediments, foraminifera in the Zan-
clean sediments are present in all sections with a well (Stirone and
Pollenzo) to moderate (Maccarone) preservation. In Pollenzo and Mac-
carone, the typical Early Zanclean bioevents (Lirer et al., 2019) were
recorded, including two coiling shifts of left-coiled Neogloboquadrina
acostaensis (Maccarone 1st at 1045 cm and 2nd at 1095 cm, Pollenzo 14
at 430 cm and 2nd at 500 cm), the re-appearance of the benthic fora-
minifera Siphonina reticulata (Maccarone at 1275 cm) and the acme of
Sphaeroidinellopsis spp. (Maccarone at 1095 cm). Globorotalia margaritae
was only observed in the Stirone section from 5 cm above the DL3.

4.2.2. Ostracods

In the Maccarone section, fragmented and prevalently adult dis-
articulated valves of the typical Lago-Mare ostracod assemblage (see
Grossi et al., 2008) were observed in the Messinian sediments (supple-
mentary Table S1). Only sparse adult valves of Cyprideis were instead
observed in some Zanclean samples (at 1045, 1135, 1275, 1355 and
1395 cm). In Stirone and Pollenzo, the ostracod assemblages of the Lago-
Mare intervals are similar to those of the Maccarone section, but in both
sections, juvenile and adult valves coevally occur. Marine ostracods
(Agrenocythere spp.) were common in the Zanclean sediments only in the
Stirone section (at 1430, 1460, 1480 and 1560 cm). As for foraminifera,
SEM observations indicate that the calcitic ostracod valves were well
preserved (supplementary Table S1).

4.2.3. Calcareous nannofossils

Calcareous nannofossils (CN) were found in both Zanclean and
Messinian sediments, with an overall lower abundance in the latter in-
terval (supplementary Table S1). Reworked taxa, such as Cyclicartolithus
spp. (Eocene to Middle Miocene), are quite common in the Messinian
sediments and decrease with sedimentation rates, above the col3 in the
Maccarone section and the MZB in all the sections (supplementary
Table S1). SEM observations indicate that the preservation of CN is
generally good and does not vary significantly across the MZB; coccos-
pherae are observed in both Messinian and Zanclean sediments, and
Reticulofenestra gr. are commonly present in all the samples representing
the most abundant taxon among the CN assemblage (supplementary
Table S1).

In the Messinian interval of the Maccarone and Pollenzo sections,
Reticulofenestra minuta is more frequently observed than other larger
taxa, such as R. hagii and R. antarctica that are more common during the
Zanclean. Coccolitus pelagicus, Sphaenolitus spp. and H. carteri were also
observed in the samples, with no obvious relation with the stratigraphy
(supplementary Table S1). SEM and optical microscope observations
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suggest that above col3, the CN assemblage is more diversified than
below (supplementary Table S1).

4.3. Uy based SST

Based on the UY; values described in supplementary Table S2 we
calculated the corresponding SST using the calibration by Conte et al.
(2006). In Maccarone, the SSTs values (Fig. 3C) are higher than 20 °C in
the lowermost sample, just below the DL1. After a slight decrease to
16 °C at 460 cm, the SSTs increase again up to col3, reaching the highest
values of the record (28 °C). After that, the lowest value (14 °C) is
recognized between DL2 and DL3, which preludes a second increase up
to the DL3 (20 °C), followed frequent and large variations between 18.0
and 25.5 °C in the lowermost Zanclean interval. For the rest of the
Zanclean, the fluctuations range between 15.0 and 21.2 °C and occur at
a lower frequency, in an interval characterized by lower sample
resolution.

At Stirone (Fig. 4C), Messinian SSTs decrease from 24.8 to 7 °C just
below the DL3. The DL3 displays increasing temperatures above 20 °C,
which persisted also in the Zanclean at around 25 °C.

In the Pollenzo section, the SST values (Fig. 5C) of the Messinian
interval increase from 9.3 °C to 11.9 °C just below the MZB; then, the
SST rapidly increases to 24.4 °C in the DL3. Similar values typify the
Zanclean interval (22.6 to 25.8 °C), showing no relevant fluctuations.

4.4. Calcareous microfossil 5'%0 and SSS estimates

The 580 values of planktonic foraminifera of the Maccarone section
(Fig. 3D) are —1.2 to —0.2%0 for O. universa, —1.2 to —0.4%o for
G. obliquus and — 1.3 to —0.4 %o for G. extremus. The most negative
values were measured for the Globigerinoides specimens in the interval
between the col3 layer and the DL3 of the Maccarone section (Fig. 3D;
supplementary Table S2). Similar values were also recorded in the
topmost Zanclean sample for the three species. Values measured in
O. universa are mostly from Zanclean sediments and display higher
variability than those of the two Globigerinoides species. Ostracods,
which are represented by Cyprideis (Messinian and Zanclean intervals)
and L. djafarovi (only Messinian), show values that range from —1.9 to
+0.4%0 and from —2.1 to —1.1%o, respectively (Fig. 3D). Cyprideis
valves show light values very similar to those of L. djafarovi in the
Messinian interval and values close to zero in the Zanclean interval, with
a marked shift towards more positive values across the MZB.

In the Stirone section, no foraminifera were found in the Messinian
interval (Fig. 4D, supplementary Table $2), and 5'80 data were obtained
only for the Zanclean interval. The !0 values of O. universa range from
-+0.6 to +1.0%0, whereas those of G. obliquus, are lighter, ranging from
—1.4 to +0.5%o. The 580 of Messinian Cyprideis valves increases from
—0.9%o at the bottom of the section to +1.9%o at the top of the DL3, with
a marked increase within the DL3. The 5'80 of Agrenocythere in the
Zanclean sediments decreases from +2.3%o at the top of the DL3 to
values around +1.3%o at the top of the studied interval (Fig. 4D).

In the Pollenzo section, the §'%0 record of planktonic foraminifera
(Fig. 5D, supplementary Table S2) is limited to the Zanclean interval,
with values ranging between —1.0 and + 0.7%o for O. universa and be-
tween —1.6 and — 0.6%o for G. obliquus. Among the values measured on
ostracods, Cyprideis have a negative %0 value of —0.4%o in the Mes-
sinian sample FFS4 (300 cm); then, in the Zanclean deposits the two
datapoints have a positive (+0.9%o) and a negative (—1.0%o) value as
measured on fragmented Cyprideis valves.

When combining the SSTs and the §'%0 of foraminifera, the recon-
structed SSS values show that at the Maccarone section, the Zanclean
SSS varies from 32.4 PSU to 37.4 PSU, with an average of 34.3 PSU
(Fig. 3E), while in the Pollenzo section the Pliocene SSS ranges from
34.8 PSU to 35.9 PSU, with an average of 35.8 PSU (Fig. 5E). In the
Stirone section, salinity values into the Pliocene range between 36.3 and
41.0 PSU (Fig. 4E).
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For the Messinian interval, SSS was only calculated for four samples
of the Maccarone section using both O. universa and G. obliquus and SSS
ranges from 32.8 PSU to 36.2 PSU (Fig. 3E).

5. Discussion
5.1. Paleoenvironmental reconstruction based on long-chain alkenones

In all the studied sections, the Zanclean sediments are characterized
by very low C37/Csg ratios and Csy.4[%] (Fig. 6A), which are typical for
LCA of Group III (Longo et al., 2016). Group III is represented by the
coccolithophorids E. huxleyi or G. oceanica (Fig. 6A), thriving in modern
marine environment. In fact, in modern seas, these species are charac-
terized by Cgz;/Csg values <3 and Cs37.4[%] ranging from 0 to 9%
(increasing with decreasing temperature; Chu et al., 2005; Wang et al.,
2015). Interestingly, the common occurrence of the coccolithophorid
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Reticulofenestra gr. in the lowermost Zanclean sediments, which is
considered as an ancient representative of E. huxleyi (Beltran et al.,
2011; Athanasiou et al., 2017) (supplementary Table S1; Note S3) sup-
ports the marine origin of the LCA in the Zanclean. The Zanclean marine
LCA signature is further confirmed by the presence of a diversified
assemblage of calcareous planktonic and benthic microfossils, indicating
an open marine paleoenvironment (Iaccarino and Papani, 1979; Gennari
et al., 2008; Bulian et al., 2022), in agreement with other observations
from this time interval in the Mediterranean (Spezzaferri et al., 1998;
Iaccarino et al., 1999; Di Stefano and Sturiale, 2010; Vasiliev et al.,
2017; Bulian et al., 2022).

In contrast, the values of the Messinian LCA-proxies are more scat-
tered (Fig. 6A) and form distinct clusters for each studied section. In
Maccarone, the C37/Csg values (1.5-0.5) are low, but the variation of the
C37.4[%] is larger (0.4-15%), with values higher than that expect for
marine LCA signature, especially in the lower part of the section (up to
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Fig. 6. (A) Cross plot of the long chain alkenone (LCA) C37/C38 ratio versus LCA C37:4[%]. Rectangles border the typical ranges of Group II (C. lamellosa) and IIT
(marine) LCA producers (Chu et al., 2005; Wang et al., 2015), and of G. oceanica (Chu et al., 2005; Wang et al., 2015). The green area encloses part of the ranges of
LCA producers of the Baltic Sea (Chu et al., 2005; Wang et al., 2015); (B) Cross plots with the linear correlation between U’§7 and UK’3; (Uk’37/ U’§7 ratio). p is the
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DL2; Fig. 6A). Such a LCA distribution (low C37/C3g and high C37.4[%])
has no known modern analogue. Whereas low Cs3;/Csg values are also
characteristic of hypersaline lakes, the higher C37.4[%] values (up to
15%;) are rather in line with brackish or freshwater environments (Chu
et al,, 2005 and references therein). Considering that marine and
brackish LCA may have the same Cs7/Csg ratios, this signature can
potentially derive from a mixture of an (unknown) Messinian analogue
of the brackish haptophyte C. lamellosa, responsible for the increase of
C37:4[%] in relatively warm surface waters, and of marine producers,
with lower Cgy7.4[%]. The relatively low correlation coefficient and sig-
nificance (R? = 0.67,p = 0.194; Fig. 6B) between the U’§7 and U’§7 in this
interval supports the presence of a weak correlation due to the mixing of
different contributors to the overall LCA pool.

In great contrast, from the base of col3 up to the DL3, the Messinian
LCA signature is indistinguishable from that of the marine Zanclean
sediments, and the correlation coefficient of the U1§7 /U’§7 ratio is
consistently higher (Fig. 6B; R? = 0.83, p = 0.002) in Messinian and R?
= 0.96, p < 0.001 in the Zanclean). This possibly suggests that in the
Maccarone section, the latest Messinian LCA were progressively sourced
by marine coccolithophorids of Group III.

The Messinian Stirone samples are clustered in the field of the
modern marine Group III (Fig. 6A) with a rather constant source of LCA,
as suggested by the high correlation coefficient between U%; and US, (R?
> 0.99, p < 0.01; Fig. 6B). However, the co-occurrence of Group II
brackish producers in some of the layers (from 8.35 m to 12.65 m and at
the MZB) is possible, as displayed by the C37/Csg values >1.6 (Fig. 6A).

Finally, the Messinian Pollenzo samples are typified by relatively
high Cs7.4 [%] and C37/Csg values, which closely reflect the C. lamellosa
(Group II) signature, indicative of coastal marine environments and
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brackish waters (Chu et al., 2005; Wang et al., 2015; Huang et al., 2021),
and by a high U’§7/U’§7 correlation coefficient (R > 0.99, p < 0.001)
pointing to a uniform source of LCA.

5.2. Orbital forcing on SST fluctuations and age model

The abundant presence of marine LCA in most of the Lago-Mare and
Zanclean sediments of the studied sections allowed the reconstruction of
SST using the calibration of the degree of unsaturation state of LCA (U’§7)
of Conte et al. (2006). For the Messinian sediments, abundant LCA
sourced from Group II (possibly representing an analogue of
C. lamellosa) are likely responsible for the very cold SST values recorded
in the Pollenzo section. Such a bias possibly reflects the different cor-
relation of the degree of LCA unsaturation with temperature for Group II
and Group III (Wang et al., 2015). Anyway, the general trend of SST
values is similar between the three sections and mirrors the insolation
trend (Fig. 7), without significant differences between environments
characterized by predominantly marine (Maccarone) or brackish (Pol-
lenzo) LCA. In the Messinian interval, the pattern of these fluctuations
implies that relatively warmer SSTs are achieved in or close to the col3
layers and at the MZB; in the Maccarone section only, another interval of
relatively warm SSTs occurs close to the DL2, just above the col2 (both
not sampled in our section; see Figs. 1B; 3). This is of interest since the
Colombaccio layers and the MZB were previously tuned to consecutive
65°N summer insolation maxima at 5.37 Ma (col2), 5.35 Ma (col3) and
5.33 Ma (MZB), applying cyclostratigraphy, physical stratigraphy
(Roveri et al., 2006; Roveri et al., 2008a) and biomagnetostratigraphy
(Van Couvering et al., 2000; Gennari et al., 2008).

The tight correspondence between 65° N insolation maxima and
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warm SSTs strongly suggests that the insolation is the driver of tem-
perature increase in the Messinian interval. Accordingly, the lower SST
values derived for the intervals in-between the col2 to col3 and col3 to
DL3 intervals most likely record two successive insolation minima.
Among these two insolation minima, the relatively cooler value corre-
sponds to the glacial isotopic stage TG6.2, dated at ca. 5.34 Ma (Van der
Laan et al., 2006).

Biomagnetostratigraphic data (Gennari et al., 2008) allowed a
straightforward correlation of the lowermost Zanclean interval in all
three studied sections, reinforcing the assumption that the Zanclean
SSTs in the Mediterranean Basin were also strongly forced by insolation.
The LCA-based orbital pattern obtained here was not documented in the
Eraclea Minoa section (Herbert et al., 2016), located at more southern
latitudes, although insolation-related lithological cycles occur also
there. In our study, Northern Mediterranean SSTs of insolation minima
are on average 3 to 7 °C lower than those calculated by Herbert et al.
(2016) for the Eraclea Minoa site. For insolation maxima, SSTs of both
northern and southern sites are comparable. The strong SSTs difference
during insolation minima suggests a stronger latitudinal gradient during
insolation maxima, similarly to the increased SST gradient between mid
and low-latitude oceans during the Last Glacial Maximum (Trend-Staid
and Prell, 2002). Due to a lower sample resolution in the upper part of
Maccarone with respect to the corresponding interval of Eraclea Minoa,
the comparison between SSTs at insolation minima and maxima be-
tween 5.308 and 5.178 Ma is not possible. Overall, the integration of SST
reconstructions with biostratigraphic data for the Zanclean (Van Cou-
vering et al., 2000; Iaccarino and Papani, 1979; Gennari et al., 2008) and
the post-evaporitic Messinian supports the correlation of the studied
sections with the insolation curve (Fig. 7) (Roveri et al., 2008a).

In summary, the Maccarone section includes the oldest studied sed-
iments dated at ca. 5.37 Ma (the age of col2), which corresponds to a
period of relatively high SSTs.

The col3 layer (and associated warms SST) is recorded in the Mac-
carone section and at the base of the Stirone section and is dated at ca.
5.35 Ma. The Messinian portion of the Pollenzo section is dated and
correlated to the other two sections by means of the low SST corre-
sponding to the prominent isotopic glacial stage (TG 6.2; 5.34 Ma) and
the warm MZB. The age model and the correlation of the three sections
allow the comparison of the sedimentation rates, which change from
higher to lower values at the MZB in the Stirone (Fig. 4F) and Pollenzo
(Fig. 5F) sections. In the Maccarone section, a similar change is observed
instead just above the col3 layer (Fig. 3F).

5.3. Marine microfossils in the Lago-Mare sediments of the Northern
Mediterranean: reworked or not?

The debate about the prevailing paleoenvironmental conditions
during the Lago-Mare phase in the Mediterranean is still ongoing (see
Andreetto et al., 2021). In the northern Mediterranean, the Lago-Mare
deposits were originally attributed to relatively shallow (few tens of
meters deep) fresh to brackish water environments, mostly based on the
shallow-water ostracod assemblages (e.g., Grossi et al., 2008).

Marine microfossils (foraminifera, calcareous nannofossils and
dinocysts) were recognized in the Mediterranean Lago-Mare sediments,
including those of the Maccarone and Stirone sections, but they were
considered as reworked (laccarino and Papani, 1979; Roveri et al.,
2008c; Grossi et al., 2008; Stoica et al., 2018; Grothe et al., 2018). The
reworking was proposed because of the presence and abundance of
extinct species of pre-Lago-Mare ages, the varying preservation and,
regarding foraminifera, the small size and sorting (Grossi et al., 2008;
Grossi and Gennari, 2008; Roveri et al., 2008a; Andreetto et al., 2022a).
However, allegedly in-situ marine calcareous nannofossils (the source of
Group III LCA) were observed in the Lago-Mare sediments in Maccarone
(Popescu et al., 2017), and Pollenzo (Andreetto et al., 2022a), suggest-
ing that this marine group inhabited, at least temporarily, this part of the
Mediterranean well before the base of the Zanclean.
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Indeed, our LCA data indicate that, sporadically, coccolithophorids
inhabited the Lago-Mare environment(s) of the Northern Mediterranean
at least since 5.37 Ma at Maccarone, and more consistently from 5.35 Ma
at Stirone, as well. Such inference agrees with SEM observations (Sup-
plementary Note S3), showing the common presence of intact cocco-
spheres already in the Lago-Mare sediments of the Maccarone and
Stirone sections, beginning from above the col3 layers (5.35 Ma). This
challenges the freshwater to oligohaline salinities reconstructed for this
specific Lago-Mare interval (Grossi et al., 2008; Pellen et al., 2017),
based on ostracods. Specimens of this group indeed display a well-
preserved wall structure in both sections, but the valves are mostly
broken, and juvenile specimens are absent (see also Mancini et al.,
2023), suggesting downslope transport from more marginal settings.

In contrast, intact valves and the presence of juvenile specimens in
the Pollenzo section suggest that Lago-Mare ostracods are in situ
(Andreetto et al., 2022a), which points to a shallow and oligohaline
paleoenvironment in line with the dominance of Group II LCA (C.
lamellose-type). However, both SEM observations and the LCA signature
of the sediments indicate that coccolithophorids were also present in the
northernmost Pollenzo location, although in smaller proportion than in
the southern Stirone and Maccarone sites (see also Andreetto et al.,
2022a). The widespread record of coccolithophorids in the three sec-
tions under different paleoenvironmental conditions can also be attrib-
uted to their adaptability to brackish conditions, as found in the modern
Black Sea (salinity 16-19 PSU; Giunta et al., 2007) and the marginal
Adriatic Sea (16.9-35.3 PSU; Skejic et al., 2021). In particular, in the
Pollenzo section the uppermost Messinian sediments are typified by
diverse Paratethyan ostracods, mixed with calcareous nannofossils and
dinocysts adapted to brackish environments (Andreetto et al., 2022a).
This peculiar assemblage, recorded by both body fossils and LCA, and
the 87S1/88r ratio of ostracods (Andreetto et al., 2022a) may agree with
a mixture of Mediterranean, Paratethyan and Atlantic waters, typical of
the Lago-Mare phase.

In contrast to the more versatile coccolithophorids, planktonic
foraminifera exclusively inhabit marine waters; thus, the brackish con-
ditions, which were revealed by variable amounts of LCA representa-
tives of Group II, suggest that the small-sized and fragmented specimens
of planktonic foraminifera observed in the Lago-Mare sediments of
Pollenzo and Stirone are indeed reworked. At Maccarone, the forami-
nifera assemblage includes common Early Miocene extinct taxa and the
scarcity/absence of O. universa, a common Middle Miocene to recent
species, suggests that foraminifera were reasonably reworked from Early
Miocene sediments. Only in three layers O. universa co-occurs with long-
ranging Late Miocene to Pliocene taxa (Globigerinoides obliquus) (Fig. 3).
Such an assemblage is possibly in situ and could indicate occasional
influxes of more saline waters. The SSS calculated for these levels would
indicate normal to slightly lower than normal marine salinities (in
comparison to those reconstructed for the Zanclean interval), consistent
with our paleoenvironmental reconstruction (Fig. 3; supplementary
Table S2).

5.4. The Northern Mediterranean at the end of the MSC

Changes of the LCA assemblage in the investigated sections reflect
salinity fluctuations in surface waters of the northern Mediterranean
basin from the latest Messinian (5.37 Ma) to the early Zanclean. The new
dataset and the astronomical dating of the three sections allow tracking
the temporal and spatial paleoenvironmental modifications along a SE-
NW transect, from the main Northern Apennine foredeep (Maccarone)
to the northernmost sector of the Mediterranean (Pollenzo), passing
through a marginal wedge top basin (Stirone).

In the SE area (Maccarone section), during the 5.37-5.35 Ma time
interval, surface waters were inhabited by brackish and marine LCA
producers, probably dwelling in a mesohaline environment (Fig. 8A).
Fully freshwater conditions (Grossi et al., 2008; Pellen et al., 2017) are
unlikely, due to the absence of LCA values typical of Group I (Fig. 6),
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whereas episodic influxes of marine waters are suggested by the spo-
radic occurrence of in situ planktonic foraminifera (supplementary
Table S2; Orbulina universa and Globigerinoides spp.) and marine dino-
cysts (Pellen et al., 2017).

Between 5.35 and 5.33 Ma (Fig. 8B), a shift towards marine condi-
tions (predominance of Group III LCA) is recorded in the main foredeep.
Such a shift agrees with the “quasi-marine” §'%0 signature (Bassetti
et al., 2004) of the col3 layer, compared to the more negative 5°0
values of the older col2 layers (see Bassetti et al., 2004). Planktonic
foraminifera are still sporadic and indicative of low salinity marine
waters. However, moving to the more marginal central and NW sectors,
the environment is gradually more influenced by brackish waters, as
indicated by the different LCA clustering at Stirone and by the

dominance of Group II LCA in the Pollenzo section. Another evidence of
transient marine connections into the northern Mediterranean basin
during the Lago-Mare phase is the presence of in-situ marine fish re-
mains and otoliths (Carnevale et al., 2006, 2008, 2018, 2019;
Schwarzhans et al., 2020). This supposedly well-connected basin was
still influenced by a strong regional salinity gradient from SE to NW in
surface waters. Normal marine salinity was reached in the main Apen-
nine foredeep (Maccarone section), which represented a more open
setting, less influenced by runoff and closer to the marine water body
source, possibly located to the south of the recently identified Pelagosa
Gargano sill (Pellen et al., 2017). In contrast, brackish conditions still
characterized the northern domain (Stirone and Pollenzo sections)
which was far away from the sill and more affected by the influx of



F. Pilade et al.

freshwater from rivers (Fig. 8B). This lateral transition towards more
brackish environments is also indicated by the negative 5'%0 values of
shallow water ostracods in all the sections during the 5.35-5.33 Ma in-
terval (Figs. 3D, 4D, 5D). Noteworthy, only in the Stirone and Pollenzo
sections these ostracods are in situ, whereas in the distal Maccarone
section they were transported and are thus representative of more
coastal waters.

In summary, the use of LCA as a paleoenvironmental proxy suggests
that the demise of the MSC in the northern Mediterranean basin was
caused by the gradual and probably stepwise replacement of brackish
water by marine water from the southern and distal setting (as early as
5.37 Ma) to the northern and more marginal ones (since 5.35 Ma). A
salinity gradient was most likely present until 5.33 Ma; later on, marine
conditions were re-established in all the basins (Fig. 8C). At that time, a
positive excursion (41%o) of the 5'80 values of the ostracods is indica-
tive of increasing salinity also in the more marginal portions of the basin;
since SST data indicate a warming across the MZB, the role of temper-
ature on such isotopic excursion is unlikely (Figs. 3, 4, 5). This recon-
struction agrees with the backstepping architecture of the post-
evaporitic succession of the proto-Adriatic basin (Roveri et al., 2014a,
2014b, 2014c, 2008a), which suggests a stepwise base level rise possibly
starting as early as 5.42 Ma (Roveri et al., 2008a). Similar conclusions
were drawn by Marzocchi et al. (2016), who suggested a one-way
stepwise refilling of the Mediterranean with the Atlantic, explaining
the presence of both marine and freshwater fossils after the acme of the
MSC. The gradual refilling of the basin is hardly reconcilable with a
scenario involving the sudden, catastrophic flooding of the Mediterra-
nean at the end of the MSC (Garcia-Castellanos et al., 2009; Micallef
et al., 2018; Amarathunga et al., 2022; Camerlenghi, 2022).

The gradual one-way influx of Atlantic waters into the Mediterra-
nean would have been able to: 1) allow the proliferation of Group III LCA
producers and sporadic foraminifera under conditions that were slightly
less salty than normal marine; 2) weaken the low saline lid responsible
for the stratification of the Mediterranean water column during the
Lago-Mare phase (Marzocchi et al., 2016). The weakening of the strat-
ification and its final disruption was induced by the re-establishment of a
two-way connection (anti-estuarine circulation) with the Atlantic,
which is most likely recorded by the deposition of the dark layer (DL3) at
the MZB. Starting from the base of the Zanclean, the whole Mediterra-
nean was recolonized by remarkably diverse communities of marine
stenohaline taxa, such as planktonic and benthic foraminifera.

6. Conclusions

Integration of LCA proxies (Ul§7’/ Ul§7, C37.4[%], C37/Csg ratio) with
micropaleontological data (foraminifera, ostracods, calcareous nanno-
fossils) and independent paleo-salinity estimates (coupled LCA-based
SST and 880 values of foraminifera) allowed the reconstruction of the
paleoenvironmental conditions in the Northern Mediterranean basin at
the end of the MSC and across the MZB. The presence of LCA matching
with the signature of Group III LCA in the Northern Mediterranean
suggests that this branch of the Mediterranean was already receiving
influxes from a marine water body before the end of the MSC (at least
since 5.37 Ma), most likely through the Pelagosa-Gargano sill. The basin
was characterized by strong SE-NW surface salinity gradients, with more
saline waters in the south and less saline conditions moving to the north.
SST fluctuations were likely controlled by orbital (precessional) cycles.
The proposed paleoenvironmental reconstruction agrees with a gradual,
one-way, recurring, marine influx-fed base-level rise, causing the pro-
gressive replacement of brackish with marine waters already in the
latest Messinian and culminating with the re-establishment of fully
marine conditions at the base of the Zanclean (5.33 Ma). We consider the
dark layer (DL3) just below the first marine Zanclean sediments, as the
level where the two-way connection with the Atlantic was established,
leading to the complete turnover of the Mediterranean water column.
Finally, we stress that LCA-based proxies are an excellent tool for
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paleoenvironmental reconstructions from sediments characterized by an
ambiguous body fossil record, such as those deposited in the Mediter-
ranean during the latest phase of the MSC (Lago-Mare event).
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