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ARTICLE INFO ABSTRACT

Editor: Dr. Fabienne Marret-Davies The ongoing debate on the causes and modalities of the Messinian Salinity Crisis (MSC) from 5.971 Ma needs to
be implemented by an in-depth knowledge of the events and changes, on a global to regional scale, that have

Keywords: preceded its onset. Here we use palynological (pollen and dinocysts) and micropaleontological (foraminifers and

Pollen

calcareous nannoplankton) quantitative analyses from the Govone sedimentary succession (Northern Italy,
western Mediterranean) to reconstruct the cyclical changes in atmosphere, surface, and deep-water hydrographic
Paleoclimate conditions during the Late Miocene, prior to the onset of the MSC (from ca 6.6 Ma) and across it (up to 5.96 Ma).
Late Miocene On land, plant communities were dominated by arboreal life forms typical of warm and humid conditions.
Piedmont basin However, mid- to high altitude coniferous taxa attest to a sequence of cold to cool conditions, some coinciding
with glacial obliquity-controlled phases, notably those across the MSC onset (i.e. TG34 and TG32). Dominant
trees were Taxodioideae, especially in freshwater swamps, during warm and humid phases. The latter alternate
with relatively less warm, and less humid phases characterised by the reduction of Taxodioideae, according to
the precession-controlled sedimentary cyclicity (sapropel-marl couplets). The absence of any significant
expansion in the herbaceous cover is evidence of no substantial increases in aridity at insolation minima. In the
marine realm, the precession-controlled cycles correspond to prevalent alternations between warm water,
oligotrophic (sapropel, insolation maxima) and cool water, eutrophic (marls, insolation minima) conditions. The
progressive decrease of oceanic/outer neritic dinocyst taxa, along with a more continuous occurrence of the
inner neritic ones, confirm the progressive restriction of Mediterranean and Atlantic connections, despite oceanic
influxes, the latest at 6.14 Ma and 6.05 Ma. On the other hand, the occurrence of freshwater episodes, according
to dinocysts, does not exclude possible connections with Paratethys, at 6.18 Ma and 6.07 Ma. All calcareous
nannoplankton and foraminifera apparently disappear from the sedimentary record before the onset of the MSC,
at ca 6.02 Ma; however, dinocysts allow the documentation of the history of pre-evaporitic conditions up to the
beginning of the MSC onset, when lagoons, marked by frequent salinity changes, expanded in the inner neritic
zone of the Govone intermediate depth basin, during ca 60 kyrs. Plant assemblages attest a long-lasting increase
of seasonality (from 6.2 Ma) as well as a peculiar inversion in the dominant vegetal patterns of the sapropel-marl
couplets, between ca 6.02 Ma and 5.96 Ma, corresponding to the uppermost four cycles. The significant re-
striction of the marine environment, after 6.02 Ma, possibly promoted atmospheric changes marked by reduced
vs enhanced activity of the Mediterranean storm-track in phase with precession. This, in turn, regulated the
amounts of runoff in the Northern Italian sectors from the Alps.

Organic-walled dinoflagellate cysts
Calcareous plankton

1. Introduction and noteworthy changes, within a paleogeographic context increasingly
resembling the present one. They are the Messinian Salinity Crisis (MSC,

Since the late Neogene, Mediterranean environments and ecosystems 5.97-5.33 Ma) and the expansion of Arctic ice with the Quaternary
have undergone substantial transformations, influenced by two major Glacial/Interglacial cycles onset (from about 2.6 Ma), acting at regional
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and global scale, respectively (e.g. Shackleton et al., 1984; Berger and
Loutre, 2010; Roveri et al., 2014). The late Neogene includes the ter-
minal part of the gradual trends of warming and cooling driven by
tectonic processes on time scales of 10° to 107 years, since 65 Ma
(Zachos et al., 2001). A dominant cooling trend, especially developed
after ca 13.9 Ma, marked the transition from the cool- to the icehouse,
after 3.3 Ma (Westerhold et al., 2020). Between 5.97 Ma and 5.33 Ma
tectonics also played a key role in the history of Mediterranean-Atlantic
connections (open vs closed) promoting both the onset of the MSC,
marked by the isolation of the Mediterranean basin and the development
of hyper-saline conditions, and its end, ca 640 kyr later when the
connection was re-established (e.g. Capella et al., 2019, 2020 and ref-
erences therein). Climate, superimposed on the longer-term tectonic
trend, was also active by the dominant precession controlled regional
climate changes plus a dominantly obliquity related glacial cyclicity (e.
g. Hilgen and Krijgsman, 1999; Krijgsman et al., 2001; Sierro et al.,
2001).

Broad-leaved evergreen-warm mixed forest and xerophytic woods-
scrub/warm grass-shrub biomes largely characterised the northern
and southern late Neogene Mediterranean terrestrial landscapes,
respectively (e.g. Fauquette et al., 1999, 2006; Bertini, 2006; Jiménez-
Moreno et al., 2010; Jiménez-Moreno et al., 2013). Mediterranean-type
taxa, already present since the Paleocene, were sporadic at that time,
increasing in importance solely during the last several thousand years of
the Quaternary, as documented by pollen records (e.g. Combourieu-
Nebout et al., 2015; Bertini and Combourieu-Nebout, 2023). Nowadays
the Mediterranean vegetation is, on the contrary, largely expanded in
the Mediterranean Region (MR), especially along its littoral, under a
prevalent Mediterranean climate typified by long dry summers and
mild-wet winters. However, the increasing effects of the Global Warm-
ing are producing rising temperatures and changes in both the distri-
bution and intensity of precipitation. Recent climate models also
identify the MR as a hot spot of climate change (e.g. Giorgi, 2006; Lio-
nello et al., 2006; Lionello et al., 2012; Lionello et al., 2023; Christensen
et al., 2007; Giorgi and Lionello, 2008; Planton et al., 2012; Collins et al.,
2013; Gualdi et al., 2013; Ulbrich et al., 2013; Lionello and Scarascia,
2018, 2020; Cos et al., 2022). Namely, the MR is warming at a higher
rate than the global annual mean surface temperature, with values
particularly significant in summer and in the continental areas, north of
the basin. A significant reduction in precipitation is also expected which
is in contrast with the general increase of the hydrological cycle. In such
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a context, the consequences of a reduction of Atlantic-Mediterranean
connections, could be dramatic, nowadays. The geological records
documenting the times and modality of transition from pre-evaporitic to
evaporitic conditions as well as the parallel responses of the marine and
terrestrial ecosystems can provide insights that could help predicting the
effects of the current climate change. For this reason, it is crucial to
explain how we get to the beginning of the crisis, and what impact the
interruption of Atlantic-Mediterranean connections had on biological
communities in both marine and terrestrial realms (e.g. Bahr et al.,
2022).

The Piedmont basin (Govone site; Fig. 1) represents a key area, in the
Mediterranean, for understanding the main paleoceanographic and at-
mospheric circulation changes during this critical period of the Late
Miocene history. Here, the stratigraphically continuous transition be-
tween pre-evaporitic open marine deposits and the first evaporites at
5.97 Ma (Dela Pierre et al., 2011) is typified by a distinct lithological
cyclicity which was associated to astronomical-induced climatic varia-
tions (Gennari et al., 2020; Sabino et al., 2020). Micropaleontological
data (pollen, dinocysts, foraminifers and calcareous nannoplankton)
provide a substantial improvement of the Late Miocene geological
database and allow us to better understand the complex mechanisms
that led to the onset of the MSC.

2. Latest Neogene paleoenvironments and paleoclimate in the
Mediterranean

The Mediterranean Sea is bounded, almost entirely, by emerged
land, at least since the Tortonian. The corridor connecting the Eastern
Mediterranean Sea to the Indian ocean was already closed since the
Serravallian, in response of a global sea level fall linked to the onset of
permanent glaciation on the Antarctic continent (Bialik et al., 2019 and
references therein) and the northward migration of the African and
Arabian plates (Hiising et al., 2009). The Late Miocene tectonic activity
also induced important changes in the land mass distribution, in the
gateway areas and in the peri-Mediterranean chains (e.g. the emersion
of the Apennines and other mountain ranges such as the Betic Cordillera;
Mather et al., 2001; Artoni et al., 2004; Carminati and Doglioni, 2012;
Krijgsman et al., 2018). The connection with the Atlantic Ocean to the
West was open through the Betic and Rifian corridors up to the early
Messinian (age of the uppermost marine sediments in the Rifian area,
Capella et al.,, 2018) and later through the proto-Gibraltar strait
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Fig. 1. Location of the Govone section (Piedmont basin, Italy) and of the main sites cited in the text.
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(Krijgsman et al., 2018 and references therein). The role of eustatic
versus tectonic control as well as the main paleoceanographic events in
the Rifian Strait area, before, during and just after the MSC, were also
documented by palynological studies in the late Neogene Salé core
(Atlantic coast of northern Morocco, near Bou Regreg) (Warny and
Wrenn, 2002; Warny et al., 2003). Intermittent connections with the
Paratethys also occurred to the East (Stoica et al., 2013; Krijgsman et al.,
2020 and references therein) (Fig. 2). This important paleogeographic
reorganization was accompanied by major changes of the atmospheric
circulation during an overall cooling trend, starting from the Middle
Miocene (permanent Eastern Antarctic ice sheet, Shevenell et al., 2008;
Holbourn et al., 2013). An acceleration of the cooling trend driven by a
PCO24tm drop (Tortonian/Messinian) and the onset of (transient)
Northern Hemisphere glaciations (at ca 6.3-6.2 Ma; Herbert et al., 2016;
Holbourn et al., 2018) or earlier (Larsen et al., 1994) is also evident
during the Late Miocene (Fig. 2). Besides the similar paleogeography, it
is assumed that the Late Miocene Mediterranean circulation was similar
to the modern thermohaline pattern and that an anti-estuarine circula-
tion was established at the Atlantic gateways (e.g. Kouwenhoven and
van der Zwaan, 2006). However, hydrographic models based on the
875r/855r isotope ratio and climatic simulations suggest that, during the
Messinian, runoff from North African rivers was strongly enhanced with
respect to the modern configuration (Gladstone et al., 2007; Simon et al.,
2017), causing important alterations of the thermohaline circulation in
the Mediterranean (Fig. 2). An additional runoff source was identified in
the Chad and Eosahabi basins (Central Africa), contributing to the
relatively more positive hydrological budget at time of 65 N summer
insolation maxima, when runoff was stronger. According to climatic
simulation (Simon et al., 2017), such extra freshwater budget would
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have prevented phase-offset between sapropel formation and insolation
maxima, especially during three intervals: base and top of the Messinian
and at around 6.1-6.0 Ma, when the freshwater budget shows an
opposite phase relation with insolation (Fig. 2).

2.1. The late Tortonian-Messinian sedimentation in the Mediterranean
before the MSC onset

During the Neogene the most remarkable feature of marine Medi-
terranean sedimentary successions is the strikingly regular superimpo-
sition of lithological cycles (e.g. Hilgen and Krijgsman, 1999; Krijgsman
et al., 2004) composed of laminated shales/sapropels (hereafter termed
sapropels) and marls/carbonates, with intercalated diatomites during
the Messinian pre-evaporitic phase. These lithological cycles were
described in several sedimentary sections (Fig. 2) and their genesis and
significance discussed in many papers, especially for the interval span-
ning from the Tortonian/Messinian boundary to the MSC onset (e.g.
Hilgen et al., 1995; Hilgen and Krijgsman, 1999; Sierro et al., 2001;
Blanc-Valleron et al., 2002; Krijgsman et al., 2004; Kouwenhoven et al.,
2006; Rouchy and Caruso, 2006; Drinia et al., 2007; Manzi et al., 2007,
2011, 2016; Pellegrino et al., 2018; Natalicchio et al., 2019; Gennari
et al., 2020; Mancini et al., 2020; Sabino et al., 2020). The regular
accumulation of dark organic-rich layers (sapropels) since the Middle
Miocene is a peculiarity of the Mediterranean basin (e.g. Nijenhuis et al.,
1996); before and after the Messinian their formation is limited to pe-
riods of insolation maxima and high eccentricity (Hilgen et al., 1995,
2003; Schenau et al., 1999). Their origin is linked to the increase of
runoff at time of 65°N summer insolation maxima and the consequent
increase in productivity and stratification of the water column (Rohling
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Fig. 2. Selected Mediterranean sites and main late Tortonian-Messinian events. Calcareous Nannoplankton (CN), Eccentricity-Precession (E-P), Messinian Erosional
Surface (MES), Messinian Salinity Crisis (MSC), Northern Hemisphere (NH), Plankton/Benthos (P/B), Planktic Foraminifers (PF). Numbers represent bioevents as
labelled and described in the text (event numeration modified from Sierro et al., 2001 and Gennari et al., 2018): 7 is the bottom acme of G. nicolae; 8 is the top acme
of G. nicolae; 11 is the last regular occurrence of G. miotumida gr.; 12 is the first abundant occurrence of T. multiloba; 13 is the last regular influx of left coiled
Neogloboquadrinids; 13a is the coiling change from left to right coiled Neogloboquadrinids; 14 is the first abundant influx of right coiled Neogloboquadrinids; 15 is
the first influx of Globorotalia scitula; 16 is the influx of left coiled Neogloboquadrinids; 17 is the second influx of G. scitula; 18a is the last occurrence of T. multiloba;
19p is the last recovery of planktic foraminifera and 19b is the last recovery of benthic foraminifera; 20 is the CN MSC onset bioevent of Lozar and Negri (2019) and

Mancini et al. (2020). (Gennari et al., 2024; Krijgsman et al., 2002).
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et al., 2015). Instead, starting from 7.16 Ma (at Falconara, Figs. 1, 2) or
6.7 Ma (at Perales, Figs. 1, 2), sapropels formed also during less pro-
nounced insolation maxima, at time of eccentricity minima (Hilgen
et al., 1995). The increased regularity of sapropels formation is attrib-
uted to the restricted Mediterranean circulation originated by the tec-
tonic reorganization of the Atlantic gateways (e.g. Krijgsman et al.,
2018), which enhanced the sensitivity of the Mediterranean oceanog-
raphy to orbitally-controlled climatic changes. The quantification of the
Mediterranean freshwater budget also includes an extra African runoff
source to explain the regular sapropels formation before the MSC (Simon
et al., 2017), as stated above. The enhanced climatic sensitivity also
resulted in another distinctive feature of the Messinian cycles: the
occurrence of diatomaceous intervals. In fact, moving from maxima to
minima in insolation, diatomites formed in several Mediterranean sec-
tions (Perales, Falconara, Gavdos, among others; Figs. 1, 2) during pe-
riods of enhanced siliceous productivity and silica preservation
(Pellegrino et al., 2018 and references therein). Diatomite deposition
was favoured by increasing availability of dissolved silica from the
continent, both by means of runoff and aeolian transport during a period
of open habitats expansion (Pellegrino et al., 2018), and from a well-
mixed water column. However, in the Northern Mediterranean, di-
atomites have only a scattered, local occurrence (Pecetto di Valenza,
Piedmont basin; Pellegrino et al., 2020a, 2020b), but they are appar-
ently absent in other sections of the Piedmont basin (Pollenzo and
Govone; Dela Pierre et al., 2011, 2012; Lozar et al., 2018; Gennari et al.,
2020), in the Vena del Gesso basin (Monte del Casino and Monticino
sections; Krijgsman et al., 1999; Kouwenhoven et al., 2003) and in the
Northern Apennine foredeep (Fanantello borehole, Sapigno basin; and
Legnagnone section; Manzi et al., 2007; Gennari et al., 2013) (Figs. 1, 2).

2.2. The chronology of the main events in the marine realm

The use of stratigraphic tools to recognize the strong imprint of the
insolation on the pre-evaporitic sedimentary successions across the
Mediterranean allowed a bed-by-bed correlation among sections located
thousands of km apart (e.g. Krijgsman et al., 1999; Raffi et al., 2003;
Sierro et al., 2003; Krijgsman et al., 2004). Biostratigraphy, magneto-
stratigraphy and radiometric dating were used in support of cyclo-
stratigraphy to build the stratigraphic framework of the pre-evaporitic
Mediterranean successions and to describe the similar and synchronous
history of the progressive restriction of the Mediterranean towards the
MSC onset (Blanc-Valleron et al., 2002; Filippelli et al., 2003; Corbi
et al., 2020; Gennari et al., 2020 and references therein). Successive
steps, roughly coinciding with 400 kyr eccentricity maxima (Fig. 2;
Kouwenhoven et al., 2006) are clearly recognizable in the micropale-
ontological record and imply important changes in the paleoceanog-
raphy of the Mediterranean. Following Kouwenhoven et al. (2006),
Corbi et al. (2020) introduced a new terminology to identify the
following phases of the restriction: start, amplification, consolidation
(Fig. 2). They correspond to the “pre-conditioning phase of the MSC” of
Roveri et al. (2014). Moreover, the expression ‘“climax of the restriction”
was introduced for the last phase of the Mediterranean restriction,
which corresponds to the MSC onset at 5.97 Ma (Manzi et al., 2013). The
“start phase” (sensu Corbi et al., 2020) begins at 7.16 Ma, when
restricted marine conditions are first and widely attested by the onset of
regular sapropel accumulation in deeper succession (e.g. Metochia and
Gibliscemi/Falconara sections; Figs. 1, 2) at time of insolation maxima.
The same mechanism also caused the disappearance of oxyphilic benthic
foraminifera (BF) (Kouwenhoven et al., 2006). The oxygen depletion at
the seafloor progressively invaded the shelf region (e.g., the Sorbas
basin, Western Mediterranean; Sierro et al., 2001) where sapropels only
deposited from 6.7 Ma; however, in shallower sections, like Legnagnone
(Fig. 1; North-eastern Apennine; Gennari et al., 2013) the seafloor was
less affected by oxygen deficiency and sapropels did not form at all. At
6.7 Ma, the increasing restriction and sensitivity of the Mediterranean
resulted in an extremization of the surface water conditions. The latter
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are well documented, up to the MSC onset, by planktic foraminifera (PF)
assemblages, that are characterised by the dominance (up to 100%) of
cold-eutrophic species during insolation minima and warm-oligotrophic
species during insolation maxima (Blanc-Valleron et al., 2002; Sierro
et al., 2003). Calcareous nannofossils (CN) show similar responses, but
their assemblages are usually dominated by small and opportunistic
reticulofenestrids (Flores et al., 2005; Kouwenhoven et al., 2006; Man-
cini et al., 2020). Several other taxa indicate the establishment of
eutrophic sea surface conditions, which were variably linked to more
humid (Helicosphaera carteri) or arid (Umbilicosphaeara jafari) climate
(Flores et al., 2003; Mancini et al., 2020). Sphenolithus abies, instead,
may be present (rarely abundant) during phases of water column
stratification during warm climatic phases (insolation maxima, e.g.
Tokhni, Gennari et al., 2018). However, S. abies is only peaking at the
MSC onset (e.g. Fanantello borehole, Manzi et al., 2007; Lozar and
Negri, 2019; Figs. 1, 2), or it is regularly associated with each pre-
evaporitic sapropel (e.g. Perales and Tokhni sections, Gennari et al.,
2018; Mancini et al., 2020; Figs. 1, 2). The “amplification phase” (sensu
Corbi et al., 2020) of the restriction starts at 6.75 Ma, when several
micropaleontological changes occurred (Fig. 2). Coccolithus pelagicus,
among CN, and the deep dweller Globorotalia, among PF, were strongly
reduced just after 6.5 Ma (Blanc-Valleron et al., 2002; Sierro et al., 2003;
Kouwenhoven et al., 2006). The latter event was tentatively linked to
decreasing oceanic influence (Sierro et al., 2003). Following that, a
major turnover of the cold-eutrophic PF stock occurred, and G. bulloides
was replaced with turborotalids, a group associated to cooler sea surface
temperature and variable marine salinities in modern ocean (Kroon
et al., 1988; Schiebel and Hemleben, 2017). With the “consolidation
phase” (sensu Corbi et al., 2020), from 6.35 Ma, the seafloor of many
basins started to oscillate from strongly eutrophic to permanently anoxic
(Fig. 2), as attested by the abundance increase of benthic foraminifera
(BF) adapted to high nutrient/low oxygen levels during phase of inso-
lation minima (Sierro et al., 2003; Kouwenhoven et al., 2006; Gennari
et al., 2018), except in the Falconara section, where BF are almost absent
(Blanc-Valleron et al., 2002). During this phase, another turnover was
expressed by the increasing abundance of Orbulina universa, a morpho-
species living today in different environments (Schiebel and Hemleben,
2017), at the expense of the Globigerinoides gr., a group preferring warm
and oligotrophic conditions (Schiebel and Hemleben, 2017). This turn-
over occurred at ca 6.2 Ma, and roughly coincides with a phase of
sediment instability (slumping, deposition of conglomerates, increase in
sedimentation rate; Fig. 2) and a reduction from higher than normal to
normal sea surface water salinity documented in the Ionian basin
(Kontakiotis et al., 2022). Sedimentological and micropaleontological
studies attest a series of changes predating the MSC onset. Laminated
carbonates in the Eastern and Central Mediterranean (Zachariasse and
Lourens, 2022) and the anomalously organic rich UA34 cycle in the
Sorbas basin (Mancini et al., 2020) mark the onset of a sequence of
almost monospecific CN peaks that were grouped and labelled as the CN
MSC onset bioevents (event 20 in Fig. 2; Lozar and Negri, 2019; Mancini
et al., 2020), interpreted as the final phase of eutrophication and re-
striction of the Mediterranean before the precipitation of gypsum. The
paleoenvironmental change at the MSC onset (“climax phase” sensu
Corbf et al., 2020) is also commonly marked by the disappearance of
calcareous microfossils (Manzi et al., 2007; Gennari et al., 2013; Manzi
et al., 2013, 2018; Gennari et al., 2018; Mancini et al., 2022) or a
reduction of their size (Mancini et al., 2021; Corbi and Soria, 2016; Lirer
et al,, 2019) and the occurrence of euryhaline benthic foraminifera
(Corbi and Soria, 2016). However, since foraminifera and CN may
disappear slightly before the MSC onset (Govone section, Gennari et al.,
2020), it has been recently suggested that a taphonomic bias could be in
part responsible for their absence (Mancini et al., 2022).

2.3. Flora, vegetation, and climate on the Mediterranean borders

During the Late Miocene, the Mediterranean terrestrial landscapes
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were still dominated by subtropical to temperate vegetal formations
according to plant macroremains and palynological data (e.g. Bertini
and Martinetto, 2011); their main components (e.g. Taxodium, Glyptos-
trobus, Engelhardia, Carya, Quercus) have today a disjoint geographic
distribution (e.g. Europe, Asia and/or America). Palynological analyses
along with pollen climate quantifications (Climatic Amplitude Method/
CAM; Fauquette et al., 1998a, 1998b) contributed to the definition of
climate parameter values (T and P) and different biomes (Fauquette
et al., 1999; Fauquette et al., 2006; Bertini and Martinetto, 2008, 2011),
whose distribution attested the occurrence of distinct climatic gradients
marked by usually higher humidity in the north and increasing aridity in
the southern Mediterranean area. The floristic and vegetational docu-
mentation of the pre-evaporitic MSC interval pertains to quite sparse
Mediterranean pollen sites (e.g. Suc and Bessais, 1990; Suc et al., 1995;
Fauquette et al., 2006 and references therein; Manzi et al., 2007; Gen-
nari et al., 2013; Jiménez-Moreno et al., 2013; Bertini and Menichetti,
2015; Casas-Gallego et al., 2015; Suc et al., 2018) (Fig. 1) as summarized
below. In the south-western MR, pollen studies were carried out in North
Africa (Douiet 1 and MSD 1), eastern Spain (Venta del Moro, near
Valencia) and Italy (Capodarso); some sites under the influence of the
Atlantic regime were also studied, e.g. Bou Regreg (North Africa), Car-
mona and Montemayor-1 core, in lower Guadalquivir basin (Southern
Spain). In this southern-western area, pollen assemblages pointed out an
overall warm-xeric climate with contrasting seasons, as attested by the
dominance of xerophytes (mainly herbs) plus some tropical pollen taxa
during the time interval preceding the onset of the MSC. Herbs are, in
fact, usually abundant, especially Poaceae and Asteraceae plus some
sub-desertic taxa (e.g. Lygeum and Neurada). Among trees, Pinus is
usually abundant; taxa typical of subtropical to warm temperate climate
(e.g. Taxodioideae, Myrica, Cyrillaceae-Clethraceae, Engelhardia, Ceph-
alanthus, Pterocarya, Nyssa, Carya) are also present, but generally sub-
ordinate to the non-arboreal ones. Climate quantifications on selected
sites from this region estimated Most Likely Values (MLV) for mean
annual temperatures (TA) around 20-22 °C and mean annual precipi-
tation (PA) between 450 and 500 mm (Fauquette et al., 2006). At Can
Villela, in the La Cerdayana basin (Spain), at NE of the previous area
(Fig. 1), a riparian forest environment (Taxodioideae, Alnus, Myrica,
Cyrillaceae-Clethraceae, Engelhardia, Cephalanthus, Pterocarya, Populus,
Nyssa, Salix, etc.) with many herbs typical of local edaphic conditions (e.
g. Cyperaceae, Poaceae and Typha) was associated to a prevalent warm
and humid climate with MLV of TA and PA of 17 °C and 1150 mm,
respectively. Pre-MSC pollen records were also collected from some well
calibrated sections located on the Adriatic side of Northern Apennines
(at Legnagnone, Fanantello and Trave). In the Trave section, the pollen
record attests the dominance of subtropical to warm/temperate climates
under an overall high humidity, between 7.61 and 6.33 Ma, despite
some cooler episodes, marked by increases in meso to microthermic
forest taxa (Tsuga, Cedrus, Abies and Picea); with herbs decisively sub-
ordinate (Bertini and Menichetti, 2015). Similar vegetal assemblages
were also described at both Fanantello (Manzi et al., 2007) and Leg-
nagnone (Gennari et al., 2013). The available climate quantification
estimated, for the interval between 7.6 and 7.3 Ma, at Trave, a MLV of
17.5 °C; similar values (i.e. MLV around 17.8 °C) were obtained at
Legnagnone at ca 6.12 Ma (Fauquette et al., 2015). In the Black Sea,
pollen data from the DSDP Site 380 A attested a forested environment,
dominated by subtropical to warm temperate taxa such as Engelhardia,
Myrica, Distylium cf. sinensis, Taxodioideae, Sapotaceae, etc. Herbs,
especially steppe taxa (mainly Artemisia) show a significant increase
solely later, in the Pliocene. In this area the climate was warm and
humid at the beginning of the Messinian with MLV of TA around 17.3 °C.
PA was with a MLV around 1200-1300 mm (Fauquette et al., 2006).
Previous pollen data and their climate quantification allow the
description of the floristic and vegetal landscape as well as the climate
context associated to 3 biomes, i.e. broad-leaved evergreen-warm mixed
forest, xerophytic woods-scrub, and warm grass-shrub biomes, which
distribution permitted to trace different climatic gradients in the MR, at
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least 1.6 Ma before the MSC onset (Suc et al., 1995; Bertini, 2006;
Fauquette et al., 2006, 2007). Similar scenarios were formerly described
for the earliest Pliocene (Fauquette et al., 1999, 2006). Specifically, the
broad-leaved evergreen-warm mixed forest (TC: temperature of the
coldest month, from 5° to 15.5 °C and E/PE with E: actual evapotrans-
piration, PE: potential evapotranspiration above 65%; Prentice et al.,
1992), seems to be present in the Northern Apennines (Trave and Leg-
nagnone), La Cerdanya basin (Can Vilella), and Black Sea (DSDP Site
380 A). In all previous sites Taxodioideae forest is dominant. The other
two biomes have an exclusive occurrence in the southern Mediterranean
sites. The xerophytic woods-scrub biome is marked by TC above 5 °C and
E/PE between 28 and 65%, and it is characterised by the dominance of
tall xerophytic plants. The warm grass-shrub biome is typical of an open
xeric environment and characterised climates with the temperature of
the warmest month (TW) higher than 22 °C and a very low value of E/PE
(between 18 and 28%). As a note for comparison, it is interesting to
observe that the climate quantification of pollen records, for the interval
between about 7.6 Ma and 5.9 Ma, estimated mean annual temperatures
higher than today in the MR (Fauquette et al., 2006, 2007; Jiménez-
Moreno et al., 2010).

3. Material and methods

Studies on pollen, dinocysts and calcareous nannoplankton have
been carried out in the Messinian pre-evaporitic portion of the Govone
section (Piedmont basin). They implemented former chronostrati-
graphical and biostratigraphical results focused on foraminifer data and
allowed a comparison between the temporal variations of Earth's orbital
parameters by using a cyclostratigraphic approach (Gennari et al., 2020
and references therein). The present investigations, performed on the
same samples and including both terrestrial (pollen) and marine
(dinocysts, foraminifera and calcareous nannoplankton) proxies,
allowed direct land-sea correlations, and further insights into the main
paleoenvironmental and paleoclimatic changes.

3.1. Site and materials

The Govone sedimentary section (44°48'08'N 8°07'34'E; Fig. 1)
outcrops along the Tanaro River on the southern margin of the Piedmont
basin, in its more distal exposed portion (Dela Pierre et al., 2011). It
includes outer shelf to slope lower Messinian pre-evaporitic deposits
(Sant'Agata Fossili Marls, SAF) formed between ca 6.6 Ma and 5.97 Ma
(Gennari et al., 2020; Fig. 2), as well as the entire MSC sedimentary
succession. The latter consists of primary gypsum deposits alternated
with sapropels (Primary Lower Gypsum unit, Fig. 3a), clastic gypsum,
slumped mudstones, and chaotic deposits (Valle Versa chaotic complex,
Fig. 3b) and continental to lacustrine terrigenous sediments (Cassano
Spinola Conglomerates) (Dela Pierre et al., 2016; Gennari et al., 2020;
Sabino et al., 2020). The studied interval includes 31 lithological cycles
in the SAF (GmO1 to Gm31), composed of couplets of brownish lami-
nated sapropels and light grey massive marls (Gennari et al., 2020).
Cycles are from <1 m up to 2 m thick (Fig. 3c), with a stacking pattern
expressed by an alternation or cluster of thinner (0-15 m interval) and
thicker (15-20 m interval) cycles (Fig. 2). A slump scar occurs at ca 27 m
from the base of the section, marked by a 60 kyr sedimentary hiatus
(Gennari et al., 2020). The onset of the MSC is placed, in the Govone
section, at the base of the marls of cycle Gm30 according to Gennari
et al. (2020) and Sabino et al. (2020) (Fig. 3d).

A minimum of 300 g of sediment was collected for each sample. At
least one sample for each lithology (sapropel/marl) has been taken to
document all semi-couplets. The current number of palynological sam-
ples (68) is lower than the micropaleontological ones (110); this delib-
erate decision was made to balance preparation time and associated
costs while still achieving a total number that ensures adequate reso-
lution. Quantitative analyses on foraminifera were already carried out
(Gennari et al.,, 2020). New quantitative data concern calcareous
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Fig. 3. Details of the sedimentary succession exposed at Govone (modified from Gennari et al., 2020). a) gypsum layer (Primary Lower Gypsum unit) consisting of
flattened cones growing in a matrix of gypsiferous mudstones (see Natalicchio et al., 2021); b) the passage (white line) from the Primary Lower Gypsum unit (PLG) to
the Valle Versa Chaotic complex (VVC); ¢) Lithological cycles in the Sant'Agata Fossili Marls (outlined by white dotted lines), consisting of laminated sapropel (Sa) /
marls (Ma) couplets; d) the onset of the Messinian salinity crisis (MSC) at the base of marls of cycle Gm30.

nannoplankton and among palynomorphs, pollen and dinocysts
(organic-walled resting cysts of planktonic dinoflagellates).

3.2. Calcareous nannoplankton

For calcareous nannoplankton analyses 110 sub-samples were pre-
pared and investigated. Standard techniques for smear slide preparation
allowed to retain the original composition of the sediments (Bown and
Young, 1998). Observations at 1250 magnification were performed
under cross-polarized light microscope, counting at least 500 specimens
per slide, in order to assess the relative abundance of each taxon vs the
total abundance.

3.3. Palynology

In total, 68 palynological sub-samples from SAF were analysed for
their pollen and dinocysts content. From each sub-sample, 15 to 4.4 g
were used for palynological analyses. The chemical-physical processing
included treatment with HCl (10%) and HF (40%), (NaPOs)e, ZnCl,
separation (solution density ca 2.0), sieving through a 10 pm mesh, and
slides preparation using glycerol. Tablets containing an aliquot number
of exotic spores (Lycopodium) were added to each sample, at the
beginning of the preparation, to estimate the palynomorphs concen-
tration. Residues were mounted in mobile slides, which were examined
by transmitted-light optical microscope. Taxonomic identification con-
forms to reference collections and iconographic literature. For pollen
identification, we referred to several publications (e.g. Martinetto et al.,
2022; Niccolini et al., 2022), including pollen monographs (e.g. Pollen

et Spores, Review of Palaeobotany and Palynology, Pollen et Spores
d'Europe et d'Afrique du Nord by Reille, 1992). Additionally, we utilised
the pollen reference collection at the Department of Earth Sciences at the
University of Firenze. The results of pollen analysis are presented as: i.
total pollen concentrations as well as ii. semi-detailed percentage dia-
gram including most of the single pollen taxa and iii. summary per-
centage diagram, both plotted against depth; the summary percentage
diagram includes nine different informal pollen groups based on the
ecological and climate requirements of the corresponding modern taxa
(Table 1). Data on dinocysts are presented as: i. total dinocysts con-
centration, ii. semi-detailed and iii. summary percentage diagrams. The
Spiniferites mirabilis group includes S. mirabilis and S. hyperacanthus; the
Impagidinium group includes I strialatum, I. aculeatum, I. patulum, and
L velorum. The most significant taxa or group of taxa have been also
plotted. The occurrence of organic matter, Pteridophyta, microcharcoal
and other Non-Pollen Palynomorphs - NPPs (Foraminiferal organic lin-
ings, Pediastrum, Tasmanaceae, Pterospermella) is specified on the left of
the summary pollen diagram.

4. Results
4.1. Calcareous nannoplankton

The calcareous nannoplankton assemblage (Fig. 4) is dominated by
the genus Reticulofenestra, either as R. minuta (a small reticulofenestrid
<3 pm in size, which shows up to 80% of the assemblage in the sapropel
of cycles Gm04-05, Gm09-10, Gm15, Gm21, and Gm27), or R. haqii (a
larger reticulofenestrid in the range of >3 and < 5 pm, reaching
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Table 1
Pollen groupings.

Global and Planetary Change 233 (2024) 104362

GROUPS

FLORAL
ELEMENTS

MODERN CLIMATIC AND
ECOLOGICAL SIGNIFICANCE

SELECTED
POLLEN GRAINS

Subtropical humid

Arecaceae, Clethraceae, Cyrillaceae,
Engelhardia, Myrica, Nyssa, Rhoiptelea,

Subtropical humid forest taxa: mega-mesothermic trees
living under a climatic regime with a small range of

;

Zelkova...

humid subtropical climates).

forest taxa Sapotaceae, Sciadopitys, temperature and abundant and well distributed rainfall
Sequoia, Taxodium/Glyptostrobus-type throughout the year, typical of humid subtrqplical climate. Engelhardia
(main component)... Swamp taxa mainly belong to Taxodioideae. Rhoiptelea 20 pm
) Mesothermic trees living under a climatic regime with
Temperate Acer, Buxus, Carpinus, Carya, Castanea, | adequate precipitation in all months; they withstand a strong
broad-leaved Cellis, Fraxinus, Juglans, Liquidambar, | annual temperature cycle with a cold winter season and a
deciduous forest taxa | Parotia, Pterocarya, Tilia, Quercus, Ulmus, warm summer season (Warmer continental and

Sclerophyll forest taxa

Olea, Phillyrea, Pistacia,
Quercus ilex-type, ...

Xerophilous hard-leaved trees and shrubs, which are
typical of regions with a wet winter and dry summer
(Mediterranean climate).

determinated below the genus level.

Cathaya + Single components Cathaya is a mesothermic gymnosperm now restricted

Pinus haploxylon-type in the humid, warm-temperate to subtropical areas of China

Pinus diploxylon-type + Pinus diploxylon-type includes numerous species with

Pinaceae saccate Single components different ecologic and climatic requirements, (
undeterminable due to the difficulty of its pollen grains to be ﬁ

Pinus diploxylon-type

¢
Pinaceae saccate undeterminable 20 Um

Tsuga + Cedrus

Single components

Mesothermic and meso-microthermic gymnosperms
(mid-altitude elements) which demand humidity.

Cedrus

£ T ;:anédgnsis-type
Tsuga diversifolia-type _20pm

Abies, Picea,
Fagus, and Betula

Single components

Microthermic needleleaf, coniferous trees (Abies and Picea),
they are the dominant plants of the boreal forest,
corresponding to subarctic and cold continental climates
characterized by cold summer and long winter with year-long
humid conditions. Broad-leaved deciduous trees and shrubs
(Fagus and Betula) can be members of the early
successional stages. This forest extends into lower latitude
wherever mountains chains are present.

Other arboreal taxa

Alnus, Cupressoideae, Platanus, Populus,
Salix, plus indeterminate
and indeterminable pollen grains

Taxa not climatically significant, often indicative of
local edaphic conditions.

Non arboreal taxa

Amaranthaceae,

Asteraceae (Artemisia included),
Apiaceae, Brassicaceae, Caryophyllaceae,
Ericaceae, Euphorbiaceae, Fabaceae,
Neurada, Poaceae....

The group comprises predominantly cosmopolitan taxa.

Cichorioideae

20 um

percentages up to 70% in the sapropel of cycles Gm07, Gm11, Gm16-17,
Gm23-25). Also abundant in discrete cycles is U. jafari, showing peaks
up to 38% in the upper marls-lower sapropels of cycles Gm01-02, up to
50% in the marls of cycles Gm12-14, up to 59% in the marls of Gm23
and Gm25, where it reaches up to 41%. H. carteri reaches higher
abundances, up to 30%, in the marls of cycles Gm05, Gm10, Gm18,
Gm20, Gm22, Gm24, and Gm27. Pontosphaera spp. show a discontin-
uous record, with highest abundances up to 25% and with major peaks
in the marls of cycles Gm08, Gm18, Gm20, Gm21, and Gm24.

Coccolithus pelagicus is common in the marls, in the lower half of the
section (up to 25% in cycle Gm02 and GmO5) and shows a decreasing
trend from the bottom of the section up to cycle Gm14; above this bed, it
never reaches abundance higher than 5-7%. Discoaster variabilis is also
more abundant in the lower part of the section, reaching 20% in abun-
dance in cycle GmO3; it is a minor component of the assemblages in the
upper cycles, never exceeding 2% in abundance. Calcidiscus leptoporus
abundance is high (up to 75%) in the marls of cycle Gm23. Retic-
ulofenestra perplexa shows a continuous but low abundance throughout
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the section (2 to 7%). Finally, Sphenolithus abies is a minor component of
the assemblage (2-3%) and reaches higher abundances only in cycle
Gm22 (10%). Three notable peak abundances of Braarudosphaera bige-
lowii occur at the base of the marls in cycle GmO04 (47.02%), in cycle
GmO5 (10.22%), and in the sapropel of cycle Gm10 (19.4%). CN are last
recorded in the basal portion of the marl of cycle Gm27.

4.2. Palynomorphs

4.2.1. Dinocysts

The record covers all the studied interval, except for 17 barren
samples (cycle GmO1; marls in cycles Gm02, Gm06, Gm10, Gm14,
Gm15, Gm17, Gm19, Gm24 and sapropels in cycles Gm09, Gm13,
Gm27, Gm29) (Figs. 5-6). The counting of dinocysts ranges from 120 to
1640. Well-preserved dinocyst assemblages allow the identification of
50 taxa. However, their concentration is often low, ranging between 150
and 18,127 cysts/g. Assemblages exhibit a greater presence of autotro-
phic dinoflagellate cysts than heterotrophic ones. The most abundant
and continuous taxa, besides marine acritarch genus Nannobarbophora
spp., are Operculodinium centrocarpum, Operculodinium israelianum,
Homotryblium sp., Lingulodinium machaerophorum, Nematosphaeropis
labyrinthus, Spiniferites mirabilis, Spiniferites hyperacanthus, Tectatodinium
pellitum. Discontinuous taxa but with some significant peaks are Sele-
nopemphix brevispinosa, Operculodinium centrocarpum morphotypes with
short processes, Melitasphaeridium choanophorum, Impagidinium patulum,
Polysphaeridium zoharyi, Spiniferites pachydermus, Spiniferites belerius,
Spiniferies bulloides. Follow intermittently and/or with a low percentage
Impagidinium aculeatum, Pentapharsodinium dalei, Spiniferites sp., Spini-
ferites bentorii, and Spiniferites ramosus. Sporadic cysts of Selenopemphix
quanta, Selenopemphix armageddonensis, Tuberculodinium vancampoae,
Impagidinium strialatum, Impagidinium sp., Hystrichokolpoma cintum,
Hystrichokolpoma rigaudiae, Invertocysta sp., Spiniferites elongatus, Spini-
ferites delicatus, Spiniferites membranaceous, Achomosphaera andalusiense,
Achomosphaera sp., Habibacysta tectata, Bitectatodinium tepikiense, Atax-
odinium choane, Reticulosphaera sp., Hystrichosphaeropsis obscura,
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Quadrina cf. condita, Lejeunecysta sp., Echinodinium sp., Pyxidinopsis sp.,
Polykrikos sp., round brown, Xandarodinium xanthum, Cerebrocysta sp.
are also observed.

When considering the distribution and abundance of the different
dinocysts, it is possible to define some prevalent and distinct pattern
within the sapropel-marl couplets. The dinocysts assemblages from
marls are characterised, with respect to those from sapropels, by higher
percentages of: i. O. centrocarpum (except in cycles Gm05, Gm12,
Gm14-16, Gm22-24, Gm26, Gm28), with a maximum peak at 94% in
cycle GmO09; ii. N. labyrinthus; iii. P. dalei (except in cycles Gm11, Gm12,
Gm29); iv. Homotryblium sp. (except in cycles Gm10; Gm14-15; Gm22
in which is absent in the marls and in cycle Gm28 where it is much more
abundant in the sapropel); v. L. machaerophorum (except in cycles GmO08,
Gm21-22, Gm28-29); vi. T. pellitum (except in cycles Gm05-06, GmO08,
Gmll, Gm14, Gml6). H. tectata (except in Gm03 and Gm14) and
B. tepikiense are also present despite as punctuated occurrence.

Dinocyst assemblages from sapropels are characterised, with respect
to those from marls, by higher percentage of: i. S. mirabilis group (except
in Gm04-05, Gm08, Gm10, Gm12, Gm14, Gm16); ii. O. centrocarpum
short processes (except in Gm28-30); iii. M. choanophorum with a
maximum in the Gml1l (35%), iv. O. israelianum (except in cycles
GmO03-04 and Gm11); v. Impagidinium group (except in cycles Gm03,
GmO07-08, Gm26-31 in which are present with lower percentage in the
marls and absent in the sapropels); vi. Nannobarbophora spp. (except in
GmO05, Gm13, Gm17, Gm22, Gm27-29). vii. Peridinoids except in cycles
Gm26-31.

4.2.2. Pollen

The rich and well-preserved palynoflora consist of 116 pollen taxa
(Figs. 7, 8; Table 1). Pollen grains exhibit good overall preservation,
though there are instances of corrosion observed in Pinaceae. The
presence of charcoal and pyrite in some levels (anoxic) is noteworthy; in
particular, pyrite, sometimes masking the morphological characteristics
of some granules, prevented their identification. Except for 3 barren
samples, 65 samples permitted the counting of pollen grains (range:
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Fig. 7. Semi-detailed pollen diagram of the Govone section. LR CN & F: last recovery of calcareous nannofossils and foraminifers; MSC: Messinian Salinity Crisis.

94-1294). Total pollen concentration ranges from 146 to 484,397
grains/g. Pinus concentration ranges between 30 and 39,982 grains/g.
Pollen assemblages exhibit a great number of taxa nowadays having an
extra-Mediterranean distribution such as Taxoidioideae. The latter
which are the most abundant component of the subtropical humid forest
are followed by taxa today restricted to some geographical sectors of the
Mediterranean area (such as Liquidambar and Zelkova) or having a cur-
rent distribution in (south) Europe and North Africa (such Quercus,
Carpinus, and Abies). Among Angiospermae different taxa belonging to
Fagaceae (Quercus, Fagus, Castanea), Betulaceae (Betula, Alnus, Ostrya,
Carpinus), Juglandaceae (Carya, Juglans, Pterocarya, Engelhardia) and
Myrica are well represented. Hamamelidaceae (Distylium, Hamamelis,
Parrotia), Liquidambar, Tilia, cf. Craigia, Nyssa, Ulmaceae (Zelkova and
Ulmus), Celtis and Oleaceae (Phillyrea, Olea, Ligustrum, Fraxinus) are in
low value. More sporadic are Acer, Anacardiaceae, Microtropis fallax,
Cephalanthus, Araliaceae (Hedera included), Rosaceae, Pistacia, Salix,
Symplocos, Arecaceae, Buxus, Ilex, Rhoiptelea, Lonicera, Magnoliaceae,
Populus, Vitaceae (included Vitis and Parthenocissus). Among the non-
arboreal taxa, strongly subordinated to the arboreal ones, the most
abundant belong to Asteraceae Asteroideae, Asteraceae Cichorioideae,
Poaceae, Ericaceae and Amaranthaceae. They are followed by Artemisia,
Brassicaceae and Cyperaceae. More sporadic are Rutaceae, Bor-
aginaceae, Caryophyllaceae, Cistaceae (Helianthemum), Caprifoliaceae,
Geraniaceae, Galium, Fabaceae, Ranunculaceae, Rumex, Poterium,
Apiaceae, Urticaceae, Gentianaceae, Malvaceae, Cornaceae, Campanu-
laceae, Plumbaginaceae (Limonium), Liliaceae, Convolvulaceae, Neu-
rada. Hydro- and hygrophytes are sporadic and in low values:
Sparganium, Typha latifolia and Myriophyllum. Among the NPPs, algae,
trilete and monolete Pteridophyta spores are present.

The pollen content shows a long-term trend, superimposed to
different patterns characterising the sapropel/marl cycles. Pollen as-
semblages from marls are more often characterised with respect to
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sapropels, by: i. higher percentages of Pinus in all cycles with exception
of the Gm23, Gm27 p.p.-29 p.p. ones; ii. lower total concentration; iii.
lower percentage values of pollen of Taxodioideae with exception of
GmO03-06 and Gm27-30.

Pollen assemblages from sapropels are more often characterised by:
i. higher concentrations values than marls except in cycle Gm14 and
almost the same values in cycles Gm03-04; ii. higher percentages of
Taxodioideae with respect to the overlying marls (same couplet), except
in cycles Gm04-06, Gm14, Gm16, Gm24, Gm27-30; the same is
observed with respect to the underlying marls (except in cycles Gm14,
Gm16, Gm18, Gm24-25, Gm28-31); iii. commonly <15% (except in
cycles Gm03, Gm06, Gm12, Gm29) of high montane taxa.

5. Discussion

5.1. Timing and progression towards the MSC onset: the response of the
water column and sedimentary environments

5.1.1.1. Interval I — 6.61 Ma to 6.45 Ma (cycles Gm01-Gm09). At
Govone a quite restricted marine environment is documented from 6.61
Ma (e.g. Dela Pierre et al., 2011, 2016). At that time the Mediterranean
already experienced two major steps of sea floor deoxygenation at 7.16
Ma and 6.7 Ma (Fig. 2; e.g. Sierro et al., 2001; Krijgsman et al., 2004;
Kouwenhoven et al., 2006; Morigi et al., 2007; Gennari et al., 2018). A
shelf setting is coherent with both the low abundance in the marls of
open marine CN taxa such as D. variabilis, R. clavigera and C. pelagicus,
and the presence of the BF H. boueana, Melonis spp. and Cibicidoides spp.
(Gennari et al., 2020). BF also suggest moderate oxygenation at the sea
floor during phases of insolation minima. Dinocysts assemblages exhibit
the predominance of neritic species (e.g. Spiniferites spp. and T. pellitum)
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on full oceanic ones (Figs. 5, 8). The latter mostly include the compo-
nents of the Impagidinium group plus N. labyrinthus, a species having
oceanic-neritic affinities. The inner neritic taxa progressively increase,
from cycle GmO4; particularly the warm-water species, today typical of
hypersaline lagoons, such as O. israelianum, P. zoharyi, S. bentorii,
Homotryblium sp. (Fig. 5). In cycle Gm04 B. bigelowii also exhibits a
prominent peak abundance; this taxon shows a strong affinity for coastal
waters, at present (Duarte-Silva et al., 2004; Hagino et al., 2019) and in
the past (Bartol et al., 2008). It is usually very rare or absent in offshore
sediments (Okada and Honjo, 1973; Hagino et al., 2016) and it has been
also related to low salinity environments (Bukry, 1974; Bartol et al.,
2008) and nutrient enrichment (Peleo-Alampay et al., 1999). At the K/
Pg boundary it shows ability to quickly diversify and adapt to changing
environmental conditions, increased nutrient availability and strong
competitor reduction (Jones et al., 2021). An additional precursor signal
of the basin restriction is represented by the decrease of open ocean CN
taxa (D. variabilis, R. clavigera and C. pelagicus), in GmO05, at ca 6.5 Ma
(Figs. 4, 8) and of the deep dwellers G. miotumida, which is rare and
disappears at the end of the interval. O. centrocarpum, typical of tran-
sitional oceanic-neritic realms is quite abundant from cycle Gm02; today
such species tolerates a wide range of salinity and sea surface temper-
ature (e.g. Wall et al., 1977; Matsuoka, 1987; McMinn, 1991; Pospelova
et al., 2005; Zonneveld et al., 2013; Zonneveld and Pospelova, 2015); its
occurrence has been often linked to nutrient-enriched waters, and wa-
ters such as the North Atlantic Drift (Wall et al., 1977; Harland, 1983).
At the top of the interval, at ca 6.45 Ma, close to the last regular
occurrence (LrO) of G. miotumida, O. centrocarpum (94%, in Gm09) ex-
hibits its major acme (Figs. 5, 8) close to the 400-kyr eccentricity min-
imum during low amplitude variations in summer insolation. Possibly it
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corresponds to a freshwater input based on the observed increases of this
taxon in regions where salinities are reduced as result of meltwater input
during the summer season or due to river discharge (Zonneveld and
Pospelova, 2015). Just at the base of the sapropel of cycle Gm10, a peak
of B. bigelowii (19%) attests a strong instability and an environmental
crisis for all competitors probably coinciding with the suggested salinity
decrease. The repetitive freshwaters influxes contributed to the high
nutrient levels, as also testified by the prevalent occurrence of eutrophic
PF taxa (Fig. 8).

It is quite evident by marine bioindicators that the depositional basin
was submitted to successive and rapid environmental changes especially
affecting salinity levels already from 6.61 Ma.

In summary, for Interval I: since 6.61 Ma, Govone hosted a confined
and dynamically unstable marine environment, characterised by fluc-
tuating salinity values and enhanced seafloor oxygenation (at insolation
minima), impacting the distribution of marine taxa. Assemblages un-
derscore the dominance of neritic species over oceanic ones; dinocysts
exhibit a progressive increase of inner warm-water neritic taxa. A po-
tential freshwater input marks the top of the interval, around 6.45 Ma,
coinciding with a decline in oceanic taxa.

5.1.1.2. Interval II — 6.45 Ma and 6.20 Ma (cycles Gm10-Gm16). After
the restriction step, the general increase of thermophilic dinocysts at-
tests a succession of warm phases, between 6.45 Ma and 6.34 Ma despite
some cooler fluctuations (especially of N. labyrinthus and P. dalei)
(Figs. 5, 8). The initial increase of the warm/oligotrophic S. mirabilis
group (cycle Gm10) is followed by the expansions of several inner neritic
taxa, such as Melitasphaeridium choanophorum at 6.43 Ma (cycle Gm11),
the meso-eutrophic T. pellitum at 6.39 Ma (Gm12), and O. israelianum, at
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ca 6.36 Ma (cycle Gm14) (Figs. 5, 8). The abundances of O. israelianum
well above 10% attest SST exceeding 14.3 °C in winter and 24.2 °C in
summer, with SSS ranging from 30 to 39.4 (winter-summer). The in-
crease of bolivinids and buliminids, among BF, at ca 6.42 Ma (Gennari
et al., 2020) as well as of T. pellitum, at 6.39 Ma, represents the bottom
eutrophication step that also characterises the entire Mediterranean Sea,
in response to increasing surface productivity during phases of insola-
tion minima (e.g. Sierro et al., 2001; Filippelli et al., 2003; Krijgsman
et al., 2004; Kouwenhoven et al., 2006; Morigi et al., 2007; Gennari
et al., 2018). The change of the benthic assemblages coincides with the
onset of regular oscillation of the ratio between warm and oligotrophic
PF (WO) and colder and more eutrophic PF (CE) (maxima in sapropels
and minima in the marls), interpreted as evidence of restriction and
enhanced sensitivity to the climatic changes. The onset of the WO/CE
ratio oscillation is delayed of approximately 300 kyr with respect to
other Mediterranean basins (e.g. Sorbas, Sierro et al., 2003), where it
starts at 6.7 Ma. The delay could be ascribed to the northern latitude of
the Piedmont basin, which hindered the proliferation of the WO
assemblage (Fig. 8) and promoted the CE group (G. bulloides, turbor-
otalids and N. acostaensis). However, consistent with the warming sug-
gested by dinocyst assemblages, WO PF peaks increase in frequency, too
(Fig. 8).

Approaching the major global sea level drop (after 6.35 Ma) and the
onset of heavier 9'%0 positive excursions linked to the onset of the
transient Northern Hemisphere (NH) glaciations (Hodell et al., 2001;
van der Laan et al., 2005; Holbourn et al., 2018; Figs. 2, 8), the changes
in CN assemblages attest an increase of surface runoff which, in turn,
feeds the primary productivity in the water column and reinforces the
eutrophication of the seafloor. U. jafari, usually associated to higher
than normal marine salinity (Flores et al., 2003; Mancini et al., 2020),
drops just before 6.3 Ma, in cycle Gm15, where also the abundance of
the open ocean taxon C. pelagicus drops to its minimum. This change is
parallel with the increase of H. carteri and the Pontosphera gr. adapted to
lower than marine salinity conditions (Dimiza et al., 2014; Bonomo
et al., 2021). In concomitance, the right coiled neogloboquadrinids in-
crease in abundance (Fig. 8), supporting the establishment of a deep
chlorophyll maximum (Sierro et al., 2003; Schiebel and Hemleben,
2017) and stratified conditions promoted by the stronger influence of
runoff.

In summary, for Interval II: after 6.45 Ma, rising thermophilic
dinocysts and expanding inner neritic taxa attest warm phases with
elevated SST and SSS. Simultaneously, increased bolivinids, buliminids,
and T. pellitum mark the onset of bottom eutrophication. Close to the
global sea level drop (after 6.35 Ma) changes in calcareous nanno-
plankton assemblages, reflects heightened surface runoff and intensified
water column productivity, leading to seafloor eutrophication. Species
adaptations suggest changing salinity conditions. Just before 6.3 Ma,
alterations in neogloboquadrinids support the development of a deep
chlorophyll maximum and stratified conditions influenced by increased
runoff.

5.1.1.3. Interval III (6.20 Ma to 5.96 Ma (cycles Gm17-Gm31). The
slump scar between cycles Gm17 and Gm18 (Fig. 8), is likely the local
expression of a tectonic phase that also left traces in the Mediterranean
area (Fig. 2). Among PF, T. quinqueloba and the Messinian ecomorpho-
type T. multiloba replace G. bulloides in the marls during insolation
minima (Fig. 8). T. quinqueloba tolerates salinity and temperature ex-
cursions (Kroon et al., 1988) and thus can thrive in front of estuaries,
where runoff brings both nutrient and low salinity waters to the sea (Ijiri
et al., 2005). Moreover, it prefers cooler SST than G. bulloides (Schiebel
and Hemleben, 2017). Freshwater inputs are particularly well attested
among dinocysts by the increases at ca 6.18 Ma (cycle Gm20) and also
later at ca 6.07 Ma (cycle Gm26) of O. centrocarpum short processes, a
taxon usually associated to subnormal to hypohaline SSS (e.g. De Vernal
et al., 1989; Nehring, 1994, 1997; Dale, 1996; Matthiessen and Brenner,
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1996; Ellegaard, 2000; Brenner, 2001a, 2001b, 2005) (Figs. 5, 6, 8). The
major peak of O. centrocarpum short processes (at ca 6.18 Ma; Fig. 8) is
sandwiched between the last two significant influxes of the full oceanic
warm-water Impagidinium group, respectively below the slump scar
(before 6.2 Ma) and above it, at 6.14 Ma (in cycle Gm22; a in Fig. 6;
Fig. 8). CN are largely dominated by taxa adapted to stressed marine
conditions (R. minuta) and fluctuating marine salinities (H. carteri and
Pontosphaera spp.); the presence of open ocean taxa is largely subordi-
nated and episodes of raised marine salinity are represented by the peaks
of U. jafari. These microfossil assemblages indicate that the paleo-
environment was changing towards restricted condition characterised
by SSS variations, while open marine conditions were re-established
during relatively short intervals. It is worth noting that an enhanced
water exchange between the Mediterranean and the Paratethys was
suggested by Vasiliev et al. (2019) at 6.15 Ma; such an event can be
tentatively related to the observed dinocyst event at ca 6.18 Ma and in
general with the proliferation of taxa adapted to low salinity conditions,
including the increase, among CN of H. carteri. The continuous salinity
change in this interval is also supported by a short event characterised
by the high abundance of C. leptoporus. This taxon, attesting mesotrophic
to eutrophic conditions in cycle Gm23, exhibits broad ecological re-
quirements, but a preference for nutrient-enriched waters and has been
correlated with low salinity waters (Baumann et al., 2016). The oscil-
lating restricted/open ocean mode continued up to the two influxes of
the oceanic N. labyrinthus, centred at 6.08 and 6.05 Ma (cycles Gm25/
Gm26; b in Fig. 6), within isotope stages 4 and 2 (van der Laan et al.,
2005). They mark the arrival of the neritic-oceanic cold-water, in a more
and more restricted environment as confirmed by Homotryblium, in the
sapropel of cycle Gm26 (ca 6.075 Ma); the latter is followed by the
successive increase of P. zoharyi and O. israelianum plus that of
O. centrocarpum (including the short processes type). Such stressful
environmental conditions possibly amplify global changes, marked by
the increasing amplitude of the oceanic d'%0 (van der Laan et al., 2005).
At ca 6.04 Ma, in the marls of cycle Gm26, a significant freshwater input
could explain the major peak of S. brevispinosa (the major component in
the Peridinioids curve of Figs. 5, 6, 8) an inner neritic species indicative
of reduced salinity, in coincidence with the sudden decrease/or disap-
pearance of some of high salinity taxa previously present (e.g.
O. israelianum). These environmental conditions favour among the CN,
R. minuta, a neritic, opportunistic species that tolerates variations of
salinity. From cycle Gm27 a main peak in the inner neritic dinocyst
T. pellitum is recorded as well as a quite good increase of L. machaer-
ophorum (Figs. 5, 6, 8). In its correspondence the Spiniferites warm group,
usually quite well represented, suffers a short-term decrease. At the
same time among CN, H. carteri supports input of waters with variable
salinity, close to the coast and near estuaries, with high nutrients.
Nannobarbophora, an acritarch having warm water affinity (Head,
2003), shows a successive good increase which approximates the onset
of the MSC placed at the base of the marls of cycle Gm30 (Gennari et al.,
2020; Sabino et al., 2020). The uppermost interval, across the onset of
the MSC, up to reach the sapropel semi-couplet of cycle Gm31, at 5.962
Ma, shows a quite good increase of dinocysts typical of coastal areas
attesting extreme variations in salinity according to a trend defined by
the succession within Homotryblium, S. bentorii, O. israelianum plus
P. zoharyi (Figs. 5, 6, 8). In this contest, the last recovery (LR) of fora-
minifera and CN, calibrated at 6.02 Ma, in cycle Gm27 (Fig. 8), is sur-
prising and uncommon in the stratigraphic record of the pre-evaporitic/
MSC transition. In fact, CN usually mark the beginning of the crisis at
5.97 Ma with a succession of peaks of different taxa (Manzi et al., 2007;
Lozar and Negri, 2019; Mancini et al., 2020). In marginal basins, PF can
undergo an early decline with respect to BF (Gennari et al., 2013;
Mancini et al., 2020), which disappear at the MSC onset. In the Eastern
Mediterranean Gennari et al. (2018) documented a decrease in abun-
dance of either PF or BF at 6.06 Ma, before their disappearance. The
resilience of CN with respect to surface water salinity fluctuations is
attested by their occurrence in brackish marginal seas (the Baltic and
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Black seas, Bukry, 1974; Thomsen, 2016); in some context, like in the
Western Mediterranean Bajo Segura basin, also foraminifera found
suitable conditions to survive the MSC onset, although affected by the
environmental stress, which led to dwarfism (Corbi et al., 2016). In view
of these scenarios, probably influenced by the local response to the
environmental deterioration, the lack of calcareous microfossil from
6.02 Ma in the Govone section is better explained with a taphonomic
bias. This is confirmed by the occurrence of some dinocysts (including
Spiniferites) across the LR of CN and F, indicating perduring fit conditions
in the photic zone at least for CN, as occurring in the more marginal
Pollenzo section (Dela Pierre et al., 2011), few kms to the west (Violanti
et al., 2013).The good presence of T. pellitum, a taxon tolerating a wide
range of bottom water oxygen, including anoxic conditions, suggests
summer SST > 14.4 °C (and < 29.5 °C), with SSS ranging from 21.9 to
39.2 (winter-autumn) (Zonneveld and Pospelova, 2015) as well as high
productivity. Paleoenvironmental reconstructions indicated the estab-
lishment of conditions that favoured stratification, as also supported by
molecular proxies (Sabino et al., 2020) and dysoxic to anoxic bottom
waters, which enhanced organic matter accumulation on the sea floor.
These conditions favour the preservation of organic walled (pollen and
dinocysts) versus calcareous microfossils, by producing excess CO2 and
acidification of the sediment pore waters via remineralization reactions
(Sarmiento and Gruber, 2006).

In summary, for Interval III: from 6.2 Ma onward freshwater inputs
are suggested by dinocysts at ca 6.18 Ma and 6.07 Ma. CN assemblages
reflect rapid fluctuations between restricted and open marine condi-
tions. Neritic to oceanic, and cold-water influxes between 6.08 Ma and
6.05 Ma precede heightened stress towards the MSC onset. At 6.02 Ma,
CN and foraminifera disappear, while dinocysts persist, marking distinct
phases characterised by frequent extreme salinity variations. Stratifi-
cation and dysoxic to anoxic bottom waters promote organic matter
accumulation, favouring the preservation of organic walled paly-
nomorphs over calcareous microfossils.

5.1.2. The marine biological signature of the precession sedimentary cycles

As previously stated, fluctuations between warm/oligotrophic and
cold/eutrophic calcareous plankton assemblages are well known in the
pre-evaporitic successions of the Mediterranean and have been linked to
climatic and oceanographic variations triggered by the precessional
forcing (e.g. Hilgen and Krijgsman, 1999; Sierro et al., 2001; Blanc-
Valleron et al., 2002; Kouwenhoven and van der Zwaan, 2006; Gennari
et al., 2018; Lozar et al., 2018). At Govone, the cyclical expression of
planktic microfossil assemblages is well defined. Gennari et al. (2020)
documented 0-100% variation of the ratio of warm-oligotrophic (WO)
to cold-eutrophic (CE) PF which are better expressed after 6.4 Ma
(Fig. 8). Before that age, the variability of this ratio seems to be
modulated by longer periods (plausibly eccentricity), as it shows an
interval characterised by WO peaks during insolation maxima (GmO5-
GmO07) sandwiched between intervals dominated by CE assemblages
(Gm02-GmO04 and Gm08-Gm10). In general, calcareous plankton taxa
associated to warm and oligotrophic conditions such as O. universa,
among PF (WO group), and the opportunistic taxon R. minuta sometimes
accompanied or substituted by R. hagii among CN, are dominant in the
sapropels, where BF are particularly scarce or absent. For the first time
in Messinian Mediterranean successions, we document, throughout
several cycles, that also the dinocysts typical of warm-water assem-
blages are mostly dominant in sapropels (Figs. 5, 6, 8). Among them, the
few oceanic taxa including the prevalent oligotrophic Impagidinium
group, are rather discontinuous and subordinated to the others. On the
other hands, warm neritic species are abundant (e.g. S. mirabilis group,
S. bentorii, O. israelianum). Nannobarbophora spp. is often frequent and in
sapropels it reaches some of its higher values (maximum value at ca
6.51 Ma, in cycle GmO07), including that in correspondence of the MSC
onset (5.1.1.3.).

In contrast, in the marls, usually, PF assemblage representative of
colder and more eutrophic environments (CE group) is associated with a
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variable number of BF, which either show a predominance of oxyphilic
species (up to cycle Gm19) or of taxa adapted to low oxygen levels/high
food availability, which can thrive in sea-floor that receive a high export
productivity (Bolivina and Bulimina groups; Murray, 2006; Kouwen-
hoven et al.,, 2003, 2006). The CN assemblages of the marly semi-
couplets show distinct peaks of C. pelagicus (up to cycle Gm14), H. car-
teri, U. jafari, C. leptoporus and the Pontosphaera gr., suggesting high
nutrient levels, temperate climate and a well-mixed water column.
However, U. jafari, linked to raised salinity (Mancini et al., 2020), and
the euryhaline taxa H. carteri/Pontoshpaera gr. commonly alternates,
possibly suggesting different nutrient sources (mixing or runoff,
respectively). In marls, cold-water dinocysts are more frequent than in
sapropels. They do not include full oceanic taxa, and only one species,
N. labyrinthus, having neritic-oceanic affinities, is more often present
and in higher values than in sapropels. Other cool water species (i.e.
P. dalei, B. tepikiense, H. tectata) having a neritic distribution are also
present. However, the common low abundance of cool-water species,
including the spring-blooming species P. dalei cyst suggests prevalent
warm spring temperatures and mild winter sea-surface temperatures,
throughout the record. O. centrocarpum is also usually more frequent in
marls than in sapropels; this taxon, as already discussed, exhibits high
relative abundances in regions where salinities are reduced as result of
meltwater input during the summer season or due to river discharge;
possibly both conditions were satisfied in the Govone basin.
L. machaerophorum, a temperate to tropical species, often found in
stratified water, and interpreted as a proxy for fluvial discharges too,
exhibits some major increases as well, in the marls. In this context, the
significant peak of the warm (hypersaline) water Homotryblium sp. in the
marls of cycle GmO06 (Fig. 5), at ca 6.52 Ma, possibly related with the
phase of low-amplitude variance in obliquity node, during a minimum in
eccentricity. From about 6 Ma (cycle Gm27), (oceanic) cold-water taxa
suffer an overall major decrease, in coincidence with the last appearance
above 10% of N. labyrinthus. The progressive shrinkage of the open
marine conditions probably prevents a correct and comprehensive
evaluation of cold-water phases, according to dinocysts evidence,
because it caused a progressively reduction in the record of
N. labyrinthus. Additional biases also related to the disappearance of
stenohaline taxa due to the progressively affirmation of an environment
strongly submitted either to drastic and frequent salinity changes or to
an intensification of the water column stratification across the MSC
onset.

5.2. The terrestrial realm

Pollen-based reconstructions provide the flora composition and
vegetal structure of terrestrial ecosystems in the Piedmont region
(Figs. 7, 8, 9). A rather exclusive arboreal cover distributed in lowland/
coastal areas; here Taxodium, Glyptostrobus and other Taxoidioideae
thrived in freshwater swamps some of them probably part of a river
system with bordering fan and talus deposits sourced from the sur-
rounding Alpine chain. Other deciduous broadleaved trees taxa, such as
Salix, Alnus, and Fraxinus were also present. Engelhardia, Carya, Quercus,
and other subtropical to warm/warm temperate arboreal taxa expanded
in well drained soils. In the close mid relieves of the Alpine chain, Cedrus
and Tsuga thrived, whereas towards higher altitudinal belts Betula,
Fagus, Picea and Abies extended. Cathaya, was also present at mid- to
high altitudes. Today Cathaya argyrophylla cHun ET KUANG (1962) is the
only species in the genus and is endemic to China, where optimal hab-
itats are those with an altitude between 758 m and 1500 m (Xiao et al.,
2022).

The repeated increases of mid to high altitude arboreal taxa attest
decreases of temperature but not of humidity, because of the absence of
any concomitant rise of the open vegetation taxa. Some peaks of abun-
dance of mid to high altitude arboreal taxa correlate with glacial phases
in the isotopes curves as shown in Fig. 8. However, an overall decrease of
the mid- to high altitude taxa is recorded from the bottom to the top of
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Land:

- inadequate year-round precipitation partially
decreased temperate deciduous forests,
while swamp taxa, more resilient to lower
atmospheric humidity, were less impacted

Sea:

- no preservation of calcareous microfossils

- marine setting confinement and surge in
euryhaline taxa

Land:

- quite good humicity allows temperate
arboreal plants to expand and gain new
spaces with respect to swamp taxa which
stay anyway still well expressed

Sea:
- no preservation of calcareous microfossils

- marine setting confinement and surge in
euryhaline taxa
Land:
- decreasing influence of the NAST
- moderate humidity and riverine runoff from the Alps
- freshwater swamps expanded towards the
coasts

Sea:

- increasingly eutrophic surface waters
- high export productivity

- dysoxic eutrophic bottom waters

Land:
- increasing influence of the NAST, high humidity
- enhanced riverine runoff from the Alps

Sea: .

- prevalently stratified waters

- oligotrophic surface waters and DCM formation
- anoxic bottom waters

Land:

- decreasing influence of the NAST

- moderate humidiity and riverine runoff from
the Alps

Sea:
- mixed and eutrophic surface waters
- oxic mesotrophic bottom waters

Land:
- increasing influence of the NAST, high humidity
- enhanced riverine runoff from the Alps

Sea:

- episodes of water column stratification
- oligotrophic to eutrophic surface waters
- anoxic bottom waters

%ﬁ? Dinocyst % Nannofossil @Warm oligotrophic PF @ Cold eutrophic PF % Oxyphilic BF @ Dysoxic BF

Fig. 9. Paleoenvironmental reconstructions of the Piedmont basin from 6.61 Ma (cycle GmO01) to 5.96 Ma (cycle Gm31). a) between 6.61 Ma and 6.515 Ma (GmO1 to
GmO06); b) between 6.515 Ma and 6.075 Ma (GmO7 to Gm26), c) between 6.075 Ma and 5.945 Ma (Gm27 to Gm31). Paleoclimatic and paleohydrological recon-
struction in c) is according to Sabino et al. (2020). NAST: North Atlantic Storm Track, DCM: Deep Chlorophyll Maximum; PF: Planktic Foraminifera, BF: Benthic
Foraminifera.
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the section possibly as a consequence of a taphonomic bias linked to the
effect of the sea-level lowering (i.e. increase of distance between the
mountain coniferous and the pollen depositional environment). Paleo-
environmental and paleoclimate conditions seem to have prevented the
expansion of both freshwater and salt marshes despite the presence of
some taxa, such as Amaranthaceae and Poaceae. This suggests areas
with a very low herbaceous cover during both the pre-evaporitic Mes-
sinian and across the MSC onset. Such paleoclimatic reconstruction
agrees with others independent datasets from leaf waxes-sourced mo-
lecular fossils (long chain n-alkanes; Natalicchio et al., 2019; Sabino
et al., 2020, 2021a, 2021b). In particular, long chain n-alkane distri-
bution pattern and their stable carbon isotope values support a Cs-
dominated continental vegetation and rather humid climate during the
earliest phase of the MSC in this northernmost edge of the Mediterra-
nean basin.

According to palynological data, the broad-leaved evergreen-warm
mixed forest is the solely biome attested to be present in the Piedmont
basin, as well as in Northern Apennines sites (Bertini, 2006; Fauquette
etal., 2006; Bertini and Menichetti, 2015). The xerophytic woods-shrub,
or the warm grass-shrub biome have been largely documented solely in
southern Mediterranean sites (Fauquette et al., 1999, 2006).

In summary, arid conditions apparently never developed in the
Piedmont basin during the deposition of the pre-evaporitic sediments
and across the MSC onset.

The two main vegetal patterns expressed by the expansion vs
reduction of Taxodioideae, according to the precession-controlled
sedimentary cyclicity (sapropel-marl couplets) pointed out prevalent
(but not exclusive) alternations between warm and humid conditions
(higher Taxoidioideae values in sapropel) and less warm and less humid
conditions (lower Taxoidioideae values in marl) up to ca 6.02 Ma
(Figs. 7, 9a, b), when an inversion in the patterns is evident (see in 5.3;
Figs. 7, 9¢). Throughout the pollen record the progressive increase of
mesothermic trees withstanding a strong annual temperature cycle
(with a cold winter season and a warm summer season), as well as the
occurrence, though sporadic, of some taxa today typical of warm Med-
iterranean climates, suggest a quite good increase in seasonality. This
behaviour is more evident from 6.2 to 6.1 Ma, possibly in connection
with global climate changes (Herbert et al., 2016) and tectonically
controlled, major shallowing of the Mediterranean gateway (e.g.
Krijgsman et al., 2018).

5.3. Atmosphere and hydrographic changes across the onset of the MSC

In the late Miocene, shifts in the carbon cycle, involving a drawdown
of atmospheric CO5 and alterations in atmospheric circulation patterns,
led to a cooling of the climate, heightened seasonality and aridity, along
with concurrent changes to Cs versus C4 vegetation (Herbert et al.,
2016). In the Piedmont basin (Northern Italy), the effects of these
changes in the terrestrial environments and ecosystems do not include
evidence of C4 grasslands expansions at the expense of Cs-dominated
ecosystems or marked increase of aridity as proposed for large areas of
the tropics and subtropics (Ehleringer et al., 1997) and southern Medi-
terranean (Mayser et al., 2017; Butiseaca et al., 2021). Conversely, as
discussed in 5.2., the forest and other wooded land stayed well
expanded. The large and persistent presence of swamps, observed also in
many other sites of the Mediterranean north of 42°N (e.g. Northern
Apennines; Bertini and Menichetti, 2015), possibly played a
non-negligible role in the global carbon cycle, acting both as sinks for
carbon dioxide and as sources of methane (e.g.: Mitra et al., 2005; Tang
et al., 2020; Hondula et al., 2021; Davidson et al., 2022). Today, wet-
lands are the largest natural source of methane (CHy4) releases in the
global CH4 budget, contributing for about one third to the total natural
and anthropogenic emissions; however, wetland CHy4 feedbacks are not
fully understood due to the paucity of data (e.g. Bloom et al., 2016;
Shoemaker et al., 2021; Wang et al., 2021; Li et al., 2023). Palynological
evidence would shed light on this issue by providing valuable
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information over a very long interval of time (Keller, 2011; Beerling
et al., 2009); especially relevant could be the reconstructions of changes
in temperature values by climate quantification methods (e.g. Fauquette
etal., 2006; Fauquette and Bertini, 2003). In the Mediterranean area, for
example, Taxodium/Glyptostrobus swamps are documented, at least from
the latest Tortonian to about 1.2 Ma (Calabrian) in coincidence with the
disappearance of subtropical ecosystems from the Mediterranean area
(Bertini and Martinetto, 2011; Combourieu-Nebout et al., 2015).

Today the climate variability in the Piedmont basin is the result of
the effects of large-scale circulation. The North Atlantic Oscillation
(NAO) affects winter climate, with positive phases of NAO leading to
warm winters with reduced precipitation. On the other hands, the pos-
itive phases of Scandinavian - SCAN pattern led to increased precipita-
tion, particularly in fall, and to a decrease in maximum temperatures.
Consequently, frequent blocking episodes (Wazneh et al., 2021) over
northern Europe promote both an increase of fall precipitation and
colder temperatures. The northern Mediterranean area is also exposed to
very humid flows from the Mediterranean Sea (Mediterranean storm
track; Flaounas et al., 2022 and references therein). During the Messi-
nian, the influence of the North Atlantic storm track (e.g. Kutzbach et al.,
2014) and/or net convective precipitations over the Mediterranean Sea
(Bosmans et al., 2015) possibly interacted with the main local source of
freshwater transported by rivers draining the uplifted Alpine chain at
insolation maxima, in phase with the African monsoon (Meijer and
Tuenter, 2007; Toucanne et al., 2015). This resulted in the dominant
pattern associated to sapropel/marl lithological cycles (Fig. 9a-c). At
Govone, a cyclical enhanced contribution of moisture from the North
Atlantic Storm track is revealed by hydrogen stable isotope composition
of molecular fossils (long-chain n-alkanes) derived from plant-waxes
during phases of insolation maxima (sapropel deposition) (Sabino
et al., 2020) for the cycles deposited between 6.069 and ca 5.92 (Gm26
to Gm33) with the onset of the MSC between cycles Gm29 and Gm30
(Fig. 9¢). Such dataset suggested a progressive increase of moisture from
the evaporating Mediterranean Sea to the Piedmont basin during the
first MSC phase, concomitantly with a reduction of the Atlantic-
Mediterranean connection (e.g. Flecker et al., 2015).

The Govone pollen data confirm that deposition was controlled by
precession-driven climate fluctuations with sapropels prevalently
accumulated during warmer and more humid climate (at insolation
maxima) conditions with respect to marls (at insolation minima), under
the effects of global and regional factors (Figs. 7, 8, 9a-c). Sapropel
deposition often corresponds with the timing of maxima of the Medi-
terranean autumn/winter storm track precipitation and the North Afri-
can summer monsoon. Such conditions enhanced the expansion of
swamp vegetal formations which on the contrary show, more often,
some decrease during marls deposition (Fig. 9a, b). However, from ca
6.03 Ma (cycle Gm27), this dominant pattern in the sapropel/marl
couplets was suddenly reversed during (at least) four, consecutive cy-
cles, up to cycle Gm31 (5.962 Ma; topmost studied cycle; Fig. 9¢); this
interval includes the disappearance of calcareous microfossil and the
onset of the MSC fixed in cycle Gm30 by Gennari et al. (2020) and
Sabino et al. (2020). This apparent vegetational change in the upper-
most part of the Govone record is not reflected by changes in the li-
thology of the cycles; however, such a pattern was also sporadically
recorded in some of the older cycles (e.g. Gm04 and Gm14). To test
whether such reversal of pollen percentages in the sapropel/marl cou-
plets reflects a local to regional climate perturbation, a first comparison
has been carried out with geochemical data from the same site (Sabino
et al., 2020, 2021a). Unfortunately, the comparison was possible only
from cycle Gm27 upwards, because of the absence of geochemical data
for the underlying cycles. The geochemical dataset, including element/
Al ratios and abundance of plant waxes-derived n-alkanes, agrees with
humid conditions and an increased riverine runoff during sapropel
deposition (insolation maxima) and less humid conditions during marls
deposition (insolation minima) (Natalicchio et al., 2019; Sabino et al.,
2020). Palynological data suggest the possibility that this inversion
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pattern results from the combined influence of sea level oscillations and
regional environmental/climate changes which superimposed to global
factors.

As a summary, according to palynology during the deposition of
cycles Gm01-GmO06 humidity was high at insolation maxima possibly
because of the increasing influence of the North Atlantic Storm track,
resulting in enhanced riverine runoff from the Alps and development of
freshwater swamp areas (Fig. 9a). Both salt and freshwater marshes
were not common portions of wetland ecosystems. The latter were close
to the hinterland and mountain ridge, as attested by the quite high
percentages of mountain elements in the pollen record. The progressive
lowering of the sea level promoted the expansion of emerged coastal
areas and suitable space for arboreal plants (cycles Gm07-26; Fig. 9b).
This trend is enhanced at 6.033 Ma (from cycle Gm27), in coincidence
with the disappearance of calcareous plankton (6.02 Ma), and a major
lowering of sea level (Fig. 9.c). Subtropical and temperate broad-leaved
deciduous forests (especially swamp taxa) largely expanded in the new
environment under the effect of local and global climate change. The
progressive increase of temperate broad-leaved deciduous forests sug-
gests a higher seasonality associated to the progressive closure of
Atlantic-Mediterranean connections and lowering of sea level. The
peculiar environmental and climate context may explain such reversal
pattern of vegetal assemblages, during this transitional phase including
the MSC onset (Figs. 8, 9¢): i. during sapropel deposition, the quite good
humidity allows temperate arboreal plants to expand and gain new
spaces with respect to swamp taxa which stay anyway still well
expressed; ii. during marl deposition relatively harsher conditions
enhanced a partial decrease of the temperate broad-leaved deciduous
forests (inadequate precipitation in all months) whereas swamp taxa
were not especially affected because of their ability to withstand phases
of lower atmospheric humidity.

6. Conclusion

At Govone the set of biological evidence over the 31 sedimentary
cycles permits to trace the contemporary changes in both terrestrial and
marine environments in the Piedmont basin, one of the northernmost
basins of the Mediterranean (44°N and 8°E), between 6.6 Ma, and 5.96
Ma just after the beginning of the MSC.

Marine proxies document, along with the overall progressive re-
striction of the Mediterranean, a sequence of minor, punctuated marine
and freshwater influxes up to 6.02 Ma when inner neritic areas with
lagoon settings, typified by frequent salinity fluctuations, expanded
according to the organic-walled dinoflagellate cysts. At that time
calcareous nannoplankton and foraminifers apparently disappear from
the stratigraphical record, in dependence of the environmental changes
and/or possibly taphonomic biases. According to the previous estab-
lished chronostratigraphic frame, this disappearance predates of about
50 kyr the MSC onset which is marked by a good increase of the warm
acritarch Nannobarbophora. The critical discussion on the timing of MSC
onset as well as its synchronous versus diachronous nature are not
within the scope of this work; however, the relevance of the detected
ecological and climatic evidence associated to several high-resolution
bio-events could represent a unique contribution for further chro-
nostratigraphic and geochronological investigations.

On the land, at least since 6.6 Ma, arid conditions, typical of southern
areas, especially to be expected during precession maxima or glacials,
have not been detected at these latitudes where, on the contrary, prev-
alent humid conditions are attested by a dominant arboreal vegetation,
including taxa typical of freshwater swamps, before and across the MSC
onset. The overall vegetal pattern, associated to the presence of the
broad-leaved evergreen-warm mixed forest biome, confirms the occur-
rence of marked climate gradients within the Mediterranean area, when
compared to the dominant occurrence of xerophytic woods-scrub/warm
grass-shrub biomes in the southern region. The progressive increase of
seasonality with changes in time and amount of precipitation during the
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year, parallels the ongoing isolation of the Mediterranean Sea from the
Atlantic Ocean. The role of the close Alpine region (high altitude), along
with regional runoff inputs, is especially enhanced and crucial at this
point of the history, close to the beginning of the MSC.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gloplacha.2024.104362.
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