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ARTICLE INFO ABSTRACT

Editor: Dr. A Dickson Paleoenvironmental reconstruction of the Mediterranean Basin at the end of the Messinian Salinity Crisis is
contentious. One section that records this final phase (Stage 3) is the Pollenzo Section in the Piedmont Basin (NW
Italy). Here, we present new stratigraphic, sedimentological, petrographic, micropaleontological (ostracods,
calcareous nannofossils, foraminifera, dinoflagellates) and geochemical (87Sr/86Sr ratios) data from the Cassano
Spinola Conglomerates (CSC) and interpret the paleoenvironment of this northernmost tip of the Mediterranean
Basin. The CSC comprise three depositional units: members A and C, which were deposited subaqueously, and
the intervening member B, which is continental. The CSC is topped by a ~ 50 cm-thick black layer, which is
directly overlain by the open marine Argille Azzurre Formation of early Zanclean age. Our investigation reveals
that member A is largely barren of autochtonous microfossils, except for an almost monospecific ostracod
assemblage of Cyprideis torosa at the top, which indicates shallow-water (<30 m) conditions. Paratethyan os-
tracods and, possibly, taxa of calcareous nannofossils adapted to low-salinity water first occur in member C.
873r/80Sr ratios measured on ostracod valves from the member A/B transition (0.708871-0.708870) and member
C (0.708834-0.708746) are lower than the coeval Messinian seawater values (~0.709024) and the 878r/86sr
ratios of a hypothetical lake filling Piedmont (>0.7090) estimated by means of the present-day &Sr/30Sr
signature of the Po river, the main drainage system of Northern Italy that receives the weathering products
(including ions) of the Alps and Apennines. These values are likely to reflect the mixing of local high 87Sr/%Sr
river water with low 87Sr/%%Sr from the Mediterranean, which at the time was dominated by inputs from Eastern
Paratethys, circum-Mediterranean rivers and Atlantic Ocean. Our results suggest that, at times during the final
stage of the Messinian Salinity Crisis, the Piedmont Basin was hydrologically connected with the main Medi-
terranean Basin. At regional scale, this implies that the water level in the Mediterranean Basin was relatively
high.
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1. Introduction

The terminal Stage 3 (5.55-5.332 Ma) of the Messinian Salinity Crisis
(MSCQC) in the Mediterranean (5.97-5.332 Ma; Roveri et al., 2014a) has
attracted attention over the last two decades as attempts are made to
integrate a variety of different data of this interval (Roveri et al., 2008a;
Andreetto et al., 2021a). The nub of the controversy concerns the
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isolation or connectivity between the Stage 3 depocentres. One end-
member hypothesis argues that Stage 3 sedimentation happened in
endorheic lakes (e.g. Hsii et al., 1973, 1978; Cita et al., 1978, 1990;
Orszag-Sperber et al., 2000; Ryan, 2009; Madof et al., 2019, 2022;
Caruso et al., 2020; Heida et al., 2021; Raad et al., 2021). The other
suggests that water sources such as Atlantic and/or Eastern Paratethys
and large Mediterranean rivers (e.g. Nile and Rhone) filled the
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Mediterranean sufficiently to link more marginal and deeper subbasins
together (McCulloch and De Deckker, 1989; Roveri et al., 2008a, 2014b,
2014c; Manzi et al., 2009, 2016; Marzocchi et al., 2016; Stoica et al.,
2016; Gvirtzman et al., 2017; Pellen et al., 2017; Vasiliev et al., 2017;
Garcia-Veigas et al., 2018), at least episodically (Andreetto et al.,
2021b). Much of this controversy originates from the interpretation of
the Stage 3 fossil records, which yield both marine and brackish,
Paratethys-derived fossils (Benson, 1978; Cita et al., 1978; laccarino and
Bossio, 1999; Roveri et al., 2008a; Guerra-Merchan et al., 2010;
Cosentino et al., 2012; Popescu et al., 2015, 2021; Pellen et al., 2017;
Andreetto et al., 2021a for further references). Associations mixing
fossils with different ecological requirements always pose a challenge to
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the reconstruction of the paleodepositional environment(s), because it is
often unclear which are reworked and which coeval with sedimentation
(e.g. Bright et al., 2018).

The sub-basins at the periphery of the Mediterranean system are a
good location for testing the isolated/connected hypothesis, since evi-
dence of connectivity with the Atlantic and/or Eastern Paratethys re-
quires the Mediterranean Basin to have been relatively full. The
Piedmont Basin at the northernmost tip of the Mediterranean system,
which was, during the late Messinian, enclosed on three sides by the
Alps and the Apennines and open to the Mediterranean to the east via
the Po Plain foredeep and Adriatic Basin (Fig. 1a; Boccaletti et al., 1990;
Foeken et al., 2003; Beltrando et al., 2010; Cosentino et al., 2018), meets
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Fig. 1. a. Structural sketch map of the Piedmont Basin showing the location of the studied Pollenzo section (red star) and of other sites studied for their Stage 3
sedimentary record (black hexagon: Narzole core; black triangle: Moncucco section) or mentioned in the text (Govone section; black circle). The 8Sr/®°Sr ratios of
the Po river water (from Marchina et al., 2018) employed to constrain the 8 Sr/3%Sr signature of a hypothetical Piedmont lake (see paragraph 6.2 for insights) is also
shown. TH: Torino Hill; MO: Monferrato. b. Schematic cross-section through the Piedmont Basin emphasizing the latero-vertical relationships between the MSC and
pre-MSC lithostratigraphic units (modified from Dela Pierre et al., 2011). The trace of the cross section is reported in Fig. 1a. SKB: Sturani key-bed; MES: Messinian
erosional surface; MES c.c.: correlative conformity of the Messinian erosional surface. ¢. Surface and subsurface distribution of the CSC in the Savigliano and
Alessandria Basins (modified from Irace et al., 2009). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
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these geographical criterion. The Cassano Spinola Conglomerates (CSC)
assigned in the Piedmont Basin to Stage 3 (Dela Pierre et al., 2011) have,
however, received far less attention than both pre-Stage 3 deposits in the
same region (Irace et al., 2005; Dela Pierre et al., 2002, 2007, 2011,
2012, 2014, 2015; Lozar et al., 2010, 2018; Violanti et al., 2013;
Natalicchio et al., 2014, 2017, 2019, 2021; Gennari et al., 2020; Pelle-
grino et al., 2020; Sabino et al., 2020, 2021; Garcia-Veigas et al., 2021)
and time-equivalent deposits exposed onland elsewhere in the Medi-
terranean (see Andreetto et al., 2021a). Existing studies of the CSC have
largely focused on the paleontological study of the macrofossiliferous
content (Sardella, 2008; Angelone et al., 2011; Colombero et al., 2013,
2014, 2017; Harzhauser et al., 2015; Grunert et al., 2016; Carnevale
et al., 2018), whereas few papers have explored the micropaleontolog-
ical content and geochemical signatures of its fine-grained subaqueous
portions (Sturani, 1973; Trenkwalder et al., 2008; Esu and Popov,
2012), which might contain the evidence of the hydrological input from
the Mediterranean Basin.

In this paper we present results from a continuous exposure of the
CSC preserved in the Pollenzo section. These include lithological, sedi-
mentological, micropaleontological (ostracods, foraminifera, calcareous
nannofossils, dinoflagellates) and geochemical (87Sr/865r ratios) ana-
lyzes. The results will be discussed in the context of evolving base level
and hydrological changes simultaneously affecting the Mediterranean
and impacting its connectivity with its northernmost branch.

2. Geological setting

The Piedmont Basin (NW Italy, Fig. 1a) is a wedge-top basin that
developed on a tectonic wedge of Alpine, Ligurian and Adria basement
units juxtaposed during the mesoalpine collisional event between the
Adriatic promontory and the European plate (e.g. Schmid and Kissling,
2000; Carrapa and Garcia-Castellanos, 2005; Beltrando et al., 2010).
Since the late Oligocene, the basin was involved in N-verging Apennine
tectonics that finally resulted in overthrusting on the Padane foredeep
along the Pliocene-Pleistocene Padane Thrust Front (e.g. Mosca et al.,
2009; Rossi, 2017; Ghielmi et al., 2019). The Piedmont Basin comprises
4000-5000 m of upper Eocene-Holocene sediments. The upper Eocene-
lower Oligocene units consist of continental and shallow marine sedi-
ments grading up into upper Oligocene-upper Miocene deeper water
hemipelagites with interbedded turbiditic sandstones recording the
main accretionary phases of the Apennine fold and thrust belt (Rossi,
2017). Gypsum bodies and hyposaline sediments bearing Paratethyan
fossils were deposited during the MSC (Sturani, 1973; Dela Pierre et al.,
2011; Ghielmi et al., 2019). MSC deposits reach a maximum thickness in
the Savigliano (~500 m; Irace et al., 2009) and Alessandria sub-basins
(~800 m; Irace et al., 2009), where they are buried underneath km-
thick Plio-Quaternary deposits (Fig. la-b). Zanclean marine deposits
seal the MSC succession (Trenkwalder et al., 2008; Violanti et al., 2009,
2011).

3. The Messinian of Piedmont
3.1. General stratigraphy and architecture

Following the stratigraphic scheme developed by Dela Pierre et al.
(2011) along the south-western margin of the Piedmont Basin (Langhe
in Fig. 1a), the Messinian succession comprises, from bottom to top, the
following lithostratigraphic units (Fig. 1b): the Sant’Agata Fossili Marls
(SAF) representing the pre-MSC interval and, in the deeper part of the
Piedmont Basin, part of MSC Stage 1; the Primary Lower Gypsum Unit
(PLG), Vena del Gesso Fm. or Gessoso Solfifera Fm., entirely deposited
during MSC Stage 1; the Valle Versa Chaotic Complex (VVC), equivalent
of the Resedimented Lower Gypsum Unit (RLG) of Roveri et al. (2014a)
and deposited during MSC Stage 2; the Cassano Spinola Conglomerates
(CSC) representing (at least part of) MSC Stage 3.

The Sant’Agata Fossili Marls (Tortonian-Messinian) consist of shelf
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to slope calcareous microfossil-bearing marls and organic-rich lami-
nated shales arranged in 2-3 m-thick sedimentary cycles related to
precession (Lozar et al., 2010, 2018; Dela Pierre et al., 2011; Violanti
et al.,, 2013). At 5.97 Ma gypsum precipitation started at the basin
margins, synchronously to other potentially silled basins around the
Mediterranean margins (Krijgsman et al., 1999a, 1999b; Lugli et al.,
2010; Manzi et al., 2013). The onset of gypsum deposition is progres-
sively younger towards the depocenter of the Piedmont Basin, where
gypsum layers are replaced by marls (Dela Pierre et al., 2011; Ghielmi
etal., 2019; Gennari et al., 2020; Fig. 1b). Barren shales are interbedded
with both the gypsum and the marl layers (Dela Pierre et al., 2011). The
PLG unit in the Piedmont Basin has similar lithofacies and stratigraphic
stacking pattern of coeval gypsum deposits described in other Mediter-
ranean marginal localities (e.g. Sorbas and Nijar basins in SE Spain,
Vena del Gesso Basin in the Northern Apennines and Zakynthos;
Krijgsman et al., 1999a, 1999b; Lugli et al., 2010; Manzi et al., 2013;
Karakitsios et al., 2017). In these settings, the lithologic cyclicity was
ascribed to precession-driven climate changes and the sedimentary cy-
cles tuned to the precession curve, with gypsum and marls reflecting
drier climate at precession maxima (insolation minima) and the inter-
vening shales recording more humid conditions at precession minima
(insolation maxima; Krijgsman et al., 1999a, 1999b; Lugli et al., 2010;
Roveri et al., 2014a). Given the aforementioned similarities, Dela Pierre
et al. (2011) provided a similar interpretation of the PLG of the Pied-
mont Basin. More recently, fluctuations in major and trace elements,
total organic carbon (TOC) and molecular fossils content in the marl-
shale alternations of the Pollenzo (Natalicchio et al., 2019) and
Govone (Sabino et al., 2020) sections revealed for the first time inde-
pendent evidence that the lithological cyclicity of the Piedmont PLG was
precession-driven, with the phase relations between the lithofacies and
the orbital parameters hypothesized by Krijgsman et al. (1999a, 1999b).

The PLG is truncated at the top by an erosional surface progressively
cutting into older beds towards the basin margins (Fig. 1b; Dela Pierre
et al., 2011). This erosional surface is associated with an angular un-
conformity, particularly noticeable in seismic profiles (Ghielmi et al.,
2019), suggesting uplift and deformation of the basin margin during the
intra-Messinian tectonic phase (Dela Pierre et al., 2007). Dela Pierre
et al. (2011) attributed this surface to the Messinian Erosional Surface
(MES), traditionally ascribed to either a modest (<200 m; Roveri et al.,
2014c) or extreme (several hundreds to thousands of meters; e.g.
Clauzon, 1982; Loget et al., 2006; Amadori et al., 2018) base-level fall
concomitant with the intra-Messinian tectonic phase (see Roveri et al.,
2014a). Towards the basin depocenter, the MES passes into a correlative
conformity flooring m-thick chaotic bodies emplaced by various types of
gravity flows and including blocks of carbonates and MSC evaporites
ranging in size from few meters to hundreds of meters (Dela Pierre et al.,
2002, 2007, 2011). These sediments, both outcropping (VVC, Dela
Pierre et al., 2002, 2007; Irace et al., 2005) and buried (Castellania
Chaotic Complex of Ghielmi et al., 2019), are equivalent to the RLG unit
that is found in several Mediterranean localities (e.g. Northern Apen-
nines, Sicily, Cyprus; Roveri et al., 2001; Manzi et al., 2016, 2021). The
VVC accumulated in various depocenters in the Piedmont Basin with
variable thickness ranging from few meters up to 200 m (Ghielmi et al.,
2019).

The VVC is capped by another erosional unconformity which merges
with the MES at the basin margins (Fig. 1b; Dela Pierre et al., 2011). This
surface is overlain by fine-grained deposits interbedded with sandstones
and conglomerates. These sediments are currently grouped in the CSC,
which reaches a maximum thickness of 100 m (Ghielmi et al., 2019).
Lateral equivalent deposits of the CSC, now buried at depth in the
Savigliano and Alessandria basins, have been observed in ENI seismic
profiles and boreholes (https://www.videpi.com/videpi/pozzi/consult
abili.asp). In the Savigliano Basin they are grouped in a single seismic
sequence (ME3b) with maximum estimated thickness of ~370 m
(Fig. 1c; Ghielmi et al., 2019). The stratigraphic architecture of the CSC
and equivalent seismic unit(s) is, however, poorly known, as a
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consequence of the scarcity of outcrops (Fig. 1c) and the absence of of the AAF marks the end of the MSC and is dated at 5.332 Ma
marker beds suitable for basin-wide physical stratigraphic correlations. (Trenkwalder et al., 2008; Violanti et al., 2011) as elsewhere in the
The Pollenzo section is the only locality in the Piedmont Basin where Mediterranean (Roveri et al., 2014a).

a continuous section from the Stage 2 VVC to the basal Zanclean open
marine deposits (Argille Azzurre Formation, AAF) is exposed. The base
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Fig. 2. a. Aerial view of the Pollenzo section
(image credit: Google Earth) showing the
distribution of the Messinian lithostrati-
graphic units. PLG: Primary Lower Gypsum;
VVC: Valle Versa Chaotic Complex; CSC:
Cassano Spinola Conglomerates; AAF:
Argille Azzurre Fm. b. Detailed sedimentary
log of the Cassano Spinola Conglomerates in
the Pollenzo section. The exposure gap in
member C is due to the recent construction
of a dam (see Fig. 2a). c-g. Outcrop view of
the Cassano Spinola Conglomerates: c. close
up of the boundary between the VVC and the
CSC. d. Member A/B boundary (dotted line).
The inset shows a close up of the boundary,
which corresponds to a marked change in
color of the sediments from greyish (member
A) to yellowish (member B). e. Outcrop view
of the lowermost conglomerate layer. f.
Member C, mostly composed of grey lami-
nated mudstones. The inset shows a close
view of a land plant remain, which corre-
sponds to the bark of a tree trunk. g. The M/
P boundary at the top of a prominent and
laterally continuous black layer, which di-
vides Paratethyan ostracod-rich mudstones
of the CSC from open marine fauna-rich
marls of the AAF. The different color of the
member C mudstones is due to weathering.
This picture is taken from Dela Pierre et al.
(2016) and predates the building of the dam.
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3.2. The Pollenzo section

The Pollenzo section (44°41'08”"N, 7°55'33”E), located in the
southern part of the Piedmont Basin in an intermediate position between
the basin margin and the depocenter, records the entire Messinian
succession (Figs. 1b, 2a). The section begins with the Sant’Agata Fossili
Marls, which show a precession-driven cyclic stacking pattern given by
couplets of laminated shales and marls (Lozar et al., 2010; Dela Pierre
et al., 2011; Natalicchio et al., 2017). Indurated carbonate-rich beds are
found intercalated with the marls in the upper part of the unit (Dela
Pierre et al., 2012). In detail, seven lithological, precession-driven cycles
were recognized in the topmost portion of this unit above a slump (Dela
Pierre et al., 2011). The overlying PLG unit comprises 9 lithological
cycles composed of shales and different types of gypsum lithofacies
(massive selenite in the lower two cycles; laminar gypsum and branch-
ing selenite in the remaining cycles; Dela Pierre et al., 2011; Natalicchio
et al., 2021). Physical stratigraphic, biostratigraphic and cyclostrati-
graphic data allowed the onset of the MSC to be identified three cycles
below the base of the PLG (Lozar et al., 2010, 2018; Dela Pierre et al.,
2011). The PLG is overlain by ~5 m of slumped mudstones enclosing up
to meter-sized blocks of PLG gypsums and carbonates attributed to the
VVC, the basal surface of which corresponds to the MES.

The section continues with the CSC (Fig. 2b). It was subdivided into
two sub-units by Dela Pierre et al. (2016): sub-unit a, that comprises
grey to yellowish mudstones, sandstones and conglomeratic lenses with
terrestrial mammal and fish fossils (Colombero et al., 2013; Carnevale
et al., 2018); sub-unit b, which largely consists of grey-green mudstones
with a distinct mollusk assemblage comprising both species endemic to
the Mediterranean and indigenous of the Eastern Paratethys (see Stur-
ani, 1973, 1976 and Esu and Popov, 2012 for details on the mollusks).
The top of the CSC and the boundary with the overlying AAF was sub-
merged in 2014 by the building of a dam on the Tanaro River (Fig. 2a).
Earlier studies of this interval describe the boundary as a dm-thick, black
layer burrowed at the top (Sturani, 1973; Dela Pierre et al., 2016;
Fig. 2b).

4. Material and methods

Field studies of the lithological and sedimentological characteristics
of the CSC have been carried out at Pollenzo in February 2019 and a
detailed stratigraphic section was logged (Fig. 2b). A total of 82 samples
of mudstones were collected: 42 from member A (samples PA1-42), 24
from member B (samples PA43-66) and 16 from member C (samples
LM1-16; see paragraph 5.1 for the definition of the members). Four
additional samples from the stratigraphic interval now under water and
collected previously by some of the authors (FD, FL, MN) have also been
analyzed: two (FSS3-4) from the top of the CSC and two (FSS10-11)
from the base of the Zanclean AAF, 30 and 35 cm above the Miocene/
Pliocene (M/P) boundary. Samples were processed for sedimentological,
petrographic (composition and mineralogy) and paleontological (os-
tracods, foraminifera, nannofossils and dinoflagellate cysts) observa-
tions using standard techniques. %7Sr/%Sr isotopes were analyzed on
samples that contain Ca?*-bearing minerals that satisfy three re-
quirements: (1) they must not be reworked; (2) they must not have
undergone significant diagenetic alteration with the introduction of
exogenous Sr after formation; (3) in case fossil shells are selected: (3.1)
they must be cleaned of the surrounding matrix, which is a contaminant;
(3.2) they should be preferentially composed of low-Mg calcite, which is
more resistant (i.e. less soluble) to post-depositional alteration than
high-Mg calcite and aragonite skeletal grains (Bennett et al., 2011;
Marcano et al., 2015). In light of the above, seven samples were selected
for which sufficient ostracod (PA42-43, LM14-15, FSS3-4) and planktic
foraminifera (FSS11) material was available. Analyzes were conducted
at the Bristol isotope group Laboratory at Bristol University following
the procedure outlined by Lewis et al. (2017).

A detailed description of the methods is provided as supplementary
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data (file S1).
5. Results
5.1. Field and petrographic observations

In the Pollenzo section, three members of the ~20 m-thick CSC can
be recognized on the basis of lithological features.

Member A is a ~ 9 m-thick monotonous muddy succession resting on
the erosional surface above the VVC (Fig. 2c). It is mainly composed of
dark grey laminated silty mudstones with dm-thick intercalations of
dark grey sandstones.

Member B is composed of mottled yellowish silty mudstones (Fig. 2d)
with abundant land plant debris, leaves and root casts. Two brown to
blackish indurated beds are present (Fig. 2b), corresponding to homo-
geneous mudstones alternating with cm-thick graded sandstones with an
erosional basal contact. Three lenticular conglomeratic layers are
interbedded with the yellowish mudstones (Fig. 2b, e). They are
composed of rounded and smoothed pebbles of selenitic gypsum and
Alpine metamorphic rocks and are interpreted as fluvial deposits
(Colombero et al., 2013). A diverse terrestrial vertebrate fauna is found
in the lowermost conglomeratic layer including disarticulated remains
of amphibians, reptiles, birds, large herbivores and carnivores (Sardella,
2008; Colombero et al., 2013). In addition, in situ articulated skeletal
remains of a single individual of a gomphotheriid, a large elephant-like
proboscidean, were found in the yellowish mudstones below the
lowermost conglomeratic layer (Colombero et al., 2013). Disarticulated
bones and otoliths of coastal marine benthic fish have also been reported
occurring with the terrestrial vertebrate fauna: one attributed to the
benthopelagic, euryhaline Aphanius crassicaudus and one of an unde-
termined species of Lophiiformes (Carnevale et al., 2018).

Member C is composed of grey laminated mudstones with interca-
lated lenticular dark grey layers (Fig. 2f). In thin section, member C
mudstones appear strongly bioturbated (Fig. 3d). Burrows are filled with
sand typified by high contents of benthic and planktic foraminifers
(Fig. 3e). Three dark grey layers (Figs. 2b, 3c) contain plant remains
(leaves, wood fragments), which are particularly abundant and well
exposed in the uppermost of the three dark layers (sample LM13;
Figs. 2f). Cm-sized rounded nodules surrounded by circumgranular
cracks are observed under the microscope (Fig. 3f). Member C is overlain
by the lower Zanclean open marine deposits of the AAF (Fig. 2b). The
contact is marked by a dm-thick dark-grey arenitic layer (Fig. 2g), re-
ported from other sites of the Piedmont Basin as well (Moncucco;
Trenkwalder et al., 2008; Violanti et al., 2011; Narzole borehole; Stur-
ani, 1976; Violanti et al., 2009). In the Pollenzo section, burrows of
Thalassinoides were recognized at the contact between the dark arenitic
layer and the AAF (Dela Pierre et al., 2016).

5.2. Paleontological content

5.2.1. Ostracods

Ostracods (Fig. 5) are first observed at the member A/B transition
(Figs. 2b, 4), they disappear in member B and re-appear in member C
(Figs. 2b, 4). Here they occur discontinuously in the first ~3.50 m
(samples LM1-13), whereas they are ubiquitous in the remaining ~2-3
m below the base of the topmost black layer (Fig. 4). In the lowermost
~3.50 m of member C ostracods mostly consist of fragments of dis-
articulated valves of Cyprideis sp. Fragments could not be selected for
873r/86Sr analyzes because they are commonly too small to subject them
to the cleaning procedure. Similarly, the absence of intact valves hinders
the taxonomic classification at the species level. By contrast, in the up-
permost ~2-3 m they are well preserved (Fig. 5) and consist of multiple
moult stages of both articulated and disarticulated valves, which are
diagnostic features of in-situ preservation (e.g. Gliozzi et al., 2007;
Cosentino et al., 2012; Stoica et al., 2016; Sciuto et al., 2018).

Overall, two assemblages can be distinguished based on different
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Fig. 3. Field images (a, ¢) and corresponding transmitted light optical microscope photomicrographs (b, d-f) of the fine-grained sediments of the CSC. a. Bedded
greyish mudstones of member A; b. Graded sandy layers interbedded to homogeneous mudstones. Note the erosional basal contact of the sandy layer (yellow dotted
line; sample PA56); c. greyish mudstone of member C with, on top, a cm-thick black horizon interpreted as a paleosol; d. Member C mudstone with burrows (yellow
arrows) filled with fine-grained sand; e. Closer view of the fine-grained sand filling the burrows showed in Fig. 3d. Note the abundance of skeletal remains (mostly
foraminifera; yellow arrows). Foraminifera tests are possibly filled with pyrite. f. Rounded pedogenetic nodules with circumgranular cracks (sample LM8). The cracks
are partially filled with calcite. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

diversity patterns (Fig. 4). We interpret these assemblages as the Bio-
facies 1 (low diversity) and Biofacies 2 (high diversity) of Bonaduce and
Sgarrella (1999), which are recognized in many other Stage 3 Mediter-
ranean sections (Malaga, Nijar and Vera basins in SE Spain, Bassetti
et al., 2006; Guerra-Merchan et al., 2010; Stoica et al., 2016; Apennine
basins, Grossi et al., 2008; Cosentino et al., 2012, 2018; Caltanissetta
Basin, Grossi et al., 2015; Crete, Cosentino et al., 2007). Biofacies 1 in
the Pollenzo section comprises an almost monospecific assemblage of
the euryhaline and shallow-water Cyprideis torosa with very rare in-
dividuals of Loxoconcha muelleri (Fig. 4). Well preserved gyrogonites of
Chara sp. are also observed. Biofacies 1 is found at the member A/B
transition and in the lower part of member C (Fig. 4).

In the Pollenzo section Biofacies 2 includes the following species
(other than C. torosa and L. muelleri): Loxorniculina djafarovi, Amnicythere
multituberculata, Amnicythere propinqua, Amnicythere palimpsesta,

Amnicythere idonea, Amnicythere accicularia, Cypria sp., Tyrrhenocythere
ruggierii, Tyrrhenocythere pontica, Cytherura pirama, Camptocypria sp.,
Loxoconcha eichwaldi, Loxoconcha kochi, Loxocauda limata, Zalaniella
venusta, Euxinocythere (Maeotocythere) praebaquana, Hastacandona lotzi
(Fig. 5). Biofacies 2 is recognized only in the two samples taken from the
uppermost meter below the black layer at the AAF transition (Fig. 4).

The described ostracod species are only known from the Pontian of
the Eastern Paratethys (i.e. Euxinic, Caspian and Dacian basins; Stoica
et al., 2013, 2016; Van Baak et al., 2016; Grothe et al., 2018; Lazarev
et al., 2020) and the Northern Aegean (Krijgsman et al., 2020 and ref-
erences therein), where they migrated at ~6.1 Ma from the endorheic
Pannonian Basin (Popov et al., 2006; Krijgsman et al., 2010; Grothe
et al., 2018). This observation further corroborates the in-situ character
of the Biofacies 2 ostracods.
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Fig. 4. Ostracod distribution chart along with variations in the 8 Sr/%°Sr ratios measured on ostracod valves. Analytical errors are so small that no error bars are
visible at this scale. Note the abrupt increase in ostracod species diversity that typifies the uppermost part of member C. Samples with diversified ostracod as-
semblages (Biofacies 2) have significantly lower 7Sr/%Sr ratios than samples with poorly diversified, Cyprideis torosa-dominated assemblages (Biofacies 1). Tyr-
rhenocythere ruggierii and Tyrrhenocythere pontica are grouped together in the informal group Tyrrhenocythere sp. 87Sr/36Sr ratios are plotted against three water
sources: (1) average signature of the coeval ocean water (the thickness of the line includes the analytical error; McArthur et al., 2012); (2) minimum estimated
signature of a hypothetical lake occupying the Piedmont Basin and corresponding to the 8”Sr/%°Sr ratios of the Po River at its confluence with the Tanaro River
(Fig. 1a; see paragraph 6.2 for insights); (3) inferred signature of the water mass filling the Mediterranean Basin during Stage 3 (see paragraph 6.2 for insights).

5.2.2. Foraminifera

Most of the samples collected in the basal member A are barren of
foraminifera. Only two samples (PA28 and 42) yield rare small-sized
(<125 pm) planktic foraminifera (Turborotalita quinqueloba,
T. multiloba, globigeriniids and few left coiled Neogloboquadrina acos-
taensis). The residues are mostly composed of terrigenous material,
typically mica flakes and lithic fragments.

The lowermost sample of member B (PA43; Fig. 2d) is characterized
by a reduced content of terrigenous grains and by the presence of mainly
planktic foraminifera. Among them, T. quinqueloba is most frequent,
followed by T. multiloba, Globigerinoides spp., Globorotalia scitula and
both left and right coiled N. acostaensis. Among the benthic foraminifera,
species belonging to the Bolivina, Anomalinoides, Oridorsalis, Cibicides
and Uvigerina genera were observed. The rest of member B is barren of
foraminifera or only yields scattered benthic foraminifera in sample
PA64.

Samples of the lower part of member C (LM1-3) yield quite diver-
sified foraminifer assemblages, with the planktic component being once
again more abundant than the benthic. Among the planktic foraminifera
T. quinqueloba, T. multiloba, Globigerina bulloides, Orbulina universa,
G. scitula, Globorotalia miotumida and Globigerinita glutinata were
recognized. Elphidium, Bolivina, Bulimina, Cibicides, Cancris, Valvulineria
and Rectuvigerina are among the most common benthic taxa. From LM4
upwards foraminifera are generally scattered, except in samples LM10
and LM11, where T. quinqueloba is again common and occurs together
with rare T. multiloba and G. bulloides.

The associations that are observed here closely resemble those of the
older Sant’Agata Fossili Marls (see Lozar et al., 2010). Some of the
common forms found in these assemblages such as T. multiloba and G.

miotumida are thought to have become extinct before Stage 3 (see Lirer
et al., 2019). Consequently, it is likely that the foraminifera are
reworked. This is supported by the observation that several of the
benthic and planktic species are deep-dwelling forms, which is a
paleoecological requirement that clearly contrasts with the presence of
sedimentological and other micropaleontological features pointing to a
shallow and brackish water body during deposition of the CSC (see
discussion in paragraph 6.1). Elphidium sp. may represent the only
exception, being this genus a typical inhabitant of shallow and eury-
haline environments that matches with our paleoenvironmental and
paleohydrological reconstruction of member C (see discussion in para-
graph 6.1). However, since it also frequently found in the SAF (Violanti
et al., 2013), reworking cannot be excluded.

5.2.3. Calcareous nannofossils

In all three members, calcareous nannofossil assemblages are made
up of both forms clearly reworked because of their biostratigraphic
range (Cretaceous, Oligocene and lower-middle Miocene) incompatible
with the age of the CSC and taxa which are potentially stratigraphically
consistent with the time interval spanned from the CSC and conse-
quently cannot be a priori considered as reworked (Fig. 6). Regrettably,
the age-diagnostic taxa Ceratolithus acutus (first appearance at 5.36 Ma;
Agnini et al., 2017) and Triquetrorhabdulus rugosus (last appearance
datum at 5.23 Ma; Backman et al., 2012), often reported in late Messi-
nian sediments of both the Mediterranean and Paratethys (Popescu
et al., 2017 and references therein) and, therefore, of significant chro-
nostratigraphic and paleoenvironmental implications (see discussion in
Andreetto et al., 2021a), have not been found in the CSC of Pollenzo.
Quantitative analysis reveals that calcareous nannofossils reworked
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Fig. 5. Messinian (Lago-Mare) ostracods from member C of the Cassano Spinola Conglomerates of the Pollenzo section (all pictures are taken on external lateral
views, LV-left valve, RV-right valve): 1. Zalaniella venusta (Zalanyi), LV; 2. Camptocypria sp., RV; 3. Hastacandona lotzi (Zalanyi), LV; 4. Cypria sp., RV, juvenile; 5, 6.
Cyprideis torosa (Jones), 5-LV, female, 6-RV, male; 7. Tyrrhenocythere ruggierii (Devoto), RV; 8. Tyrrhenocythere pontica (Livental), LV, juvenile; 9, 10. Amnicythere
propinqua (Livental), RV; 11, 12. Amnicythere idonea (Mandelstam, Markova, Rozyeva and Stepanajtys), 11-LV, 12-RV; 13. Amnicythere palimpsesta (Livental), RV; 14.
Amnicythere multituberculata (Livental), LV; 15. Euxinocythere (Maeotocytyhere) praebaquana (Livental), RV; 16. Amnicythere accicularia (Olteanu), LV; 17, 18. Lox-
oconcha eichwaldi (Livental), 17-LV, male, 18-LV, female; 19. Loxoconcha muelleri (Méhes), LV; 20. Loxocorniculina djafarovi (Schneider), LV; 21. Cytherura pyrama

(Schneider), LV.

from older than late Miocene stratigraphic levels constitute a small
percentage (lower than 6%) compared to taxa that are consistent with
the age of the CSC. Among these taxa whose stratigraphic distribution is
compatible with the age of CSC, the following are observed: Retic-
ulofenestra antarctica, Reticulofenestra hagqii, Reticulofenestra minuta,
Reticulofenestra procera, Reticulofenestra pseudoumbilicus, Sphenolitus
abies, Sphenolitus moriformis, Helicosphera carteri, Umbilicosphaera jafari,
Umbilicosphaera rotula, Calcidiscus leptoporus, Discoaster variabilis, Dis-
coaster brouweri, Coccolithus pelagicus, Toracosphaera, Pontosphaera dis-
copora, Pontosphaera japonica, Pontosphaera multipora, Calcidiscus
macintyrei, and Syracosphaera pulchra. Besides D. variabilis and
D. brouweri, other species belonging to the genus Discoaster are present.
However, they show high degree of fragmentation and recrystallization,
hampering their identification at the species level. More in detail,
Reticulofenestra is by far the most abundant genus, ranging from ~73 to
86% of the total. R. minuta makes up more than 38% of the Retic-
ulofenestra taxa, followed by R. haqii (7-33%, average of 16%),
R. antarctica (0.5-27%, average of 6%) and R. procera (<1%).

Helicosphaera carteri, R. pseudoumbilicus, C. pelagicus, U. jafari and
Sphenolithus gr. (herein consisting of S. abies and Strangospora mor-
iformis; Fig. 6) constitute a minor component (i.e. average abundance
between 1 and 5%) of the assemblages. All remaining “age-compatible”
taxa occur at abundances <1%.

Calcareous nannofossils assemblages are similar in terms of abun-
dance, (good state of) preservation and taxonomy between the three
members and to the older assemblages commonly found in the pre-MSC
SAF (Lozar et al., 2010). In member C alone, however, abundant, intact
coccospheres were observed. This observation is generally related to
conditions of exceptional preservation (e.g. Bown et al., 2014) which, as
such, could be indicative of the pristine nature of the member C
assemblage (see paragraph 6.1 for a more thorough discussion of the
nature of the long-ranging taxa in member C).

The nannofossil associations in the AAF contain the same taxa as in
the CSC, with the addition of Reticulofenestra zancleana, marker species
of the lower Zanclean (Di Stefano and Sturiale, 2010).



F. Andreetto et al. Palaeogeography, Palaeoclimatology, Palaeoecology 594 (2022) 110961

5.2.4. Dinoflagellate cysts

The 18 samples from member C are very rich in pollen grains and
organic terrestrial material such as leaf, cuticles, tetrads, fungal spores
and woody fragments indicating relatively large amount of terrestrial
input. Dinoflagellate cyst (dinocysts) occurrence and diversity vary
significantly. Some samples are virtually barren of dinocysts (LM1-9,
LM11-13) others show very low abundance and diversity (LM10,
LM14-16, FSS3-4). Marine taxa such as Achomosphera/Spiniferites spp.,
Spiniferites bentori, Homotryblium, Operculodinium israelianum, Oper-
culodinium janduchenei and Polysphaeridium zoharyi have been identified.
One specimen of Mendicodinium robustum has been observed in samples
FSS4. This species was informally described from restricted marine and
brackish Mediterranean latest middle Miocene-early late Miocene sedi-
ments (Zevenboom, 1995). Only one specimen of the Paratethyan spe-
cies Caspidinium rugosum and three specimens of Spiniferites cruciformis
were identified in sample LM15.

Early Zanclean samples FSS10-11 from the AAF are marked by a
large increase in dinocyst abundance and species richness and by
remarkable improvement in the dinocyst preservation. The most abun-
dant taxa in sample FSS10 are Impagidinium patulum, Operculodinium
spp., Lingulodinium machaerophorum (some specimens with reduced
processes), Spiniferites spp., Brigantedinium spp., Nematosphaeropsis lab-
yrinthus and Reticulatosphaera actinocoronata, which are known from
coastal to (outer) neritic environments. In sample FSS11 Impagidinium
patulum is dominant and Nematosphaeropsis labyrinthus, Retic-
ulatosphaera actinocoronata, Operculodinium janduchenei and Lingulodi-
nium macherophorum (with fully developed processes) are present. This
association reflects an outer neritic/oceanic environment.

In the lower Zanclean samples, marine dinocysts are well preserved,
diverse and abundant, all features that corroborate their in-situ char-
acter. By contrast, the taxa recognized in member C are often poorly
preserved. This makes the identification at the species level and the
discrimination of possible in-situ components, for instance, by means of
fluorescence microscopy (Pellen et al., 2017; Hoyle et al., 2018), really
challenging. The different preservation and abundance of the dinocysts
between the lower ~3.5 m of member C (i.e. samples LM1-13) and the
base of the AAF allows us to hypothesize that the few dinocysts recov-
ered in the lower part of member C are reworked. By contrast, the subtle
increase in the dinocyst preservation and abundance in the uppermost
~3 m (i.e. samples LM14-16, FSS3-4) may point to in-situ deposition.

|
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R. pseudoumbilicus

H. carteri

U. jafari

C. pelagicus

Nannoplankton distribution

Sphenolithus gr.

R. haqii
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5.3. 875r/%sr ratios

875r/86Sr ratios from the CSC range from 0.708871 to 0.708746
(Fig. 4, Table 1). The higher values of 0.708870-0.708871 (PA42-43)
and 0.708831-0.708834 (LM 14-15) come from C. torosa specimens

R. minuta

Table 1
87r,/86Sr composition and details of the analyzed samples.

Sample  Lithostr. Age Species 87sr/%%sr 20
unit (analyzed (1079
material)

A

Early Orbulina (10

FSS11 AAF Zanclean tests) 0.709006 7.02
CsC Late T. ruggierii (6

FSS4 (member C) Messinian adult valves) 0.708752  5.48
CSC Late T. ruggierii (6

FSS3 (member C)  Messinian adult valves) 0.708746  5.28
CsC Late C. torosa (6 adult

LM15 (member C)  Messinian valves) 0.708831 6.05
CSC Late C. torosa (6 adult

LM14 (member C) Messinian valves) 0.708834  5.18
CsC Late C. torosa (6 adult

PA43 (member A) Messinian valves) 0.708871 3.628
CsC Late C. torosa (6 adult

PA42 (member A) Messinian valves) 0.708870 4.325
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Fig. 6. Relative abundance of dominant calcareous nannofossils taxa in member C of the CSC and at the base of the AAF. Sphenolithus abies and Sphenolithus moriformis were grouped together in the informal group

Sphenolithus gr. The yellow star indicates the presence of the age-diagnostic taxon Reticulofenestra zancleana. Note changes in scale. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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forming the oligotypic Biofacies 1 (Fig. 4). Instead, the lower values of
0.708746 (FSS3) and 0.708752 (FSS4) come from T. ruggierii specimens
forming the more diversified Biofacies 2 (Fig. 4). In contrast with the
CSC data where the 87Sr/%0Sr ratios are substantially lower than Mes-
sinian ocean water, 8751 /80Sr at the base of the AAF (0.709006) are close
to the global ocean Sr curve for the lowermost Pliocene (McArthur et al.,
2012), but still outside its error range (Fig. 4).

6. Discussion
6.1. Paleoenvironmental evolution of the Piedmont Basin during Stage 3

Our newly acquired sedimentological and paleontological data,
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together with previously published results from both Pollenzo and other
localities in the Piedmont Basin, say little about the duration of Stage 3
in Pollenzo because of the lack of chronological controls, but they reveal
that at least three distinct environmental conditions occurred during the
here recorded time slice of Stage 3.

6.1.1. Member A

The fine-grained and thinly laminated deposits of member A (Fig. 2c)
reflect deposition in a low-energy subaqueous environment after a
period of tectonic-driven basin instability resulting in the deposition of
the VVC (Fig. 7a). The absence of in-situ fauna and bioturbation
throughout most of member A may suggest that the oxygen content was
low. Only in the uppermost part of member A, the presence of abundant
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Fig. 7. Evolution through part of MSC Stage 3 of the Piedmont Basin related to base-level variations in the open Mediterranean Basin. a. A shallow-water subaqueous
environment establishes in the Alba region after the emplacement of the VVC. b. Falling stage of the Mediterranean base level, witnessed by the spreading of
continental conditions. c. The rising Mediterranean base-level establishes, in the Pollenzo area, a shallow-water environment inhabited by C. torosa with higher, more
local river-like 87Sr/%°Sr ratios. d. The ongoing transgression causes a deepening and freshening in the Piedmont Basin, setting up the environmental conditions for
the truly Paratethyan ostracods to thrive. The increased contribution of Mediterranean waters with lower 8”Sr/%°Sr ratios than the local rivers causes a lowering of
the 87Sr/%6Sr ratio of the water mass. e. Changes in the Mediterranean-Atlantic gateway configuration re-establish a normal marine environment at the base of

the Zanclean.
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C. torosa, which is known today to be a shallow-water dweller (up to
30-50 m of depth, optimum around 7 m; Neale, 1988; Meisch, 2000;
Meyer et al., 2016), indicates a shallow-water paleoenvironment at
Pollenzo (i.e. <10-30 m deep). Instead, little can be said about the
paleosalinity: both C. torosa and charophytes can withstand and thrive in
a very wide range of aquatic environments and salinity (Petechaty et al.,
2013; Grossi et al., 2015; De Deckker and Lord, 2017 and references
therein). The Moncucco section (Fig. 1b) located in the northern side of
the Piedmont Basin (Torino Hill; Fig. 1a-b) may provide an estimation of
paleosalinity during deposition of the topmost part of member A. At
Moncucco, a poorly diversified ostracod assemblage is found in mud-
stones resting just below mammal-rich sediments (Angelone et al., 2011)
likely referable to member B (see below). Besides Cyprideis, identified at
the species level as Cyprideis agrigentina by Angelone et al. (2011), and
L. kochi, some specimens of A. propinqua are also found (Angelone et al.,
2011). This species is reported to have depth ranges compatible with
those of C. agrigentina and L. kochi, but stricter salinity requirements,
which has to stay within the oligo-mesohaline field (3—-14%o; Gliozzi and
Grossi, 2008). These findings therefore suggest that the shallow-water
paleoenvironment depositing member A was typified by brackish con-
ditions. Fine-grained deposits similar to those of member A of Pollenzo
are also reported on top of the VVC in cores that penetrated the CSC in
the Alessandria and Savigliano depocenters (Fig. la; Ghielmi et al.,
2019). In contrast, member A mudstones are absent in localities further
away from the deepest sectors both to the S and to the N, where the
erosional surface capping the VVC is directly overlain by the AAF (e.g.
Monregalese area; Ghielmi et al., 2019).

6.1.2. Member B

The transition from the grey shales of member A to yellowish mud-
stones of member B (Fig. 3c¢) with rhizoliths, terrestrial mammals
(Colombero et al., 2013) and three conglomerate beds (Fig. 2b, e) with
typical features of fluvial transport demonstrates the basinward shift of
the coastline and the establishment, at Pollenzo, of a recurrently dried
alluvial plain crossed by a fluvial network and surrounded by a variety
of continental environments (grasslands, woody areas, rocky habitats;
Fig. 7b). These continental environments provided a corridor for
migrating mammals from mainland Europe into the Italian peninsula
(Sardella, 2008; Angelone et al., 2011). The occurrence of Alpine
metamorphic pebbles in the conglomerates indicate that the Alpine
chain was already partially emerged during deposition of the member B
and it was undergoing intense erosion. Scattered brownish to black
shaley lenses intercalated with the yellowish pelites (Fig. 2b) are
possibly indicative of ephemeral, marshes that punctuated the alluvial
plain. Sediments similar to the ones attributed, in Pollenzo, to member
B, and rich in mammal fossils, freshwater and continental gastropods
(Angelone et al., 2011; Colombero et al., 2014, 2017; Harzhauser et al.,
2015; Grunert et al., 2016) are also found in the Moncucco section. This
suggests that continental conditions involved a larger sector of the
Piedmont Basin than only the Alba region (Fig. 7b).

6.1.3. Member C

The transition from the continental deposits of member B to the grey
laminated mudstones of member C indicates the renewal of a subaque-
ous environment. Additionally, they are interbedded with dark silty
layers (Fig. 2c—d) with cm-sized rounded nodules surrounded by cir-
cumgranular cracks (Fig. 3h), which we interpret to possibly represent
immature paleosols. Overall, these features indicate that member C is
the sedimentary expression of a shallow water body with a fluctuating
base-level responsible for periodic subaerial exposure. The amplitude of
the fluctuations was probably rather small (<30 m), based on the
shallow-water mode of life of the ostracod C. torosa which, albeit
discontinuously, dominates the benthic assemblages for most of member
C (Fig. 4). In the uppermost 1-2 m before the topmost black layer, the
ostracod assemblages are highly diverse, dominated by Paratethyan
species (Fig. 5) and relatively impoverished in C. torosa (Fig. 4). This
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assemblage is similar to that of the Moncucco section (Fig. 1a; Trenk-
walder et al., 2008) and other Messinian Mediterranean successions (e.g.
Cosentino et al., 2007, 2012, 2018; Grossi et al., 2008; Guerra-Merchan
et al., 2010; Stoica et al., 2016; see Andreetto et al., 2021a for further
references). According to the paleoecological analyzes carried out by
Gliozzi and Grossi (2008) on the Paratethyan ostracods, the stacking of
Biofacies 2 over Biofacies 1 in the uppermost ~2 m (Fig. 4) indicates a
deepening- and freshening-upward trend. Paratethyan ostracods, how-
ever, occur with the diverse calcareous nannofossil assemblages (which
include intact coccospheres) dominated by Reticulofenestra and subor-
dinate specimens of H. carteri, C. pelagicus, Sphenolithus abies and
Umbilicosphaera jafari (Fig. 6).

The co-occurrence of calcareous nannofossils with Paratethyan or-
ganisms in the same sediments raises a concern, which is not new in
Stage 3 studies (e.g. Cita et al., 1978; Bertini, 2006; Popescu et al., 2007;
Roveri et al., 2008a; Cosentino et al., 2012; Pellen et al., 2017; Caruso
et al., 2020). Marine microfossils have paleoecological requirements
apparently incompatible with those of the Paratethyan ostracods:
following the paleoenvironmental significance of the MSC ostracod as-
semblages proposed by Gliozzi and Grossi (2008), Biofacies 2 is indic-
ative of an oligo-mesohaline environment (0.5-18 g/I; The venice
system for the classification of marine waters according to salinity,
1958); instead, calcareous nannofossils are generally adapted to higher,
oceanic salinities typically ranging between 33 and 37 g/1. On this basis,
and considering that Paratethyan ostracods are certainly in-situ (e.g.
Gliozzi et al., 2007; Stoica et al., 2016; Sciuto et al., 2018; Caruso et al.,
2020; Andreetto et al., 2021a), the marine microfossils in Stage 3 sedi-
ments are generally considered to be reworked. However, some calcar-
eous nannoplankton today bloom sufficiently intensively to dominate
the phytoplankton assemblage in basins where oligo-mesohaline con-
ditions are seasonally or permanently established. Examples include the
Black Sea (Giunta et al., 2006), Baltic Sea (Hallfors, 2004; Thomsen,
2016), Adriatic Sea (Skejic et al., 2021) and Thessaloniki Bay (Dimiza
et al., 2020). These studies of calcareous nannoplankton in modern, low
salinity marine environments therefore do not preclude the coexistence
of brackish Paratethyan ostracods and marine calcareous nannofossils in
member C. Those species that have been identified here as potentially
in-situ (see Fig. 6) are largely accepted to be adaptable to lower than
normal marine salinity and to thrive during times of strongly fluctuating
environmental conditions (Wade and Bown, 2006; Auer et al., 2014). In
particular, R. minuta, which accounts for up to 70% of the assemblages
of member C (Fig. 6), is considered a hardy, opportunistic and euryha-
line taxon capable of withstanding highly stressed environments (Wade
and Bown, 2006 and references therein). If Wade and Bown (2006) and
Auer et al. (2014), among others, are correct in their hypothesis that
R. minuta and the other nannotaxa listed in Fig. 6 can occur in
low-salinity environments, then member C of the Pollenzo section doc-
uments that the Piedmont Basin was, during its deposition, exchanging
water with the rest of the Mediterranean Basin via the Po Plain-Adriatic
Foredeep (PPAF; Figs. 7c-d), which in turn was being simultaneously
supplied by the Atlantic seawater other than Eastern Paratethys brackish
water.

In-situ assemblages of calcareous nannofossils including the most
abundant taxa recognized in the CSC have already been reported by
Popescu et al. (2007) and Pellen et al. (2017) in Stage 3 sediments from
more southerly localities in the Adriatic region (i.e. Monticino, Mac-
carone, Civitella del Tronto, Fonte dei Pulcini and Fonte della Casa). The
evidence used to argue that the nannofossils were in situ was the pres-
ence of rare Ceratolithus acutus and Triquetrorhabdulus rugosus. These are
biostratigraphic markers of the uppermost Messinian/early Zanclean (Di
Stefano and Sturiale, 2010; Agnini et al., 2017) and, therefore, cannot be
reworked from older sediments. However, neither Roveri et al. (2008b)
nor Cosentino et al. (2012) identified these age-diagnostic taxa in the
same sections and they have also not been found by us in the CSC of the
Piedmont Basin. We therefore suggest that taphonomic and paleoeco-
logical evidence, rather than biostratigraphic criteria, should be used in
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the interpretation of calcareous nannoplankton assemblages in Stage 3
sediments.

Occurring with the Biofacies1-2 ostracods in the upper part of
member C are also low diversity marine dinocyst assemblages, which
include Achomosphera/Spiniferites spp., Spiniferites bentori, Homo-
tryblium, Operculodinium israelianum, Operculodinium janduchenei, Poly-
sphaeridium zoharyi and one specimen of Mendicodinium robustum.
Although these assemblages are of difficult interpretation due to their
extremely poor preservation, their sudden appearance in concomitance
with the ostracods may suggest that they were transported into the
Piedmont Basin from the same water mass. In agreement with the
environment indicated by the taxa of potentially in situ calcareous
nannofossils, the occurrence of these dinocyst taxa known to inhabit
restricted shallow marine, lagoonal settings (Pross and Brinkhuis, 2005;
Zonneveld et al., 2013) is reconcilable with the presence of the
ostracods.

The black layer capping member C (Fig. 2g) and marking the pale-
ohydrological change from brackish to normal marine salinity condi-
tions shares a very similar sandy texture and black color with other dark
beds found in the CSC (Fig. 2c-d). Similar black layers found just below
the lowermost Zanclean sediments in a number of localities of the
Northern-Central Apennines (Gennari et al., 2008) and in the Cypriot
Pissouri Basin (Rouchy et al., 2001) have also been interpreted as
paleosols. However, the presence of Thalassinoides, which are marine
firm ground burrows today constructed by a variety of marine organisms
(Myrow, 1995), at the top of the topmost black layer of the Piedmont
Basin (Dela Pierre et al., 2016) may be indicative that at least part of it
was deposited under marine conditions. However, more detailed sedi-
mentological, geochemical and paleontological investigations are
required to fully confirm its paleoenvironmental significance.

6.2. Episodic establishment of water exchange between the Piedmont
Basin and the Mediterranean during Stage 3

Sr?* cations in solution and absorbed by Ca**-bearing minerals
during precipitation have an 8Sr/%Sr ratio that results from the inte-
gration of Sr** from isotopically-different and variably-concentrated
water sources flowing into the basin. As long as the 8Sr/%6Sr finger-
print of these sources is known, then the hydrologic fluxes to the basin
can be reconstructed (e.g. Doebbert et al., 2014; Reghizzi et al., 2018;
Andreetto et al., 2021b). This methodology is only applicable to conti-
nental environments (lakes and rivers) or sedimentary basins which
have a restricted connection with the global ocean (like the Mediterra-
nean Basin during the MSC; Roveri et al., 2014a). Continental inputs are,
in fact, not distinguishable in normal oceanic settings (e.g. Kuznetsov
etal., 2012; Benito et al., 2021) due to the far higher Sr concentration in
seawater (7.8 mg/l; Palmer and Edmond, 1992) than in river water
(<<1 mg/l; Palmer and Edmond, 1992; Gaillardet et al., 1999; Marchina
et al., 2018). ¥r/%sr ratios from the CSC (0.708834-0.708746) are
significantly lower than those of the coeval seawater (~0.709024;
McArthur et al., 2012). These data strongly indicate that sedimentation
of member A and C mudstones took place in a subaqueous environment
exclusively (endorheic lake) or mainly (lagoon connected to the external
sources via the Mediterranean) formed by non-marine inputs. If this
water body was an endorheic lake, like suggested by Amadori et al.
(2018), then the 8751 /865y value of the Paratethyan ostracod valves must
be representative of the 8Sr/30Sr ratio of the lake water, which is the
product of all the river(s) flowing into the lake (e.g. Joordens et al.,
2011; Baddouh et al., 2016) after the weathering and erosion of the
isotopically-different, catchment-forming lithologies (e.g. Palmer and
Edmond, 1992; Brenot et al., 2008; Hajj et al., 2017; Marchina et al.,
2018; Peucker-Ehrenbrink and Fiske, 2019).

The presence, in member B, of pebbles of metamorphic rocks
exposed in the Alpine chain today indicates that the bedrocks forming
the proto-Alps were a source of Sr>* ions into the Piedmont Basin.
Measurements of the Sr signatures of the rivers that flowed into the
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Piedmont Basin during MSC Stage 3 are obviously not available, but can
be reliably approximated assuming that the paleorivers had similar
875r/8%8r ratios to those of the present-day rivers (e.g. Vasiliev et al.,
2010, 2021; Placzek et al., 2011; Doebbert et al., 2014; Grothe et al.,
2020) because the catchments of modern rivers of the Mediterranean
area, including the Piedmont region, did not change significantly since
the latest Messinian (e.g. Brass, 1976; Goudie, 2005; Schildgen et al.,
2014; Cosentino et al., 2018). 87Sr/%0Sr data are available for all major
rivers draining Northern Italy today (Marchina et al., 2018). Among
them, only the 8Sr/%Sr data of the longest river in Northern Italy, the
Po River, are chosen as the local reference 87Sr/%0Sr signal because the
Po River integrates at its mouth and, along its course, via its tributaries,
the dissolved solutes provided by the lithologies forming the Alps and
Apennines, were the catchments are located (Marchina et al., 2018). The
87r/86sr composition at any given point of the Po River course is
therefore representative of the mixing of isotopically-different Sr2*
coming from all the lithologies outcropping in the catchments upstream
of that point.

We consider the lowest 87Sr/®Sr ratio of the Po River before its
confluence with the Tanaro River (i.e. 0.709187; Fig. 1a, which occurs
approximately at the far eastern border of the Piedmont Basin (Fig. 1a),
as the minimum estimate of the 87Sr/8%Sr isotope composition of a lake
that could have hypothetically existed in the late Messinian Piedmont
Basin. The 87Sr/®0Sr values measured for the Po water at six locations
before confluence with the Tanaro River range between 0.709187 and
0.709745 (Fig. 8). These values are compatible with the mixing of high
radiogenic Sr2* provided by the igneous and metamorphic rocks form-
ing the great majority of the Alpine sector with less radiogenic Sr**
released by Jurassic ophiolites and Mesozoic carbonates locally
outcropping along the course of the tributaries Dora Baltea and Tanaro
(Fig. 1la; see Dal Piaz, 2010 for insights into the geology of Northern
Italy). This range of values, however, is substantially higher than the
873r/86Sr values measured on ostracods valves from both the member A/
B transition (0.708870-0.708871) and from member C
(0.708746-0.708834; Figs. 4, 8, Table 1). Another possibility, if the
Piedmont Basin had in the latest Messinian an areal extent and/or an
arrangement of the fluvial network different than today, would be that
tributaries of the Po River further east of the Tanaro River also supplied
Sr2*. Even if so, at no point beyond the present-day eastern margin of
the Piedmont Basin the Po River attains 8/Sr/%Sr values low enough
that overlap with the ostracod data (Fig. 8). This includes its lower
reaches where, compared to the upper reaches, there is a higher
contribution of water that drains carbonates and that gives some of the
northeastern Po tributaries lower 8 Sr/80Sr ratios (Marchina et al.,
2018). Consequently, the 8Sr/%0Sr ratios from the present-day rivers of
Northern Italy do not support the notion that the biota of the CSC
inhabited an endorheic lake fed by northern Italian rivers (e.g. Amadori
et al., 2018). Instead, 878r/80Sr ratios measured on Stage 3 Piedmont
ostracods must be accounted for by mixing of local freshwaters with
their relatively high 87Sr/%Sr signatures with water derived from an
external source and carrying Sr’* cations with a lower 87Sr/%°Sr ratio
(Fig. 7a, c-d).

A similar disparity between high 8 Sr/%Sr ratio river water and low
878r/8%8r ratios measured on Stage 3 ostracods was found to occur also
in the Sorbas-Nijar-Vera basins in SE Spain (Fig. 8; Andreetto et al.,
2021b). These Spanish data were interpreted to reflect a combination of
(local) fluvial and Mediterranean input, which is thought to have had, at
times during MSC Stage 3, a 3”Sr/%0Sr signature sufficiently low to draw
the higher ratios of the Spanish rivers down to the values acquired by the
ostracods (Andreetto et al., 2021b). 87Sr/%0Sr values measured on gyp-
sum and ostracod valves from more central Mediterranean basins, far
from the influence of the local fluvial input during the highstand phases
and where waters from the lower radiogenic large rivers (e.g. Nile:
0.7060, Brass, 1976; Rhone: ~0.7087, Albarede and Michard, 1987 and
Gaillardet et al., 1999) and Eastern Paratethys (0.70840.7085, Grothe
et al., 2020) and the higher radiogenic Atlantic Ocean (~0.709024;
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Fig. 8. Comparison between the Stage 3 8”5r/%Sr record of the Piedmont Basin and that of the marginal basins of SE Spain (1: McCulloch and De Deckker, 1989; 2:
Andreetto et al., 2021b; 3: Roveri et al., 2019; 4: Fortuin et al., 1995). 87Sr/5%Sr ratios are plotted against the 8 Sr/%°Sr fingerprint of the water mass filling the
Mediterranean during Stage 3 (Andreetto et al., 2021b), the coeval seawater signature (McArthur et al., 2012) and the estimated range of 878r/808r ratios for isolated
lakes. Note that none of the 8”Sr/®Sr ratios measured on Biofacies 1 and 2 ostracods from four separated marginal basins overlap with the 87Sr/®Sr signature

expected from endorheic lakes (see paragraph 6.2 for insights).

McArthur et al., 2012), were coming together (e.g. Manzi et al., 2009;
Roveri et al., 2014c¢; Marzocchi et al., 2016; Vasiliev et al., 2017; Garcia-
Veigas et al., 2018), are consistently lower than 0.708850 (Andreetto
et al., 2021b). We therefore suggest that the 8Sr/%°Sr Piedmont CSC
data are also the consequence of mixed fluvial and Mediterranean input
(Fig. 8). For this to be the case, the Mediterranean water level must have
been full enough to reach the Piedmont Basin and have been dominated
by non-marine water (e.g. Manzi et al., 2009, 2016; Roveri et al., 2014b,
2014c; Marzocchi et al., 2016; Stoica et al., 2016; Pellen et al., 2017;
Vasiliev et al., 2017; Garcia-Veigas et al., 2018), at least during times
when Paratethyan ostracods were colonizing the marginal basins (e.g.
Andreetto et al., 2021b).

6.3. Towards the marine replenishment of the Piedmont Basin

The upper part of member C comprises a stratigraphic increase in
ostracod diversity. The poorly diversified, shallower Biofacies 1 is
associated with higher river-like ratios, whereas the deeper water, more
diverse Biofacies 2 has lower ratios, similar to those that characterize the
Stage 3 Mediterranean water (Fig. 4). This decrease in 875r/865r in the
upper part of member C is likely to reflect an enhanced contribution of
Mediterranean water to the Piedmont Basin in parallel with increased
water depth.

The ambiguous nature of the topmost black layer at the M/P
boundary (Fig. 2g) hampers the interpretation of this transition both at
Piedmont and Mediterranean-wide. For the Zanclean transgression to
have been catastrophic (e.g. Micallef et al., 2018; Caruso et al., 2020;
Garcia-Castellanos et al., 2020; Spatola et al., 2020), the black layer
would need to have been deposited during a regression following the
rising Mediterranean base-level documented in the upper part of
member C. The alternative, non-catastrophic M/P transition would
instead require rising Mediterranean base-level to have continued into
the Pliocene uninterrupted.

Notwithstanding the nature of the transition, the Pliocene AAF sed-
iments only contain stenohaline marine taxa, including some biostrati-
graphic markers of the early Zanclean such as the nannofossil
Reticulofenestra zancleana (Di Stefano and Sturiale, 2010). This indicates
that early Pliocene sedimentation in Piedmont took place under open
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marine conditions (Fig. 7e). The dinocyst association in AAF samples
FSS10 and FSS11, 30 and 35 cm above the M/P boundary, reflects a
deepening-upward trend from coastal/(outer) neritic to outer neritic/
oceanic environments. The proportion of deep bathyal foraminifera and
ostracod taxa in Lower Zanclean samples from the Narzole core
(Figs. 1a-b) suggests that the Early Zanclean bathymetry was ~500-700
m in the Pollenzo area (Violanti et al., 2009). Similar Early Zanclean
faunal associations have previously been described from the AAF
exposed in the Piedmont Basin (Sturani, 1973; Trenkwalder et al., 2008;
Violanti et al., 2011) and basal Pliocene sediments elsewhere in the
Mediterranean (e.g. Castradori, 1998; Iaccarino et al., 1999; Rouchy
et al., 2003, 2007; Gennari et al., 2008; Guerra-Merchan et al., 2014;
Corbi and Soria, 2016; Corbi et al., 2016; Frigui et al., 2016; Roveri
et al., 2019; Caruso et al., 2020). These have also been interpreted as
indicating that Atlantic waters had fully replenished the Mediterranean
by 5.332 Ma. The ®Sr/%0Sr of Early Zanclean microfossils should
therefore be within error of ocean ratios. The %Sr/®0Sr ratio is homo-
geneous in the global ocean (McArthur et al., 2012) and in semi-closed
basins with an unrestricted oceanic gateway (e.g. Kuznetsov et al.,
2012). The 878r/80Sr ratio measured on Globigerina tests (0.709006 +
0.00000702) 35 cm above the base of the AAF (sample FSS11) is
significantly higher than the CSC samples below it and is close to, but
analytically lower than the coeval ocean value (~0.709024 + 0.000004;
McArthur et al., 2012; Fig. 4). Model calculations from Topper et al.
(2014) show that 87Sr/%0Sr values measurably deviate from oceanic
values towards riverine values if the river-derived Sr flux constitutes at
least 25% of the total water flux. These conditions are more likely to be
achieved when the connection between the ocean and the marginal
basin is restricted (Topper et al., 2014). We suggest that this discrepancy
reflects the delayed response of the system to the hydrological change
occurring at the M/P boundary, with substantial amounts of non-marine
Sr?* still circulating in the depositional environment. This geochemical
evidence that fully marine conditions were not restored in Piedmont
immediately after the Zanclean replenishment is mirrored by a higher
resolution Zanclean Sr isotope dataset from the Adana Basin (Southern
Turkey; Cipollari et al., 2013). Elsewhere in the Mediterranean (e.g.
Chelif Basin in Algeria and the deep Alboran Basin; Rouchy et al., 2007;
Bulian et al., 2021), some authors have reported low diversity
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foraminiferal assemblages that are consistent with a delay to the
establishment of fully marine conditions in the lowermost Pliocene. The
distribution of these data across both East and Western Mediterranean
basins indicates that the delay in establishing fully marine conditions
was at a Mediterranean scale, rather than a local phenomenon. It was
estimated that such conditions possibly lasted for at least half of a pre-
cession cycle after the M/P transition (e.g. Pierre et al., 2006; Rouchy
et al., 2007), but accurate chronological data showing the exact time at
which normal marine fossil assemblages and geochemical signals
returned in the Mediterranean are still lacking.

7. Conclusions

Our cross-disciplinary study of the Cassano Spinola Conglomerates in
the marginal Piedmont Basin provides new multifaceted insights on
Stage 3 of the Messinian Salinity Crisis. The Piedmont Basin remained
underwater possibly for most of Stage 3, hosting an inhospitable sub-
aqueous environment (member A) that only before being superseded by
continental conditions (member B) gets populated mostly by the
ostracod genus Cyprideis and shows evidence in the 8Sr/36Sr ratios that
was exchanging water with the Mediterranean. At some point this
environment shrinks from the more marginal areas of the basin,
exposing terrestrial pathways for trans-European mammal migrations.
The abrupt replacement of continental deposits by subaqueous mud-
stones (member C) provides evidence for a transgression. This event is
accompanied by the appearance of progressively more diverse assem-
blages of Paratethyan ostracods possibly together with taxa of calcar-
eous nannofossil and dinocysts adaptable to environments with lower
than seawater salinity and fluctuating environmental conditions.
8751 /865y ratios of the latest Messinian ostracods infer a mixture of local
river and central Mediterranean waters, which demonstrate that the
Piedmont Basin was already connected with the central Mediterranean
water mass before the M/P boundary. The ostracods’ diversity change
observed at the top of the CSC matches with the decrease in &7Sr/%6Sr
ratios from higher to lower values and together they reflect a progressive
upward increase of the depth and freshening of the environment that we
relate to the enhanced entrance of Mediterranean water in a general
framework of Mediterranean base-level rise. When placed in a more
regional context, our results indicate that the Mediterranean Basin was
relatively full of water derived from Atlantic, Eastern Paratethys and the
ever-flowing large rivers at times corresponding to Paratethyan ostracod
colonization of the rims.
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