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Abstract: 'The Messinian-Zanclean boundary in the Mediterranean basin marks the end of the Messinian sali-
nity crisis (MSC) at approximately 5.33 Ma. The mechanism behind the return to normal marine conditions after the
MSC are debated, with two main hypotheses proposed: an instantaneous reflooding of the Mediterranean at the base
of the Zanclean, following its near-complete desiccation, or a gradual sea level rise in a non-desiccated basin during the
late MSC phase (Lago-Mare). Our objectives are to refine the age model of the Pollenzo section in the Piedmont basin,
Italy, and to elucidate environmental variability during this phase. We employ high-resolution biomagnetostratigraphic
and cyclostratigraphic analyses, integrated with statistical multivariate and cluster analyses, and tie the results with other
Ttalian Mediterranean reference sections of the basal Zanclean. The proposed age model is based on biostratigraphic
markers (planktic foraminifera and calcareous nannofossils), alongside the identification of the base of the Thve-
ra subchron. Although no astrochronological tuning was proposed, the influence of orbital parameters variation on
calcareous plankton was noted, especially at tie of eccentricity maxima. Our results indicate a gradual restoration of
open marine conditions after the MSC, spanning from 5.33 to 5.23 Ma. We observe a transition from a more marginal
environment to more open marine conditions at the termination of MSC.

Our findings challenge the notion of an abrupt transition at the end of the MSC, emphasizing the gradual na-
ture of environmental change in the northernmost Mediterranean basin, from the late Messinian to the early Zanclean.
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INTRODUCTION

The transition from the Messinian to the Zan-
clean in the Mediterranean basin marks the demise
of the Messinian salinity crisis (MSC; 5.97-5.33 Ma;
CIESM, 2008; Roveri et al. 2014), during which the
youngest salt giant of Earth history formed. The
Messinian-Zanclean boundary (MZB) is marked by
a sharp change in depositional facies from brackish
sediments during the final stage of the crisis (Lago
Mare event; 5.55-5.33 Ma; Roveri et al. 2014; An-
dreetto et al. 2021) to open marine sediments at the
base of the Zanclean stage. The extensive research
during the last fifty years led to the formulation of
three hypotheses to explain the termination of the
MSC and the alleged prominent lithological and
paleontological shift: (a) the rapid (instantaneous)
flooding at the beginning of the Zanclean of an al-
most desiccated Mediterranean basin, following the
reopening of the connection with the Atlantic Oce-
an through the paleo-Gibraltar gateway (Hstu 1973;
Blanc-Valleron et al. 2002; Garcia-Castellanos et al.
2009; Garcia-Alix et al. 2016; Caruso et al. 2020;
Amarathunga et al. 2022; Van Dijk et al. 2023; Ryan
2023); (b) the restoration of marine conditions in
a non-desiccated Mediterranean after a gradual sea
level rise during the latest MSC phase (Lago-Mare),
which culminated in the complete restoration of
the Atlantic-Mediterranean connection (Loget et
al. 2005; Pierre et al. 2006; Roveri & Manzi 20006;
Marzocchi et al. 2016; Carnevale et al. 2018; An-
dreetto et al. 2022; Carnevale & Schwarzhans 2022;
Bulian et al. 2022b; Mancini et al. 2023; Pilade et al.
2023); ¢) a two-step flooding event starting with a
glacioeustatic sea-level rise at 5.52 Ma, followed by
a global sea-level drop at 5.4 Ma, and a subsequent
rise, which led to the refilling of the Mediterranean
in the earliest Pliocene (Pérez-Asensio et al. 2013).

Scenarios a and b align with the reestabli-
shment of normal marine conditions at the base
of the Zanclean, following the MSC; while scena-
rio ¢ suggests that marine conditions were already
repeatedly established before the Zanclean (Pérez-
Asensio et al. 2013). The return to a fully mari-
ne basin connected with the Atlantic Oceans was
astrochronologically dated at 5.33 Ma in the Era-
clea Minoa section, where the Zanclean GSSP was
defined (Van Couvering et al. 2000). In detail, the
GSSP definition globally corresponds to insolation
cycle 510, five precessional cycles below the base of
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the normal magnetostratigraphic subchron Thvera
(5.235 Ma; Gradstein et al. 2020).

biostratigraphic,
graphic, and cyclostratigraphic studies were con-

Extensive magnetostrati-
ducted in the Mediterranean basin on basal Zancle-
an sediments from both inland sections (laccarino
et al. 1999; Pierre et al. 2006; Gennati et al. 2008;
Riforgiato et al. 2008; Roveri et al. 2014; Lancis et
al. 2015; Cornée et al. 2016; Caruso et al. 2020) and
boreholes (Hilgen 1991; Lourens et al. 1996; Di Ste-
fano et al. 1996, 2010). However, a detailed record
of the Messinian-Zanclean transition is still lacking
in the northernmost part of the Mediterranean.

The Pollenzo section is located in the Pied-
mont basin, which during the late Messinian repre-
sented the northernmost portion of the Mediter-
ranean basin (Popov et al. 2004; Andreetto et al.
2022b). Here, the sedimentary succession records
all the events of the MSC and the Messinian-Zan-
clean transition (e.g,, Dela Pierre et al. 2011, 2010).
Previous studies provided detailed information on
this critical time interval from both outcrop sec-
tions (such as the Moncucco quarry; Trenkwalder
et al. 2008; Violanti et al. 2011) and core samples
(e.g., the Narzole borehole; Sturani 1978; Violanti
et al. 2009), suggesting the presence of a hiatus in
the uppermost Messinian sediments (Trenkwalder
et al. 2008). However, a high-resolution age model
of the basal Zanclean sediments, which is required
to effectively correlate the northern sector of the
Mediterranean with the rest of the basin, is not
available yet.

In this study, we aim to improve our under-
standing of the lower Zanclean stage in the nor-
thernmost Mediterranean basin. To achieve this
goal, we integrated magnetostratigraphic analysis
with calcareous plankton micropaleontology of
the sediments from the Pollenzo section, applying
a multivariate statistical approach. Our objectives
are to refine the age model and to detail the envi-
ronmental variability of the Zanclean sediments of
the northernmost part of the Mediterranean, du-
ring this critical time interval. We compared our re-
sults with those from other Mediterranean referen-
ce sections, including the Eraclea Minoa GSSP (Van
Couvering et al. 2000), and the northern Apennine
(Gennari et al. 2008). We particularly focused on the
evolution of the calcareous plankton assemblages
during the eatly phase of the Zanclean marine re-
storation and the related paleoceanographic and pa-
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Fig. 1 - A) Simplified geological map of northwestern Italy (adapted from Sabino et al. 2020). The red star indicates the location of the Pollen-
z0 section; B) schematic cross-section of the Piedmont basin, flattened at the base of the Pliocene, showing the relationships between
the Messinian units (modified from Dela Pierre et al. 2011); PL.G: Primary Lower Gypsum unit; C) simplified stratigraphic log of the
upper Messinian and lower Zanclean deposits in the Pollenzo section (modified from Andreetto et al. 2022).

leoenvironmental changes. Ultimately, our research
contributes to unravel the enigmatic termination of
the MSC in the often-ovetlooked northern Mediter-
ranean basin.

GEOLOGICAL SETTING

The Piedmont Basin (PB, Northwestern Italy)
is a wedge-top basin situated on the inner side of
the western Alpine chain (Fig. 1A). It is filled with a
thick upper Eocene to Pliocene succession, deposi-
ted above a complex tectonic wedge formed by Al-
pine, Ligurian, and Adria basement units juxtaposed
during the meso-alpine collisional event (Rossi et al.
2009; Mosca et al. 2010; Ghielmi et al. 2019).

In the Pollenzo section, the Messinian succes-
sion starts with the hemipelagic pre-MSC deposits
of the Sant’Agata Fossili Marls (SAF; Lozar et al.
2010; Dela Pierre et al. 2011, 2012), which also in-
clude the onset of the MSC. Upward, the primary

evaporitic deposits of the first stage of the MSC,
referred to as the Primary Lower Gypsum unit, are
capped by clastic evaporite deposits of the Valle
Versa Chaotic Complex (Dela Pierre et al. 2011; Fig;
1B).

Primary and clastic evaporites are overlain by
uppermost Messinian fluvio-deltaic to lacustrine
terrigenous deposits that are referred to as the Cas-
sano Spinola Conglomerates (CSC; see Andreetto et
al. 2021, and references therein; Fig. 1b). The lower
portion of the CSC consists of continental deposits
with remains of terrestrial vertebrates (Colombero
et al. 2017); the upper portion of the CSC (Fig. 1C)
consists of silty marls with Lago-Mare fossil as-
semblages including gastropods such as Melanopsis,
Melanoides and Cerithium and a mixture of brackish
water ostracods of Paratethyan affinity, calcareous
nannofossils and scattered foraminifera (Trenkwal-
der et al. 2008; Violanti et al. 2009, 2011; Andreetto
etal. 2022). According to Andreetto et al. (2022), the
calcareous nannofossil record just below the MZB
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includes intact coccosphere which, although relati-
vely uncommon, suggest that these marine fossils
are autochthonous and not reworked. This evidence
agrees with the gradual transgression suggested by
Pilade et al. (2023) in the Northern Mediterrane-
an and the capacity of coccolithophores to inhabit
brackish waterbody connected to the sea (e.g. the
Black Sea; Giunta et al. 2007). The transition to the
Zanclean marly clays of the Argille Azzurre For-
mation (AAF) is marked by a highly bioturbated,
glaucony and phosphate-rich black sandy layer. The
AAF was deposited along the Northern Apennine
margin and are rich in foraminifers and calcareous
nannofossils generally indicating bathyal sedimenta-
tion depth (Carloni et al. 1974; Iaccarino & Papani
1979, and other; Colalongo 1988; Rio et al. 1990).

MATERIAL AND METHODS

The Pollenzo section

The Pollenzo section (Figs. 1C and 2;
44°41°09.6” N, 7°54°50.4” E) is located on the left
bank of the Tanaro River close to Verduno (CN).
Nowadays the outcrop is submerged due to the re-
cent construction of a dam. The thickness of the
studied section is 8.6 m. The stratigraphic succes-
sion from bottom to top consists of: (a) 3.2 m of
brown silty marls alternating with cm-thick layers of
yellow sands (CSC); (b) 50 cm of silty marls charac-

terized by the presence of carbonate nodules rang-
ing in size from 1 mm to 20 cm (topmost part of
CSC); (c) a black sandy layer of variable thickness
(from 20 to 50 cm), marking the Messinian-Zan-
clean transition (Fig. SO); (d) 4.9 m of marly clays
belonging to the AAF. Samples were collected dur-
ing two surveys; planktic foraminifer (PF) and cal-
careous nannofossil (CN) samples differ in number
and, in some cases, also differ in their stratigraphic
position (see Fig. 2A).

Micropaleontological analyses

A total of 33 samples were collected for fora-
minifera, and a total of 24 samples were collected
for calcareous nannofossils (Fig. 2A). In the case of
foraminifera analysis, the samples were soaked in a
solution of H,O: H O, (9:1, in volume). The result-
ing residues were wet sieved to eliminate the clayey
and silty fraction (< 63 um) and were subsequently
dry sieved to obtain three size fractions (>500 pm,
500-125 pm, and 125-63 um).

Quantitative analyses of planktic foramini-
fer assemblages were carried out on the residues
>125 um. Residues were subdivided into aliquots
by a splitter to obtain at least 300 specimens per
sample and then handpicked. Taxonomic assign-
ments were performed following the classifications
of Schiebel and Hemleben (2017), Spezzaferri et al.
(2018), Srinivasan & Kennett (1983), and Aze et al.
(2011). Several species were grouped together: G/o-
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boturborotalita group includes G. apertura Cushman,
1918, G. decoraperta (Takayanagi & Saito, 1962), G.
nepenthes (Todd, 1957) and G. woodi Jenkins, 1960;
the Globigerinella group includes both G. obesa (Bolli,
1957). and G. psendobesa (Salvatorini, 1967); the Glo-
bigerinita group includes both G. glutinata Egger, 1893
and G. nvula (Ehrenberg, 1861); the Globigerina group
includes both G. bullvides &’ Orbigny, 1826 and G. fal-
conensis Blow, 1959; finally, the Globigerinoides gr. in-
cludes all the Globigerinoides and Trilobatus specimens.
The coiling ratio of Neogloboguadrina acostaensis (Blow,
1959) was calculated, as it is relevant for the Zan-
clean biozonation (Lirer et al. 2019).

Calcareous nannoplankton analysis involved
the preparation of 24 smear slides using the stan-
dard method outlined in Bown & Young (1998). The
slides were then observed under an optical micro-
scope (Olympus BX50) at high magnification (1250
X), counting at least 500 nannofossils per sample.

The abundances of very rare, selected taxa
(Discoaster spp., Amaurolithus and Ceratholithus spp.)
were determined by counting a surface area of 8
mm? on each slide. The preservation of discoasterid
specimens was poor, showing fragmentation and
etching features, which in some cases hampered the
taxonomic identification at the species level; for this
reason, the poorly preserved specimens were count-
ed by only differentiating the number of arms (i.e.
5-rayed and 6-rayed). In this study, taxonomic as-
sighments are based on Perch-Nielsen (1985), Young
(1998), and Nannotax (Young et al. 2022). The age
model was defined according to the Mediterranean
biostratigraphic zonation for the lowermost Zan-
clean (Di Stefano & Sturiale 2010; Di Stefano et al.
2023).

Statistical analysis

Cluster analysis. 'To describe the variation of the
micropaleontological assemblage trough time, we
conducted the clustering of samples based on the
combined PF and CN micropaleontological com-
position. We used the hk-means algorithm imple-
mented in the factoextra 1.0.7 R-package (http://
www.R-project.org/), which combines hierarchical
and k-means clustering, We included in the analysis
only those PF and CN data from samples that were
collected in the same stratigraphic levels (Fig. 2A).

To evaluate the effectiveness of the hk-means
clustering, we determined the optimal number of
clusters by WSS based elbow point method.

Principal Component Analysis. We performed the
Principal Component Analysis (PCA) on the same
samples used for the cluster analysis, using the “fac-
toextra” package (version 1.0.7) in R environment
(http:/ /www.R-project.org/). The PCA is aimed at
simplifying the dataset and it is used to find out the
main component of paleoenvironmental variability.
Indeed, this technique transforms the original data-
set (made of numerous species and their percentage
variation through studied stratigraphic section) into
a new set of linearly uncorrelated variables known
as principal components (PC), which maximize the
variance. The number of significant PC is chosen
through a Monte Carlo test considering the vari-
ance explained by each principal component against
that of a random dataset (Fig. S1A) The scores of
each principal component can be represented fur-
thermore in a Cartesian bi-dimensional or tri-di-
mensional space, either plotted against stratigraphic
depth or plotted one component versus another
(Figs. S1B and C; Fig, S2).

Magnetostratigraphy

A total of 19 samples were drilled and orient-
ed 7n-situ from the base to the top of the section and
analyzed at the CIMaN-ALP laboratory (Peveragno,
Italy). For each core, two cylindrical standard-size
specimens (diameter and height of 2.5 cm) were
cut. The remanent magnetization of each specimen
was measured at the CIMaN-ALP laboratory using
a spinner JR5 magnetometer (AGICO sro). Speci-
mens from the same core were therefore systemati-
cally demagnetized using the thermal demagnetiza-
tion (Schonstedt furnace) and alternating field (Af)
demagnetization (D-2000 ASC demagnetizer).

REsULTS

Planktic foraminifera

PF of the AAF is well-preserved and the
assemblages are well-diversified and display large
abundance fluctuations (Fig. 3).

The PF assemblage (Fig. b3) is mainly com-
posed of the Globoturborotalita gr. showing quite
regular oscillation between 18.33% and 62.74%.
N. acostaensis has variable abundances in the lower
portion of the section (up to 5.5 m), ranging from
absent to maxima of 32.08%; above 5.5 m it is quite
constant around 20% and then it decreases above 7
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Fig. 3 - Plots of the relative abundance of planktic foraminifer taxa expressed as % of the total assemblage and of the P/B ratio of the Pol-

lenzo section.

m up to the top of the section, except for a single
increment at 8.1 m (Fig. 3). IN. acostaensis is normally
prevalently right coiled except for two left influxes
at 4.50 m, and between 5.00 and 5.40 m, respecti-
vely. Apart from the basal AAF sample, where it
reaches ca. 30%, the Globigerina gr. shows oscilla-
tions between 6.74% and 27.96%, in antiphase with
the Globoturborotalita gr. (Fig. 3). The Globigerinoides
gr. generally shows low abundances (usually <10%),
except for the lower meter of the AAFE, where it
retains maximum abundances up to 23.23%. Or-
bulina universa is more abundant in the lower part
of the AAE with fluctuations between ca. 3.87 and
16.67% up to 5.30 m and then it decreases below
5%, except a 11.25% peak at 7.9 m. The Globige-
rinita gr. is also relatively scarce (<5%), increasing
above 5% only in two intervals between 4.25 and
5.25 m and in the topmost 60 cm (Fig. 3). The re-
maining taxa occur with lower abundances (Fig. 3),
including a) Turborotalita quingueloba (Natland, 1938),
which decreases upward, ranging from a maximum
of 12.26% to a minimum of 0.47%; b) Globorotalia
scitnla (Brady, 1882) , absent in the lower part of the
section and gradually increasing up to a maximum
of 4.15% in the upper part; ¢) Globigerinella spp., di-
scontinuously present with maximum relative abun-
dances of 3.23% and d) Sphaeroidinellopsis seminulina
(Schwager, 18606) only present between 5.5 and 7.5

m, with maxima below 5% (see also supplementary

table ST1).

Calcareous nannofossils

The CN assemblage (Fig. 4) is characterized
by high abundance of the Reticulofenestra gr. Reticulo-
[fenestra minuta Roth, 1970 dominates the assemblage
with an increasing abundance trend up to the top (up
to 57.91% at 7.80 my; Table ST1); Reticulofenestra hagii
Backman, 1978 shows maxima at 5.00 m (16.8%),
7.50 m (8.85%) and 8.00 m (9.43%); Umibilicospha-
era jafari Muller, 1974 depicts a decreasing upward
trend with slight fluctuations in abundance ranging
between 19.40% at 3.90 m and 0.98% at 8.00 m. Re-
ticulofenestra zancleana Di Stefano & Sturiale, 2010 has
its highest abundance at the base of the AAF at 3.90
m (8.8%) and rapidly declines upwards (below 2%
from 4.40 m); it is continuously present up to 5.30 m
and upward is irregularly present with relative abun-
dances below 1%. Helicosphaera carteri (Wallich, 1877)
is common (with a prominent peak of 21.4% at 4.60
m) in the lower part of the section, up to 5.00 m, and
it decreases below 7% above 6.5 m (Fig. 4). Spheno-
lithus abies Deflandre & Fert, 1954 shows maxima in
abundance between 5 and 6.25 m (up to ca. 10%),
otherwise it does not exceed 5%. Calcidiscus leptoporus
(Murray & Blackman, 1898) shows two abundance
peaks at 4.00 m (12%) and 6.00 m (9.2%), with a
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pronounced drop in between; from 6.00 m to the
top of the section it remains below 5% (Fig. 4). Coe-
colithus pelagicus (Wallich, 1877) shows minor fluctua-
tion with maxima lower than 5%, except for a pro-
minent peak at very base of the AAF (9.0%). Minor
components of the assemblage are Rbabdosphaera
¢lavigera Murray & Blackman, 1898, Uwbilicosphaera
rotula (Kamptner, 1956), and Pontosphaera spp.; very
rare taxa are Seyphosphaera lagena Kamptner, 1955,
Syracosphaera pulchra Lohmann, 1902, Amaurolithus
prinmus (Bukry & Percival, 1971); Ceratholithus acutus
Gartner & Bukry, 1974 occurs from the base of the
AAF and is overall extremely rare. Additionally, the
association is characterized by the scattered occur-
rences of different species of Discoaster (D. variabilis
gt., D. bromweri gt., D. pentaradiatus gx., together with
poorly preserved D. 5 arms, D. 6 arms). The abun-
dance of Discoaster spp. pet mm?® varies with a re-
gular and cyclical pattern, with maxima at 4.20 m
(39/mm?), 4.80 m (14/mm?), 5.60m (22/mm?), 6.40
m (38/mm?), 7.20 m (37/mm?), and at 8.0 m (22/
mm?), and minima at 4.40 m, 5.20 m, 6.00 m and
7.00 m, and 7.80 m (Table ST'1c).

Cluster analysis
According to the within sum of squares
(WSS) and the elbow point method, three clusters

were defined based on the PF and CN assemblages
(Figs. 5A and B). The silhouette score was used as a
criterion to evaluate the distribution of the assem-
blages within the clusters (Fig. 5C), as, in our case, it
measures the similarity of an assemblage to its assi-
gned cluster compared to other clusters. A high sil-
houette score indicates that the assemblage fits well
within its own cluster. All the samples except MP2c
and 2d display positive values, and the three clusters
are arranged in stratigraphic order (Fig. 5A).

Cluster 1 comprises samples of the bottom-
most portion of the AAF, ranging from 3.90 to 4.40
m. The mean assemblage of Cluster 1 (Fig. S3) is
characterized by Reticulofenestra pseudonmbilicus (Gart-
ner, 1967) (20%), R. minuta (7%) and R. hagii (5%),
and, with significant contributors being C. pelagicus
(3%), H. carteri (13%), and U. jafari (17%), among
CN. Regarding PF, the dominant species include
Globoturborotalita spp. (42%), Globigerina spp. (12%),
and Neogloboguadrina acostaensis (dx) (10%).

Cluster 2 (Fig. S3) includes samples from the
intermediate part of the AAF, spanning from 4.50
to 7.50 m. Among CN, the main changes respect
to Cluster 1 are represented by R. minuta (28%), R.
psendoumbilicus (17%), U. jafari (12%) and H. carteri
(7%); R. zancleana is absent and other taxa remain
roughly unchanged. Regarding PF, Globoturborotalita
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spp. remains prominent (44%), there is an uptick
in Globigerina spp. (16%) and Globigerinita spp. (6%).
Notably, N. acostaensis (dx) maintains a substantial
presence (15%).

Cluster 3 (Fig. S3) represents the topmost
portion of the section, extending from 7.50 m to
the top (Fig. 5A). Notably, R. minuta experiences a
substantial increase in abundance (45%), becoming
the dominant species within the cluster. Similatly,
R. psendoumbilicus exhibits a marked rise in relative
abundance (31%). In contrast, several species wit-
ness declines, including H. carteri (3%), S. abies (3%),
and U. jafari (4%). In Cluster 3 the mean assemblage
is still mainly made up of Globoturborotalita (40%),
N. acostaensis dx (18%) and Globigerina spp. (16%),
while Globigerinita spp. increase; other taxa remain
unchanged.

Principal component analysis
The PCA test, validated through a Monte
Carlo test (Fig. S1A), identifies three principal com-

ponents: PC1, PC2, and PC3, which account for
23.12%, 14% and 12% of the variance, respectively.

The distribution of the samples in the PC1-
PC2 plane biplot (Fig. S1C) reflects the clustering
patterns, particularly for cluster 1. In fact, species
that are well represented in samples of cluster 1,
such as R. minuta, R. haqii, R. psendoumbilicus, C. pe-
lagicus, G. scitula, Globigerina spp., Globigerinita spp.,
Neogloboguadrina dutertrei, O. universa, and Sphaeroidi-
nellopsis spp. contribute positively to PC1 (Fig. S1C).
Conversely, species like R. zancleana, H. carteri, S.
abies, C. leptoporus, Discoaster spp., U. rotula, U. jafa-
riy R. clavigera, P. japonica, P. discopora, P. multipora, S.
pulchra, Globigerinoides spp., Globigerinella spp., N. aco-
staensis sx, and Globoturborotalita spp. contribute ne-
gatively (Fig. S1C).

For PC2, species such as R. pseudoumbilicus,
Globigerinoides spp., Neogloboguadrina dx, and O. wuni-
versa contribute positively (Fig. S1C), while R. zan-
cleana, C. leptoporus, P. japonica, S. pulchra, G. scitula,
Globigerina spp., Globigerinita spp., N. acostaensis sx,
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Globoturborotalita spp., 1. quinqueloba, and Sphaeroidi-
nellopsis spp. contribute negatively (Fig. S1C).

Stratigraphically, the PC1 exhibits a signifi-
cant gradual trend upward from negative to positive
values; PC2 shows positive scores in the intervals
corresponding to clusters 1 and 3; PC3 shows no
clear trends (Fig. S1B, Fig. S2A, B). In term of sco-
res, there is a striking difference between PC1 and
2 in the basal portion of the section, corresponding
to samples of cluster 1; upward this difference is
less evident.

Magnetostratigraphy

The analysis of the Zijderveld diagrams (Fig.
0A), shows that both the thermic and AF dema-
gnetizations are characterized by two clearly defined
magnetization directions. The low-stability direc-
tion, which is identified up to 10-20 mT and 120-
160 °C range, is interpreted as a viscous component
(VRM).

At higher field and temperatures, the cha-
racteristic remnant magnetization (ChRM) is always
well-defined in all the samples and shows both nor-
mal and reversed polarities. The samples from MP1

to MP9 (7.60 m) exhibit reverse polarity (n = 16, D
=13.5%1=-49.6° k =7, . = 4.7°), while sample
MP10 (8.50 m) has normal polarity (n = 2, D =
1.0°,1 = 48.3°) (Fig, 6B).

DiscussioN

Biomagnetostratigraphy and age model

The CN and PF assemblages allow the iden-
tification of the biozones reported by Di Stefano
et al. (2023) and by Lirer et al. (2019) for the earli-
est Pliocene. In particular, as displayed in Fig, 7B,
the occurrences of two influxes of left coiled N.
acostaensis, the acme of S. seminulina (Fig. 7B) and
the absence of Globorotalia margaritae allow to refer
the whole studied section to the MPI.1 PF biozone
(Fig. 7B; Iaccarino et al. 1999; Gennari et al. 2008).

The first occurrence of R. zancleana in the
lowermost sample of the AAF at 3.90 m provides
a reliable marker for the beginning of the Zanclean
at 5.33 Ma (Fig. 7A, B), marking the base of the
MNN12a CN biozone (Di Stefano et al. 2023). We
placed the LCO of R. zancleana at 5.35 m, where
this taxon become very rare and discontinuously
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present; this stratigraphic level corresponds to the
boundary between the MNN12a and the MNN12b
biozones. The rare occurrence of C. acutus further
supports the early Zanclean age for the base of the
section (Raffi et al. 2020; Di Stefano et al. 2023).
Consequently, the polarity reversal placed at the
midpoint (8.05 m) between the uppermost reversed
sample at 7.8 m and the lowermost normal sam-
ple at 8.3 m (Fig. 7B) is interpreted as the base of
the Thvera subchron (C3n.4n), dated at 5.236 Ma
(Hilgen & Langereis 1988; Gradstein et al. 2020),
which occurs 5 precessional cycles above the MZB
in the Eraclea Minoa reference section (Van Cou-
vering et al. 2000). Other than the magnetic rever-
sal, also the PF bioevents were astronomically dated

and can be used as tie points for the reconstruction
of the age model (Fig. 7A), performed with an R
script available on GitHub (https://github.com/
NewGeoProjects/Speck_Trial). The two influxes
of sinistral-coiling IN. acostaensis (Lirer et al. 2019)
are dated at 5.29 Ma (sample MP2c at 4.50 m) and
5.31 Ma (sample MP4b at 5.40 m), respectively (Fig.
7A, B); in the Capo Rossello and Eraclea Minoa sec-
tions they occur at the base of the second and third
precessional cycles above the MZB (Fig. 7; lacca-
rino et al. 1999).

According to the age model, the age of the S.
seminulina acme and of the FCO of R. gancleana in
the Pollenzo section are diachronous with respect
to the Mediterranean reference sections. The S. sez-
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inulina acme starts at 5.30 and ends at 5.21 Ma (Lirer
et al. 2019); however, Gennari et al. (2008) showed
that its duration is often reduced in the Northern
Mediterranean, probably due to depth preference
of this taxon (Aze et al. 2011). The shorter dura-
tion is also observed in the Pollenzo section (Fig.
7B), where the acme basis postdates the 1st influx
of left coiled N. acostaensis (5.29 Ma) and the acme
end predates the Thvera base (5.23 Ma).

It is worth noting that the short stratigraphic
interval spanning from the FO and the LCO of R.
zancleana (below the 2™ left coiled N. acostaensis in-
flux) does not correspond to the full distribution
range of this taxon as recorded in other sections
in the Mediterranean located at lower latitudes (Di
Stefano et al. 2023), where the LCO occurs in the
7% cycle above the Zanclean base. Another CN bio-
event lacking at Pollenzo is the paracme base of
R. psendoumbilicus, which is reported to be slightly
diachronous in the Mediterranean, ranging from
cycle 2 to 6 (Di Stefano & Sturiale 2010) from the
MZB. In the Northern Apennine this event occurs
in cycle 6 and it is possible that our record is too
old to pick it up; however, we also note that the
distribution of this taxon is more continuous and
characterized by higher relative abundances with
respect, for example, to the Montepetra borehole
in the Marche region (Gennari et al. 2008; Di Ste-
fano & Sturiale 2010). Regarding PF, the duration
of the S. seminulina (a tropical and deep thermocline
dweller according to Aze et al. 2011) acme is short-
er (cycles 3 to 5) than in the reference sections of
the Southern Mediterranean (laccarino et al. 1999),
where it lasted from cycles 2 to 6. This was also
observed in other Northern Mediterranean succes-
sions (Gennari et al. 2008) and we speculate that
the optimal conditions for this taxon were not met
in the Northern part of the Mediterranean. These
biostratigraphic differences could be related to the
peculiar paleoenvironment of the Piedmont Basin
or to the northern position and the consequent pa-
leoclimatic differences with the reference sections.
This aspect needs to be further investigated in other
northern Mediterranean successions.

The influence of orbital forcing on CN
and PF

In the Pollenzo section, the monotonous
lithology of the AAF hinders the recognition of
the lithological cycles; however, it is still possible

to recognize the influence of variation of orbital
parameters on the distribution of the calcareous
plankton assemblage (Figs. 7A, B). Peaks of the
warm/oligotrophic (WO) PF taxa have associated
to insolation maxima in the pre-MSC successions
of the Mediterranean basin (Sierro et al. 2003;
Rouchy et al. 2001; Lozar et al. 2010; Gennari et
al. 2018), where they reflect warming sea surface
temperature (SST) and stratification (Hilgen &
Krijgsman 1999; Sierro et al. 2001; Kouwenhoven
et al. 2006; Gennati et al. 2018, 2020; Lozar et al.
2018; Mancini et al. 2020). In the Sorbas succes-
sion O. u#niversa is the main contributor of the WO
group (Sierro et al. 2003). In the Zanclean depos-
its, the fluctuations of Globigerinoides spp. were
instead commonly used to recognize precession
driven cycles (laccarino et al. 1999). In the Pol-
lenzo section, the WO group is largely dominated
by the Globoturborotalita gr., whilst Globigerinoides
gr. and O. wniversa are subordinated, except in the
lower part of the AAF. However, the WO group
does not show any regular abundance fluctuations
(Fig. 7B). Instead, in the lower portion of the AAF
the WO taxon O. wniversa shows three abundance
peaks which, combined with the position of the 1*
and 2™ peak of left coiling N. acostaensis (top 1%/
base 2nd and base 3rd precessional cycle above the
MZB, respectively), suggest that this species is fa-
vored during insolation maxima phases, when SST
warmed and triggered stratification (Fig. 7B). The
abundance pattern of O. universa in the Pollenzo
section is consistent with that of the Globigerinoides
group in southern Mediterranean sections (Iacca-
rino et al. 1999).

In fact, above 5.5 m and up to 7.5 m (Fig.
7B), O. universa decreases and loses its cyclical pat-
tern up to the abundance peak recorded close to
the base of the Thvera subchron, a feature also
observed for the Globigerinoides gr. (Fig. 7B) in sou-
thern Mediterranean successions (laccarino et al.
1999; Gennari et al. 2008). The pattern of these
species is probably due to a 400 Ka eccentricity
minimum which contribute to reduce the ampli-
tude of the insolation maxima (Laskar et al. 2004)
and their influence on paleoceanographic condi-
tions, preventing notable SST warming.

Among CN, the abundance of the deep pho-
tic zone dwellers Discoaster spp. was correlated with
obliquity in the low latitude open ocean (Gibbs et
al. 2004) and with insolation in the Mediterranean
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pre-MSC succession of the Sorbas basin, when
warming of the sea surface promotes the forma-
tion of a deep pycnocline (Flores et al. 2005). In
our section, the Discoaster spp. gr. is rare; however,
compared with the oceanic 8O curve of Van der
Laan et al. (2000), it can be noted that its absence
matches well the peaks of relatively heavier isoto-
pic values, corresponding to the marine isotopic
glacial stages TG6 and TG4.2 (Fig. 7B) or to cooler
climatic phases. Conversely, the increments are in
phase with warmer climate, following a cyclic pat-
tern influenced by insolation (in the lower portion
of the AAF) and obliquity (in the middle-upper
part, TG5 and TG4.1 base).

Environmental evolution and marine
transition in the Northern Mediterranean Post-
MSC: evidence from the Pollenzo section

The return to open marine conditions fol-
lowing the demise of the MSC is a topic of intense
debate (see Andreetto et al. 2021, 2022 for a com-
prehensive review). Recently, Pilade et al. (2023)
proposed a gradual restoration of open marine
conditions in the Northern Mediterranean. In this
context, the Pollenzo sector within the Piedmont
Basin was identified as a shallow and proximal-
coastal area during the latest phase of the MSC
(Andreetto et al. 2022b). Unlike the more distal and
southern Maccarone section (Caloni et al. 1974);
Bertini et al. 2006, 2011), where the marine trans-
gression exhibits transitional characteristics, at Pol-
lenzo, the influx of marine water occurred abruptly
and coincided with the Zanclean base (Pilade et al.
2023). Thus, the modality of the demise of the MSC
seems to be linked to the different environmental
setting and is not homogeneous over the Mediter-
ranean area. Does the marine Zanclean deposits re-
cord these different modalities? In the Maccarone
section (Gennari et al. 2008), the demise occurred
in a relatively deep water setting and this is also
testified by the few benthic foraminifera, typical of
a bathyal paleodepth, retrieved in the basal Zan-
clean deposits, similar to other successions in the
central Mediterranean (Iaccarino et al. 1999). In the
Pollenzo section the cluster analysis help identify
three intervals (Fig. 5; Fig. S1B; Fig. S2), that, along
with the trends from negative to positive scores ob-
served on PC1 (Fig. S1B; Fig. S2) suggest an envi-
ronmental evolution following the reestablishment
of marine conditions above the MZB.

Pilade F. et al.

The basal Cluster 1, roughly corresponding
to the first precessional cycle spanning an age range
from approximately 5.33 Ma to 5.32 Ma (Fig. 7B), is
characterized by the calcareous nannofossil H. cart-
eri (Fig, S3). Although not dominant, this species is
characteristic of Cluster 1 and progressively became
subordinated in clusters 2 and 3. H. carteri is an extant
species known to thrive in mesotrophic/eutrophic,
hyposaline, and turbid waters (Ziveri et al. 2004), as
well as in estuarine and coastal environments (Cachao
et al. 2002; Dimiza et al. 2014; Bonomo et al. 2017).
Typically inhabiting the mid-photic zone (Corselli et
al. 2002), H. carteri also favors warm and mesotrophic
waters (Ziveri et al. 2004; Mancini et al. 2021). Its
abundance in Cluster 1 can reflect the runoff influ-
ence in a marine setting relatively close to the coast,
as inherited from the latest phase of the MSC. The
runoff influences could had contributed to a nutri-
ent increase, which also explain the abundance of U.
Jafariin Cluster 1. In other Mediterranean successions
the occurrence of H. carteri was not noted, although
Di Stefano and Sturiale (2010) indicate and that this
species is the dominant helicolith at sites 969B and
975B; conversely, the same authors found high pro-
portion of another helicolith (H. zntermedia) in the
1* cycle above the MZB at Montepetra (Northern
Apennine).

Cluster 2 and 3, covering an age range from ap-
proximately 5.32 to 5.25 Ma (cycles 2 to 5) and 5.25
Ma to 5.23 Ma (Fig. 7B), respectively, mark a progres-
sive and gradual decrease of H. carteri and U. jafari,
replaced by R. minuta (Fig. 4, Fig. §3), an opportunis-
tic taxon inhabiting the upper water column, adapted
to more open marine and high nutrient conditions
(Athanasiou et al. 2015; Auer et al. 2014; Flores et
al. 1995; Imai et al. 2015; Takahashi & Okada 2000;
Mancini et al. 2021) and to changes in salinity (Wade
& Bown 20006). This change is coupled with the
gradual increase of the deep dweller PF G. scitula (ab-
sent in Cluster 1; Fig, 3), typically found in modern
subsurface pelagic waters at depths of 200-300 me-
ters (Schiebel & Hemleben 2017). Another relatively
deep dweller PF (living at the thermocline according
to Aze et al. 2011) that increase in frequency from
Cluster 1 to 3 (from 11 to 19%) is N. acostaensis.

These changes in the cluster composition pat-
allel the PC1 that increases from negative to positive
scores from the Cluster 1 to 3 interval. In fact, the
taxa considered as proxy of more open marine con-
ditions positively score on PC1.
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The multivariate analysis, along with the slow-
down of the sedimentation rate (Fig. 7A) and the
increase of the P/B ratio (Fig. 3), suggests a sig-
nificant environmental change between 5.32 and
5.25 Ma (Cluster 2). During this period, the rela-
tively more proximal environment characterizing
the 1st Zanclean insolation cycle (Cluster 1) in Pol-
lenzo transitioned into a more open sea environ-
ment. This transformation, which occurred after
5.25 Ma (Cluster 3), followed the trend of rising sea
levels that began in the latest Messinian. A similar
trend was also observed in the Sorbas Basin (West-
ern Mediterranean), where a basal Zanclean coastal
plain evolved into a bay/lagoon and then into an
open marine environment below the Thvera base
(Rovert et al. 2019).

As for PC2 and 3, their interpretation is less
straightforward. Positive PC2 scores seems to indi-
cate warmer conditions (Globigerinoides spp., O. uni-
versa, Discoaster spp.) as opposed to the cooler Glo-
bigerina genus. However, the overall availability of
nutrient and preys, and their surface to intermediate
water distribution may complicate the interpreta-
tion of environmental gradient on the PC axis (see
also Azibeiro et al. 2023; Mancini et al. 2024). Fi-
nally, the precessional oscillation of oceanographic
conditions, not completely constrained due to a low
sampling resolution, could have further hindered a
clear subdivision of taxa on the PCA.

CONCLUSION

Through biomagnetostratigraphy and cyclo-
stratigraphy of the Pollenzo section, we have unra-
veled significant insights into the environmental
evolution of the northernmost Mediterranean re-
gion at the Messinian-Zanclean transition. Our in-
vestigation suggests extending the synchronicity of
the return to marine conditions following the MSC
to the northernmost part of the Mediterranean.
This is recognized thanks to the identification of
the two influxes of N. acostaensis sx and the pattern
of O. wuniversa, which was correlated to insolation
maxima, that define the lowermost two Zanclean
precessional cycles.

Multivariate analysis highlights the peculiar
distribution of CN and PF taxa that is indicative of
runoff influence during the 1* precessional Zancle-
an cycle, and of a gradual transition from relatively

more coastal to more open marine conditions from
cycle 2 to 6. This trend seems to be peculiar of the
Pollenzo section and due to its marginal position, as
inherited from the latest MSC phase (Lago-Mare),
that differentiates this section from most of the
Mediterranean reference sections and boreholes.
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