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ABSTRACT

The road to the Messinian salinity crisis was paved with increasing environmental stress in the Mediterranean
marine realm. The nature and origin of the crisis of the marine biota is still matter of debate because the crisis
itself hinders univocal paleoenvironmental reconstructions by selecting the most resilient taxa, which are
generally adapted to a wide range of stresses. The commonly accepted hypothesis, recently reiterated, is that
increasing salinity was the main factor eliminating the marine biota from the geological record and eventually
leading to the deposition of evaporitic carbonates in the Eastern Mediterranean just before the onset of the crisis
dated at 5.97 Ma. We suggest that stratification and increasing restriction (continental water influence), leading
to strong variability of surface water conditions, better explain the 87Sr/%°Sr excursion below the global ocean
value and the pattern of calcareous plankton events in the uppermost portion of the Metochia section (Gavdos
Island, Greece), from 6.24 to 5.95 Ma. The early reduction of foraminifera at 6.07 Ma, typical of relatively deep
successions lacking primary gypsum during the first phase of the crisis, precedes a sequence of calcareous
nannofossil events such as the influx of Braarudosphaera bigelowi at 6.168 Ma, the acme of Reticulofenestra per-
plexa at 6.058-6.018 Ma, and the peaks of Sphenolitus spp. and Helicosphaera carteri at 5.99 and 5.973 Ma,
respectively. The peak of such opportunistic calcareous nannofossil and the foraminifer disappearance,
commonly observed in both deep and shelf successions, closely approximate the onset of the Messinian salinity
crisis, regardless the occurrence of the Primary Lower Gypsum unit, and is interpreted as the final restriction
step, which led to a 600 ky environmental perturbation culminating with the deposition of the Mediterranean
salt giant.

1. Introduction

after a long progression starting from 7.16 Ma and punctuated by
paleoceanographic steps at 6.7, 6.4 and 6.1 Ma (Kouwenhoven et al.,

The paleoenvironmental events associated to the uppermost pre-
evaporitic cycles before the onset of the Messinian salinity crisis (MSC;
5.97 Ma; Manzi et al., 2013) have recently lead to the reconstruction of
two alternative scenarios: 1) the increase of restriction and continental
influence (Sorbas Basin, Western Mediterranean; Mancini et al., 2020)
and 2) the early onset of evaporitic conditions (at around 6 Ma), marked
by limestone deposition in the Gavdos Island, Eastern Mediterranean,
and in the Falconara section of Sicily, Central Mediterranean (Zachar-
iasse and Lourens, 2021). These two different scenarios are both reached

2006; Roveri et al., 2014a; Corbi et al., 2020), depicting an oceano-
graphic perturbation with common characteristics in all the Mediter-
ranean. The hydrological progression finds its most obvious origin in the
tectonic restriction of the Atlantic connections in the Betic and Rifian
regions (Duggen et al., 2003; Garcia-Castellanos and Villasenor, 2011;
Hiising et al., 2012; Capella et al., 2018, 2019), which slowed the
thermohaline circulation and increased the sensitivity of the Mediter-
ranean to orbital driven climatic changes. Superimposed Late Miocene
high and low latitude climatic events are the onset of Northern
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Hemisphere glaciations and intensification of the Asian and African
Monsoon (Holbourn et al., 2018).

Since 7.16 Ma the preservation of organic matter on the deep Med-
iterranean sea-floor is enhanced and sapropelitic marls (referred to
herein sapropels) start to form regularly at precession minima (insola-
tion maxima) in deep to intermediate settings such as those of the Monte
del Casino, Falconara and Metochia sections (Hilgen and Krijgsman,
1999; Krijgsman et al., 2004). Sapropels are commonly overlain by
diatom rich hemipelagic sediments (e.g., the Tripoli Formation of
Sicily), which diachronously appear from 7.16 to 6.7 Ma, in turn fol-
lowed by homogeneous marls deposited at increasing precession phases
(e.g., Blanc-Valleron et al., 2002). Microfossils recorded this perturba-
tion with the disappearance of oxyphilic benthic foraminifera from the
sea floor at 7.16 Ma (Kouwenhoven et al., 2006) and, from 6.7 Ma, with
the alternating dominance in surface waters of calcareous plankton taxa
adapted to warm/oligotrophic and cold/eutrophic conditions during
insolation maxima and minima, respectively (Sierro et al., 2003). From
6.4 Ma, the same periodicity is recorded by alternating low and high
planktic/benthic (P/B) foraminifer ratio (Sierro et al., 2003; Gennari
et al., 2018). The periodicities observed from 6.7 and 6.4 Ma are related
to enhanced river runoff and precipitation during insolation maxima,
that triggered stratification of the water column and sea floor de-oxy-
genation, and drier and cooler climate during insolation minima, fa-
voring mixing and nutrient injection in surface waters (Bellanca et al.,
2001; Sierro et al., 2003; Gennari et al., 2018; Mancini et al., 2020).
Such a strong imprint of orbital parameters on the biota and the sedi-
mentation allowed the reconstruction of a high-resolution integrated
stratigraphic framework based on biostratigraphic and magnetostrati-
graphic events and radiometric age constrain (Krijgsman et al., 1999;
Krijgsman et al., 2004; Manzi et al., 2013; Tzevahirtzian et al., 2023).
The framework is characterized by a bed-by-bed correlation across the
Mediterranean, documenting the overall synchronous paleoceano-
graphic evolution from west to east.

The suggested different scenarios at the MSC onset according to the
interpretation of Zachariasse and Lourens (2021) are apparently sup-
ported by more stressed pre-evaporitic conditions of the Eastern Medi-
terranean as recorded on the Cyprus Island (Kouwenhoven et al., 2006;
Gennari et al., 2018) in respect to the Western sector.

Moreover, Zachariasse and Lourens (2021) also suggest that in the
Metochia (Gavdos) and Falconara (Sicily) sections the MSC onset is
marked by a supposedly evaporitic limestone deposited at 6 Ma; thus,
predating the age of the very first gypsum bed of the Primary Lower
Gypsum unit (PLG unit of stage 1 of Roveri et al., 2008) of the Western
and Northern Mediterranean, which is astronomically dated at 5.97 Ma
(Manzi et al., 2013). Opposite to an earlier MSC onset, it is worth noting
that a delayed gypsum deposition has been locally recognized in several
basins, where the gypsum beds of the PLG unit pass downbasin to
limestones, intercalated in an organic-rich argillaceous unit deposited in
deeper and less oxygenated conditions (Manzi et al., 2007, 2011, 2018,
2021; Gennari et al., 2013; Dela Pierre et al., 2011; Roveri et al., 2020).
Further moving towards deeper settings, both gypsum and limestone
disappear and only organic-rich shale deposits are found, characterized
by the absence of foraminifera and by the presence of opportunistic
nannofossils associations (Lozar and Negri, 2019; Manzi et al., 2018).
This variability implies the need of an integrated approach (e.g.,
micropaleontology, organic and inorganic geochemistry, magneto-
stratigraphy and cyclostratigraphy) in the recognition of the MSC onset
in successions totally or partially free of gypsum beds (Manzi et al.,
2021). As an example, Manzi et al. (2018, 2021) defined the foraminifer
barren interval (FBI) as an evaporite-free shale unit recording the first
stage of the salinity crisis in deep water settings equating the Non
Distinctive Zone (NDZ of Lirer et al., 2019) in the Mediterranean
planktic foraminifer biozonation. These observations led to remarkable
stratigraphic implications: while the onset of the MSC occurred syn-
chronously in the Mediterranean, the onset of the evaporite deposition
was instead diachronous; thus, the base of the evaporites coincides with
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the crisis onset only locally. Moreover, the age of the evaporites seems
not to be older than 5.97 Ma (Roveri et al., 2014a, 2014b).

In the frame of the debate concerning the timing and modality of the
MSC onset we propose a new set of data from the Metochia section
(Gavdos Island, south of Crete) (Fig. 1), one of the reference sections
used to build the integrated chronostratigraphic framework (Krijgsman
et al., 1999, 2004) and the reconstruction of the paleoceanographic
evolution of the Mediterranean during the pre-evaporitic phase
(Zachariasse and Lourens, 2021).

Our contribution is based on a precession-scale database composed
of quantitative data on both calcareous nannofossils and foraminifera
and ¥ sr/%Sr isotopic stratigraphy. Moreover, we focus on the lime-
stones close to the MSC onset including O and C stable isotope and
petrography in order to detail their origin.

2. The Late Miocene of Gavdos: the Metochia section

The Late Miocene succession of the Gavdos Island (Fig. 1) was the
object of several cyclostratigraphic, micropaleontological and paleo-
ceanographic studies. Seidenkrantz et al. (2000) described the Tortonian
- lower Messinian portion of the Metochia section (9.7 to 6.7 Ma) as a
succession of cluster of three to four sapropels/marls couplets alternated
with interval characterized by no or weakly developed sapropels,
respectively corresponding to periods of eccentricity maxima and
minima. From 7.16 Ma onward, they noted a more regular succession of
sapropel/marl couplets, which turn into triplets from 6.7 Ma, when a
diatomitic interval first occurs between the sapropel and marl (Hilgen
et al., 1995; Zachariasse and Lourens, 2021). This is commonly docu-
mented in the Messinian pelagic sedimentary record of the Mediterra-
nean (Blanc-Valleron et al., 2002; Kouwenhoven et al., 2003; Hiising
et al., 2009). Based on cyclostratigraphy and biostratigraphy (Hilgen
et al., 1995) the sedimentary cycles of the Metochia section were tuned
to the 65°N summer insolation curve, with sapropels mid-point corre-
sponding to insolation maxima. Krijgsman et al. (2004) extended the
tuning up to the first prominent limestone layer, which was considered
an evaporitic deposit marking the onset of the MSC, at that time dated at
5.96 Ma (Fig. 2A). Zachariasse and Lourens (2021) recently revised the
lithological log and cyclostratigraphy of the upper part of the section
(Fig. 2A), redating the limestone bed at 6.00 Ma and confirming its
evaporitic nature. The latter authors modified the lithological column of
Krijgsman et al. (2004) as follows: 1) two cycles (M122 and M123)
replace the thick diatomite layer containing the 1st influx of the left
coiled Neogloboquadrina acostaensis; 2) the interval between the first and
second limestone beds is now characterized by a thicker diatomite bed
and by a thinner sapropel. This review led Zachariasse and Lourens
(2021) to note a similarity with the Falconara section and to interpret
the stratigraphic pattern as indicative of an earlier onset of the MSC in
the Eastern and central Mediterranean respect to the Western and
Northern Mediterranean as recorded in the Perales and Monticino sec-
tions (Manzi et al., 2013). Drinia et al. (2007) described a different
lithological pattern for the Metochia section, with fewer diatomite beds
(Fig. 2A) and a different upper part of the section, where the deposition
of “medium grey limestones” coincides with the end of diatomite
deposition; no sedimentological description was provided for these
limestone beds.

3. Materials and methods
3.1. Petrographic analyses

The petrography of the sediments has been studied by optical mi-
croscopy under transmitted light using giant thin sections (45 x 60 mm).
The thin sections were obtained using standard Logitech procedure from
rock fragments impregnated in epoxy resin under vacuum. The thin
sections have been stained for carbonate recognition using alyzarine red.
XRD was performed to check the mineralogy of the samples and in
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Fig. 1. Schematic geological map of the Eastern Mediterranean (A) and of the Gavdos Island (B, modified from Drinia et al., 2007), with the location of the Metochia
section (black dot) and a panoramic picture of the outcrop (C). In C, the interval of the Metochia section studied in the present work is shown (UMs: upper

Metochia section).

particular to assess the presence of dolomite in the carbonate layers.
3.2. Foraminifera

A total of 62 samples were first dried in an electric hoven at 40 °C,
weighted and then soaked in diluted HpO, for few days. Once the
samples were disaggregated, they were washed with a 63 pm match
sieve under tap water. The dried residues were then sieved again to
obtain 63-125 and > 125 pm fractions. The latter was subdivided into
aliquots to obtain ca. 300 planktic foraminifera, which were picked,
classified, and stored in microslides. Globigerinoides and Trilobatus spe-
cies (mainly T. quadrilobatus and T. trilobus and scarce T. sacculifer,
G. subquadratus, G. obliqus and G. extremus) are lumped into the Globi-
gerinoides group; the Globigerinita gr. is made up of prevalent G. glutinata
and rare G. uvula; the few Globigerina falconensis observed in the samples
are included in the Globigerina bulloides gr. The Globoturborotalita gr.
includes G. woodi, G. decoraperta, G. drury, G. nephentes and G. apertura,
all occurring in low percentages. The ratio between planktic and benthic
foraminifera (P/B ratio) was calculated as P/(P + B)*100, where P and B
are the number of planktic and benthic, respectively picked in the
studied aliquots (the number of benthic foraminifera was often lower
than 300). The abundance of planktic foraminifera was approximated by
dividing the specimens counts in the aliquots by the weight (in gr.) of the
corresponding dry sediment.

3.3. Calcareous nannofossil

Quantitative analysis of the calcareous nannofossil assemblages was
carried out on standard smear-slides techniques (e.g., Bown and Young,
1998) from 61 samples, with a polarized light microscope at x1250
magnification.

Species abundance was quantitatively evaluated: approximately 500
specimens were counted in defined number of fields of view (FOV) and,
whereas in samples with a low total abundance, analyses were extended
to more FOV. A proportion, into number of nannofossils per square
millimeter, has subsequently standardized the data, collected in the
primary range chart.

The taxonomic classification used the most recent traditional specific
nomenclature. In some cases, like to small Reticulofenestra sp., the
grouping corresponds to specimens not clearly classifiable with very
small size (<5 pm). Sphenolithus abies has been counted since it repre-
sents a specie of palaeoecological value very useful for identifying the
beginning of Messinian salinity crisis (MSC) (Manzi et al., 2007, 2018).

3.4. Strontium, oxygen and carbon isotope

Sr isotope analysis followed the methodology described in Reghizzi
et al. (2017) and were performed at the CIGS (Centro Inter-
dipartimentale Grandi Strumenti, University of Modena and Reggio
Emilia). Planktic foraminifera and bulk samples were measured during
two sessions when the NIST SRM 987 standard yielded a mean value of
0.71048 £ 0.000012 (2 S.D., n = 22) and 0.710250 + 0.000008 (2 S.D.,
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Fig. 2. Comparison of the lithological log of the Upper Metochia section (UMs) presented from previous works (A, Krijgsman et al., 2004; Drinia et al., 2007;
Zachariasse and Lourens, 2021) and in this work (B). The astronomical tuning is illustrated for the log by Zachariasse and Lourens (2021). The key planktic fora-
minifer biostratigraphic events for the pre-MSC interval are numbered following Sierro et al. (2001), except 13a which indicates the coiling change from left to right
of neogloboquadrinids. The age of the first prominent limestone bed (red circle) is indicated; in Krijgsman et al. (2004) and Zachariasse and Lourens (2021) this bed is
interpreted as the MSC onset. A correlation based on the stratigraphic position of the thick diatomite (red star) and on the two hybrid graded sandstones is proposed
among our log (B) and those of Krijgsman et al. (2004) and Zachariasse and Lourens (2021). To the right of our log, the position of the petrographic (blue dots),
biostratigraphic (black dots) and geochemistry (white dots) samples are indicated; black vertical bars and letters correspond to the stratigraphic intervals shown in
pictures of Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

n = 20), respectively. For both analytical sessions, the internal precision
on individual standard analysis varied between 0.000004 and 0.000008
(20) for all samples the instrument gave an average internal uncertainty
value of 0.000010 (26), with a minimum value of 0.000005 and a
maximum of 0.000018.

According to the oligotypic characteristic of planktic foraminifer
assemblages and to the dominance of few species in the different li-
thology, a variety of species were used to obtain the 87Sr/2°Sr. However,
where planktic foraminifera were scattered, absent or badly preserved,
we also measured bulk samples in order to cover the section as much as
possible. To test the reliability of bulk samples in respect to foraminifer
shells, in several levels with different lithologies both materials were
analysed.

Bulk samples were collected and measured for stable isotopes (5'0
and 5'3C) from 7 stratigraphic levels, each corresponding to the lami-
nated grainstones (IgA to 1gE) and to the limestone breccia (br) at the top

of the section (Fig. 2B).

The isotopic composition of bulk carbonates was measured at the
Laboratory of Isotope Geochemistry of the Earth Sciences Department of
Parma. To disentangle the calcite from the dolomite signals a selective
acid extraction method has been used. About 40 mg of powdered bulk
sample were reacted with >100% H3PO4 at 25 °C as follows in three
steps: 1) for 2 h in vacuum to extract CO, from the calcite fraction, 2)
continuously for 4 h in vacuum to obtain the calcite-dolomite mixture
(CO;, obtained in second step was pumping out from the system) 3) for
>72 h for the dolomite fraction. The isotopic composition of the CO5
collected during the three steps was measured on a Finnigan Delta S
mass spectrometer and compared with the isotopic composition of an
internal laboratory COs standard gas of extra pure Carrara marble
powder. The standard deviation of these measurements was regularly <
+0.15%0 (16). The CO; of the standard gas was periodically calibrated
against NBS-19 revealing an isotopic composition of —2.43%o (580 vs.



R. Gennari et al.
VPDB) and + 2.45%o (6'3C vs. VPDB), respectively.
4. Results

4.1. New field observations and petrographic analyses on the Upper
Metochia section (UMs)

We detailed the uppermost 10 m of the Metochia section (UMs), as
described by Krijgsman et al. (2004), Drinia et al. (2007) and Zachar-
iasse and Lourens (2021), recognizing a succession (Fig. 2B) of 14 lith-
ological cycles, with a mean thickness of 50 cm. Up to cycle 11 they are
tripartite and consist of i) organic-rich laminated shale (hereafter
termed sapropel and sometimes described as laminated red clays in the
literature), ii) laminated white diatomite and iii) massive grey micritic
limestone. We noted that the massive limestone portion of the cycles can
be very thin (cycle 3) or even absent (cycle 7, 9 and 13) and that in cycle
12 and from 14 upwards, it actually consists of laminated grainstone
(Fig. 3e and f). The evident change of the limestone facies from cycle 12
(M130 of Zachariasse and Lourens, 2021) upward is described by all
authors, as these layers became more prominent and characterized by
more complex fabric and composition (bed IgA to IgF in Fig. 2B and
Fig. 3D, E, F and G). The top of the section is represented by a limestone
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breccia of indetermined age, floored by an erosive surface.

While major differences are noted with respect to the description of
Drinia et al. (2007), an overall agreement can be drawn between our
UMs and the upper portion of the section as measured by Krijgsman et al.
(2004) and by Zachariasse and Lourens (2021): i) 5 lithological cycles
have been recognized between the thickest diatomite (our cycle 6,
Fig. 2B and 3B; cycles M122 and M123 in Zachariasse and Lourens,
2021) and the first laminated grainstone (1gA); ii) below our cycle 6, two
hybrid graded sandstone beds (in cycles 3 and 5) correlate with those in
cycle M119 (top) and M121 of Zachariasse and Lourens (2021); it fol-
lows that cycle 1 of the UMs coincides with cycle M117. On the other
side, differently from both previous works, we subdivided in two cycles
the interval comprised between the first and second laminated grain-
stone (IgA and IgB, Fig. 2B and 3D, E and F).

The detailed petrographic observations of the basal laminar portion
of the grainstone layer indicates that bed 1gA is made up by a plane-
parallel alternation of clotted micrite and clastic laminae, the latter
including fine grained siliciclastic grains and microsparite with intra-
clasts, foraminifera, fish and other microfossil remains. Some of these
laminae are broken-up forming a brecciated interval. Microsparite is
sometime present as vertically oriented pseudomorphs after gypsum;
these crystals are draped by the overlaying lamina. Towards the top of

Fig. 3. Pictures of the upper Metochia section (A) and of selected stratigraphic intervals (B, C, D, E, F and G; see Fig. 2B). Also shown are the position of the
prominent laminated grainstone (1gA, 1gB, 1gC, 1gD and 1gE), the brecciated carbonate (br) and, in picture E, the partition between sapropels (s) and diatomites (di) in
cycle 13 and 14, which differs from the lithological log of Zachariasse and Lourens (2021), where only one cycle is described (M130 in Fig. 2A).
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the bed, laminae are made up of large intraclasts and a fine grained,
graded siliciclastic portion. Beds 1gB, 1gC, 1gD and IgF also show an
upper portion characterized by cross laminations (Fig. 3G). Bed IgB is a
grainstone consisting of coated carbonate grains and intraclasts,
commonly completely recrystallized, and containing a siliciclastic sand
portion in its upper part. Bed 1gC shows characteristics common to the
basal portion of bed 1gA and to the middle part of 1gB; towards the top, it
consists of a micrite rich in sponge spicules with foraminifera and fine
siliciclastic grains. Bed 1gD also starts as a laminite microspar,
completely recrystallized, and ends with a micrite portion with graded
foraminifer and sponge spicule clasts in the upper part. Beds IgE is also
similar to the lower portion of bed 1gA, but the microspar gypsum
pesudomorphs are randomly oriented, indicating a displacive growth
into mud. The section is topped by a limestone breccia (br in Fig. 3A)
resting on an erosional surface and made up of clasts of laminated
limestone with composition similar to that of bed 1gA and with sec-
ondary gypsum crystals in the pore spaces.

4.2. Foraminifera

The abundances of planktic (PF) and benthic foraminifera (BF) show
fluctuations that match the lithological cyclicity, with higher values
generally corresponding to the uppermost part of the diatomites or the
limestones (Fig. 4 and Table S1). From cycle 1 to 9 (0-5.4 m) several
barren samples occur in cycle 2, 4, 5, 6 and 8; thus, a foraminifer
reduction in abundance occurs (FR in Fig. 4). From cycle 9 upward, most
samples are barren in the >125 pm fraction, except those in the sapropel
of cycle 10 (rare PF and BF), in the limestone of cycle 11, sapropel of
cycle 12 and sapropel of cycle 13. The uppermost two occurrences
characterize the disappearance of the >125 pm PF (event 19p in Fig. 4)
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and BF (19b), respectively. However, in this upper interval and up to the
topmost studied sample (above bed IgE), small bolivinids and
T. quinqueloba occur in the 63-125 pm fraction in variable amount (not
quantitatively evaluated).

The BF assemblages are largely dominated by Bulimina aculeata and
Bolivina spp. (mainly B. spathulata and B. dilatata, rarely B. dentellata and
B. plicatella); other less frequent taxa are Elphidium, Neconorbina ter-
quemi, Hanzawaia boueana, Valvulineria complanata and Oridorsalis
stellatus.

The PF assemblages, are usually oligotypic and dominated by
different groups of taxa depending on the lithology (Fig. 4):

i) the limestones and lower part of the sapropel intervals mainly
contain cold eutrophic PF assemblages (CE-PF; Sierro et al.,
2003) with abundant or dominant Turborotalita quinqueloba,
T. multiloba and the Globigerinita gr.

ii) the upper part of the sapropel commonly contain warm oligo-
trophic PF assemblages (WO-PF; Sierro et al., 2003), composed
by Orbulina universa with minor amount of Globigerinoides gr., and
Globigerinella obesa;

iii) the diatomite is dominated by Neogloboquadrina acostaensis with
minor and variable amounts of the G. bulloides gr., and of the WO-
PF Globuturborotalita gr. and G. obesa.

The PF vertical distribution along the section is characterized by
well-defined patterns useful for stratigraphic purposes.

N. acostaensis is found in diatomitic intervals of cycles 2 to 4 and 6 to
8; the uppermost two occurrences are instead associated to the basal part
of the sapropels of cycle 10 and 12. Its coiling is prevalently dextral,
however, one influx of left coiled specimens (82% of left coiled over the

Fig. 4. Plots of benthic and planktic foraminifer total abundance (in n°/g of dry residue of benthic, black line, and planktic foraminifera, grey area), relative
abundance (%) for each selected taxon and the planktic/benthic ratio. Grey vertical bars besides the log indicate interval with barren samples. Biostratigraphic events
are: 16) influx of left coiled N. acostaensis, 17) influx of Globorotalia scitula, 18i) last influx of Turborotalita multiloba, FR) reduction in frequency of foraminfera, 19p)
disappearance of planktic foraminifera (PFD) and 19b the disappearance of benthic foraminifera (BFD). Right coiled N. acostaensis % (in black and increasing from
right to left) and left coiled N. acostaensis % (in grey and increasing from left to right) are shown in the same plot. On the bottom of the plots, warm-oligotrophic

planktic and cold-eutrophic groups are indicated.
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total neogloboquadrinids, event 16 in Fig. 4) occurs in the upper part of
the diatomite of cycle 6. A second, minor influx occurs in the sapropel of
cycle 10 (30%), but it is associated to a low total neogloboquadrinids
abundance (7.34%, see supplementary material). The Globigerinoides gr.
is generally absent or rare, and only shows two abundance peaks in the
sapropel of cycle 3 and at the base of the diatomite in cycle 5. The
G. bulloides gr., O. universa, the Globigerinoides and Globoturborotalita
groups and G. obesa are more frequent in the lower part of the section up
to about 3 m, from where turborotalids increase in abundance.
T. multiloba and T. quinqueloba occurs together and commonly make up
almost the entire PF assemblage. T. multiloba pattern is characterized by
influxes characterized by relative abundances from 20% to almost 80%
(top cycle 4); the last influx (18i in Fig. 4) is recorded at the top of cycle 8
and the last occurrence at the base of cycle 10 (Fig. 4).

The P/B ratio (Fig. 4) is generally high (70 to 100%) indicating the
prevalence of planktic on benthic foraminifera, except in the limestone
layers of cycle 1 to 3, 5, 8 and 11, where the P/B values are lower than
70%, with a minimum in cycle 10 (10%). The BF and PF assemblages do
not show significant changes in relation with the P/B ratio.

4.3. Calcareous nannofossils

Calcareous nannofossils (CN) are very abundant along the UMs, with
highest abundance centered in the sapropels and marls and lowest in the
diatomite, which are more pronounced from cycle 6 upward (Fig. 5 and
Table S1). Small Reticulofenestra (<5 pm) are usually the predominant
component of the assemblage, with evident minima in the sapropels or
diatomite bases only from cycle 4 upward. From the base up to cycle 8,
total CN abundance is in phase with the relative abundance of the Small
Reticulofenestra (<5 pm); from cycle 10 this phase relation is inverted,
and CN abundance is in antiphase with the Small Reticulofenestra (<5
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pm). This change coincides with the onset of prominent abundance
peaks of the Sphenolitus spp. in the sapropels/lower part of the di-
atomites. Calcidiscus leptoporus is common to abundant in the marl/
sapropel transition from cycle 4 to 7, with peaks up to 75%. Heli-
cosphaera carteri, Umbilicosphaera rotula and Umbilicosphaera jafari are
all characterized by prominent but discontinuous abundance peaks with
no obvious preference for any lithology. Abundance peaks of the Sphe-
nolitus spp. (pSp in Fig. 5), H. carteri (pHc in Fig. 5) and U. rotula (pUr)
are present in the sapropel/diatomite of cycle 13, sapropel of cycle 14
and diatomite of cycle 14. Another peculiar pattern is the short acme of
Reticulofenestra perplexa in cycles 9 to 11 (abR and aeR in Fig. 5), with a
maximum centered in the marl of cycle 10. The occurrence of Braar-
udosphaera bigelowi in a single sample at the marl/sapropel transition
between cycles 4 and 5 is also worth noting (iBb in Fig. 5).

4.4. Strontium and stable isotopes

The 87Sr/%%Sr values of the UMs on PF assemblages or bulk rock
samples in levels characterized by scarce or absent specimens of fora-
minifera show similar values, with few exceptions (samples from sap-
ropels of cycles 1 and 6), these two types of samples, show similar values
(Fig. 6A).

Over the 95% of the values are comprised in a narrow interval be-
tween 0.708999 + 0.000008 and 0.708894 + 0.000014 (Fig. 6B;
Table S2).

Considering the average values calculated for each lithology (Fig. 6):
i) the lower values are generally observed in the diatomites or sapropels
and higher values in the limestones; ii) sapropel, and secondarily di-
atomites values also show broader variability (and standard deviation or
error). In the lower part of the section, the variation of 8751 /865y from
one sample to the successive is commonly so small that it falls within the

Fig. 5. Plots of calcareous nannofossils total abundance (n/mm?) and relative abundance (%) of the selected taxon. The following bioevents are indicated besides the
log and the plots: B. bigelowi influx (iBb); acme beginning and end of R. perplexa (abR and aeR, respectively); the MSC onset bioevents (Lozar and Negri, 2019),
composed of the peaks of the Sphenolitus spp. (pSp), H. carteri (pHc) and U. rotula (pUr).
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Fig. 6. A: Plot of the 8”Sr/®6Sr against stratigraphic level for sapropels (black),
diatomites (light red) and limestones, grainstones and breccia (light blue), as
calculated from bulk rock samples (squares) and foraminifera (circles). Arrows
depict indicative trends within each cycle, as discussed in the text. The Global
Ocean curve (McArthur et al., 2012) is plotted for reference in light blue. B:
Boxplots showing the variability of the 87Sr/®Sr for the UMs samples (both
bulk and foraminifer samples). Outliers are indicated as circles. Global Ocean
values are retained from McArthur et al. (2012). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

error bar, producing no significative changes (Fig. 6A). Upward (cycles 4
and 5, and from cycle 8), values are more dispersed and variation within
the cycles are more significant. Thus, different trends can be described
within each cycle: in the lowermost seven cycles no significant variation
or a slightl decrease in values from the bottom (sapropel) to top (lime-
stones) is observed; in cycle 4 and from cycle 8 upward the trend is
markedly increasing from the bottom to the top of the cycles (Fig. 6B).

The switch between no or decreasing trend to the increasing trend is
the result of a long-term variation which can be observed in a strati-
graphic order in the three lithologies taken together or separately
(Fig. 6A). Starting from the base of the section, sapropel and diatomite
values are characterized by a depletion trend diverging from those of the
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limestones (Fig. 6A), which themselves remain within the Global Ocean
curve (McArthur et al., 2001, 2012) up to bed 1gB (Fig. 6A). Above this
level, the laminated grainstones show a slight depletion trend and the
laminated bed IgB, 1gC and 1gD show values similar to those of the up-
permost sapropels and diatomites (cycle 13 and 14). The brecciated
carbonate (br) finally returns within the Messinian Global Ocean values.

Oxygen and carbon stable isotope were quantified on bulk samples of
the laminated grainstones of the upper part of the section (Fig. 7). The
580 values show a low dispersion from —1.72 to 0.99 %o and the 53¢
from —4.84 to —1.34 %o. Bed IgA and 1gC show very similar light §!%0
(ca. -1.7 %o) and 513C values (—3.79 and — 4.84 %, respectively). The
other layers have progressively heavier values, with 880 of bed br being
close to 1 %o and 5'3C of bed 1gE —1.34 %o.

5. Discussion
5.1. Age model and calibration of calcareous nannofossil bioevents

The abundance of T. quinqueloba, the occurrence of T. multiloba and
the predominance of right coiled N. acostaensis, all from the base of the
UMs (Fig. 4), indicate that the interval up to the disappearance of
planktic foraminifera can be assigned to the MMil3d subzone of Lirer
et al. (2019). Within this subzone three age calibrated planktic fora-
minifer events (Sierro et al., 2001; Lirer et al., 2019) are recognized
(Fig. 8): the 1st influx of left coiled N. acostaensis (6.125 Ma, event 16 in
cycle 6 in Fig. 8), the 2nd influx of G. scitula (6.102 Ma, event 17 in cycle
7) and the last influx of T. multiloba (6.07 Ma, event 18i in top cycle 8).
The planktic foraminifer biostratigraphy is very similar to that presented
in Zachariasse and Lourens (2021); the main differences regards the
second influx of left coiled neogloboquadrinids (event 18 at Perales and
Falconara, see Fig. 8) that was not recognized by our quantitative ana-
lyses, possibly because of its very short duration and/or a different
sampling rate or position of the samples.

Consequently, our age model (Fig. 9) confirms that of Zachariasse
and Lourens (2021), including the new age for the lowermost grainstone
layer (bed 1gA), previously considered the local expression of the MSC
onset with an age of 5.96 Ma (Krijgsman et al., 2004), and then dated at
6.00 Ma (Fig. 9). In respect to the age model of Zachariasse and Lourens
(2021) few remarking discrepancies in the lithological log are worth
noting: i) our thick cycle 6 can be interpreted as a double cycle (as in
Krijgsman et al., 2004), ii) the thick double cycle M130 of Zachariasse
and Lourens (2021) can be split in cycle 13 (lacking the limestone
partition due to weak insolation), corresponding to an eccentricity
minimum lacking the insolation minimum, and cycle 14 (Fig. 8).

The age model provides astronomical age for the calcareous nan-
nofossil bioevents of the uppermost pre-evaporitic phase (Fig. 9). The
B. bigelowi influx in the marl of cycle 4, found in a coeval level of the
Tokhni section (Cyprus, Manzi et al., 2016; Gennari et al., 2018) has an
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Fig. 7. 6'80 and 'C of bulk rock samples collected in the prominent lami-
nated grainstone beds (IgA, 1gB, 1gC, IgD, I1gE) and in the limestone breccia (br)
of the upper portion of the UMs.
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Fig. 8. A: In red, location of the UMs and the western and central Mediterranean reference Perales (Sorbas Basin; Sierro et al., 2001; Manzi et al., 2013; Mancini
et al., 2020) and Falconara (Caltanisetta basin; Blanc-Valleron et al., 2002; Hilgen and Krijgsman, 1999; Manzi et al., 2011; Lozar and Negri, 2019) sections, used for
the correlation panel (this figure). In yellow, location of the sections compared in Fig. 11. The thickness of limestone of the upper part of the Falconara section (light
grey) has been exaggerated for better visibility. B: Calcareous plankton bioevents correlated throughout the three sections (FAO = first abundant occurrence, PE =
paracme end, LO = last occurrence). C: Correlation between the Perales, Falconara and Upper Metochia sections and with the 65°N summer insolation curve (Laskar
et al., 2004); MES is the Messinian erosional surface and MSC is the Messinian salinity crisis onset, respectively. Biostratigraphic zones beside the UMs from Lirer
et al. (2019). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

age of 6.17 Ma (Fig. 9). An acme (max relative abundance 50%) of
R. perplexa (R. antarctica in Gennari et al., 2018) occurs in the massive
limestones of cycles 9, 10 and 11, from ca. 6.058 to 6.018 Ma (Ra in
Figs. 8 and 9), above the last influx of T. multiloba. The same acme is also
recorded in the Tokhni section (ca. 6.04 to 6.02 Ma; Gennari et al.,
2018), where the younger base is probably caused by the occurrence of a
conglomeratic bed with an erosive base. Only a short influx (ca. 50%) is
present in the diatomites of cycle UA32 of the Perales Section (Fig. 8;
Mancini et al., 2020), with an age of ca. 6.02 Ma, which would corre-
spond to the top of the acme in the UMs.

Among the CN MSC onset bioevents (Figs. 8 and 9) that best
approximate the beginning of the crisis (Manzi et al., 2007, 2018, 2021;
Lozar and Negri, 2019; Mancini et al., 2020), an age of ca. 5.990 Ma was
calculated for the peak of Sphenolitus spp. (sapropel of cycle 13) (Figs. 8
and 9) and 5.973 Ma (sapropel of cycle 14) for the peak of H. carteri,
slightly followed by that of U. rotula (ca. 5.968 Ma, in the diatomite of
cycle 14) (Figs. 8 and 9).

5.2. Anatomy of the pre-evaporitic lithological cycles

The lithological cycles of pre-evaporitic successions (7.16-5.97 Ma)

deposited in the Mediterranean are explained by variation of the inso-
lation index, with maxima conventionally correlated to sapropel mid-
points (Hilgen et al., 1995; Krijgsman et al., 2004; Marzocchi et al.,
2015; Simon et al., 2017). Based on paleoceanographic proxies, Sierro
et al. (2003) and Mancini et al. (2020) proposed to correlate insolation
maxima to the sapropel/lower marl transitions of the Sorbas Basin,
when WO-PF and S. abies indicate maximum SST and stratification.
Perez-Folgado et al. (2003) proposed an alternative idea for the Eastern
Mediterranean with the insolation maxima are tuned to the diatomite
mid-point of the Gavdos cycles, based on the occurrence of diatoms and
N. acostaensis thriving in the Deep Chlorophyll Maximum (DCM).
Differently, we suggest a common Mediterranean phase relation among
lithological cycles and insolation. The new UMs CN data document the
occurrence of S. abies at the sapropel/diatomite transitions at Gavdos
(coinciding with WO-PF peaks, Fig. S4), a pattern already observed at
Sorbas (Mancini et al., 2020) indicative of the establishment of a lower
photic zone productivity below oligotrophic and warm surface waters
during periods of stratification triggered by runoff and warming at
insolation maxima.

The lack of Deep Chlorophyll Maximum (DCM) diatoms and Neo-
globoquadrinids in the sapropelitic sediments is rather explained by the
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Fig. 9. Age model for the UMs section. Insolation maxima (black dots) corre-
sponding to the mid-point of sapropels and selected foraminifer bioevents (16,
17 and 18i), as dated by Sierro et al. (2003) and Lirer et al. (2019), were used as
tie points. Bioevent labels as in Fig. 9B. The proposed age for the other bio-
events graphically calculated based on linear interpolation of the sedimentation
rate between two successive insolation maxima. These ages are shown in grey
on the top scale of the age model. The missing insolation maximum of the
double cycles 6 (thick diatomite indicated with a black bar) is displayed as a
grey dot.

high siliceous dissolution rates in anoxic bottom waters (Pellegrino
et al., 2018) and warm temperature (Sierro et al., 2003), respectively.
We also observe that the occurrence of S. abies peaks during each
insolation maxima is only typical of Southern Mediterranean successions
from east to west (Gennari et al., 2018; Mancini et al., 2020; this work),
probably in response to a south-to-north sea surface temperature
gradient.

Successively, diatomites formed during decreasing insolation and
temperature, leading to maximum seasonality (Mancini et al., 2020) and
promoting the shallowing of the pycnocline or a seasonal disruption of
the stratification (Sierro et al., 2003; Flores et al., 2005; Gennari et al.,
2018). This configuration allowed to maintain high productivity both in
the upper and lower photic zone and fueled the siliceous productivity
(Filippelli et al., 2003).

The low and statistically undistinguishable ’Sr/%6Sr isotope values
among sapropels and diatomites (Fig. 6A and B) is a prerogative of the
UMs and different from the Sorbas Basin, where diatomite have higher
values (Modestou et al., 2017; Reghizzi et al., 2017). As climatic models
predict high African monsoon activity and runoff only at insolation
maxima (Marzocchi et al., 2015), the prolonged Sr perturbation in the
UMs diatomites suggests that the slow recovery was due to a more severe
restriction in the Eastern Mediterranean, close to the African runoff
input. The possible occurrence of additional intermittent input from the
Paratethys (Vasiliev et al., 2013) can be eventually envisaged, but, at the
moment, no further independent data may confirm or discard this
hypothesis.

The proximity to the African continent, which experienced a major
Cs3 to C4 plant shift during the Late Miocene (Pellegrino et al., 2018) and
the restricted circulation, also contributed to increase the Si reservoir in
the Eastern Mediterranean, explaining a prolonged diatomite deposition
(Pestrea et al., 2002; Saint Martin et al., 2003; Mansour et al., 2008).
Differently, in the Western and Northern Mediterranean diatomites are
thinner and separated from the sapropel by a marl intercalation (Sierro
et al., 2003) or absent (Kouwenhoven et al., 2003; Manzi et al., 2007;
Dela Pierre et al., 2011; Gennari et al., 2013), respectively.
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A homogeneous scenario is instead characteristic of the periods of
insolation minima, when lower runoff and decreasing temperatures
allowed the reprisal of the thermohaline circulation and the coupling of
the Mediterranean %’Sr/%Sr values with the Global Ocean. During
insolation minima most basins record increasing surface productivity,
predicted by surface water eutrophic PF and CN (Blanc-Valleron et al.,
2002; Sierro et al., 2003; Gennari et al., 2018; Mancini et al., 2020). As
in the Sorbas Basin (Mancini et al., 2020), the high productivity typical
of the massive limestones perdured and possibly increased at the sap-
ropel inception. Like in the modern oxygen minimum zones (Schu-
macher et al., 2007; Schimmelmann et al., 2016), this process stimulated
high organic carbon export to the seafloor, low bottom water oxygen
levels and allowed reaching the tipping point of organic matter preser-
vation. A low runoff contribution, suggesting that stratification was not
the main trigger of organic matter preservation at the sapropel incep-
tion, is indicated by high values, within the Global Ocean range of the
875r/8%r values at the base of sapropels of cycles UM1, 2, 5, 6 and 8
(Fig. 6).

5.3. The uppermost pre-evaporitic events from an Eastern Mediterranean
perspective

The age model and the phase relation between insolation and lith-
ological cycles of the UMs allow to discuss the trends and events that
closely preceded and marked the MSC onset, as revealed by the multiple
proxy dataset here presented.

5.3.1. Hydrographic changes from 6.2 to the MSC

The Mediterranean was already subjected to restriction since the
early Messinian due to the tectonic reorganization of the gateways area
(Krijgsman et al., 1999; Kouwenhoven et al., 2006; Capella et al., 2019;
Ng et al., 2021; Bulian et al., 2022; Kontakiotis et al., 2022). Despite the
slowing down of the thermohaline perturbation, the surface oceanic
inflow into the Mediterranean was apparently intact as indicated by the
875r/88sr values within Global Ocean range during most of the pre-
evaporitic phase. Short living isolation events are suggested by Flecker
and Ellam (2006) and excursion of the 8751 /865y to lower values occur in
few intervals at high insolation during some eccentricity maxima at 6.4,
6.3 and 6.1 Ma (Reghizzi et al., 2017; Modestou et al., 2017), before the
final divergence, after 6.0 Ma and during the MSC (Reghizzi et al., 2017;
Gennari et al., 2018; Manzi et al., 2021). However, the pre-evaporitic
Mediterranean ®Sr/86Sr record was focused on the long-term trend
and the precession variability was overlooked. The precessional scale
resolution from 6.25 Ma to the earliest MSC phase obtained for the UMs
allows for the first time to observe the progression of the 8sr/%sr
values associated to the insolation, as expressed in the three lithologies
composing the sedimentary cycles (Fig. 10). The affinity for oceanic
values of the marls and IgA (insolation minima) is consistent through
time up to the laminated grainstone B at ca. 5.96 Ma (i.e. the line has an
increasing upward trend; see Fig. 10C), similarly to what observed on
Cyprus (Eastern Mediterranean, Gennari et al., 2018). Differently, di-
atomites and sapropels show a clear depleting upward trend towards
values progressively lower than the Global Ocean (Fig. 10A and B). This
divergence started at 6.2 Ma, indicating that at least from this interval,
during insolation maxima and shortly after it (diatomite), the amount of
Atlantic waters entering the Central/Eastern Mediterranean decreased
relatively to the input of continental waters and the hydrography started
to oscillate between increasingly different conditions from insolation
minima to maxima.

Among the mechanisms controlling the proportion of Atlantic and
runoff waters residing in the Mediterranean, the onset of Northern
Hemisphere glaciations (Holbourn et al., 2018), the tectonic restriction
of the gateways, increasing runoff and a more efficient Mediterranean/
Paratethys connectivity could be considered. Although a prominent
glaciation do not coincide with the MSC onset (Krijgsman et al., 2004),
the marine oxygen isotopic record from 6.2 to 6.0 Ma (Van der Laan
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Fig. 10. Plots of the 875r/%6Sr data against the age model of the UMs; for each lithology (A, sapropels; B, diatomites and C, marls, laminated grainstones and breccia)
the linear trends are calculated and shown for foraminifer samples (dashed) and for foraminifer and bulk samples together (bold). For the marls and laminated
grainstones two different trend lines were calculated for cycles 1 to 12 and for the interval above 7.6 m (IgB and successive beds), respectively.

et al., 2005) is characterized by progressively more prominent glacial
stages associated to a long-term sea-level fall (Miller et al.,, 2011),
indicating a further shallowing of the Atlantic gateway, following those
at 7.2 and 6.8 Ma, suggested by salinity-based simulation (Krijgsman
et al., 2018). A moderate eustatic sea level fall, in the order of 20 m
(Simon and Meijer, 2015), could have been coupled with tectonic ac-
tivity. Although a precise chronology of the tectonic events in the
gateways area is hindered by the uplift and erosion of the sedimentary
successions before the uppermost pre-evaporitic phase (Capella et al.,
2018; Krijgsman et al., 2018), evidence of tectonic activity in the peri-
Mediterranean area is documented between 6.3 and 6.1 Ma (roughly
coinciding with the long-term eustatic fall), with increasing sedimen-
tation rate and sedimentary instability in the Northern Apennine fore-
deep (Manzi et al., 2007), in Piedmont (Violanti et al., 2013; Gennari
et al., 2020), on the Ionian Islands (Karakitsios et al., 2017), in the
Sorbas Basin (Sierro et al., 2001) and on Cyprus (Krijgsman et al., 2004;
Gennari et al., 2018).

The increase of the Mediterranean runoff started during the Late
Miocene humid phase and was triggered by larger than modern
discharge from the monsoon-fed African rivers (Griffin, 2002; Griffin,
2006; Gladstone et al., 2007, Holbourn et al., 2018). This runoff
component is synchronized with insolation maxima and is especially
stronger during eccentricity maxima (Simon et al., 2017). However, the
sea surface water freshening from high (45 psu) to normal marine values
(ca. 39 psu) in the Central Mediterranean Kalamaki section (Ionian
Islands; Vasiliev et al., 2019; see also Kontakiotis et al., 2022) is an in-
dependent evidence that additional increasing continental water influ-
ence on the Mediterranean water body occurred after 6.2 Ma. For
instance, slowing down of the deep-water formation due to increasing
fresh water input favored stratification, that was inherited during the
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MSC, when it played a role in the evaporite precipitation (Simon and
Meijer, 2017). The 6.2 Ma Mediterranean freshening is immediately
followed by the “Pontian flood”, an event of increased Mediterranean/
Paratethys connection, roughly dated at 6.1 Ma (Vasiliev et al., 2013;
Fig. 8). While the income of Mediterranean waters in to the Paratethys is
well documented (Stoica et al., 2013; Grothe et al., 2020), the opposite is
difficult to prove and the depleted values of the Mediterranean 8”Sr/%6sr
is best explained with increased runoff. However, a more efficient
connection could have contributed to the 8 Sr/%Sr trend, although ev-
idence of a consistent and prolonged connection is only recorded later,
during the Lago-Mare phase, when a large 87Sr/86Sr drop occurred
(Roveri et al., 2014b) and when paratethyan fossil immigrants entered
the Mediterranean (Orszag-Sperber, 2006).

A second hydrographic change, recognized in the Tokhni section just
before the MSC onset (Cyprus, Gennari et al., 2018), occurred in the UMs
at ca. 5.96 Ma (Fig. 10Q); it is characterized by a decrease of 87y /865y
values in the laminated grainstones, with diverging path from the global
oceanic field, suggesting that the gateway restriction limited the Atlantic
inflow to a threshold that hindered the compensation of the weak runoff
contribution at time of insolation minima. This second step represents
the inception of a permanent restricted circulation that became pro-
gressively more evident during the first and second stages of the MSC
(Roveri et al., 2014b; Reghizzi et al., 2018) and culminated during the
Lago Mare phase (Marzocchi et al., 2015).

5.3.2. The response of calcareous plankton to hydrographic changes
5.3.2.1. Foraminifera. The hydrographic change from 6.2 Ma is coupled

with variations of the micropaleontological record. The divergence from
oceanic values of the %Sr/%°Sr ratio from 6.2 Ma is coeval with a
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reduction of the WO-PF group, except O. universa, and an increase in
abundance and dominance of turborotalids among the CE-PF (Fig. 4).
The increase of O. universa, replacing the Globigerinoides gr. is also
recorded in the Sorbas Basin (Sierro et al., 2003). Both O. universa and
T. quinqueloba can thrive in a wide range of environments, as indicated
by the ubiquitous ecology of their modern representatives (Darling and
Wade, 2008). In particular, modern O. universa genotypes are found in
both oligotrophic and eutrophic environments, at variable temperatures
(Morard et al., 2009). T. quinqueloba is adapted to a wide range of ma-
rine salinities (Kroon et al., 1988; Aksu et al., 2002; [jiri et al., 2005) and
proliferates in eutrophic and preferentially cold waters (Schiebel and
Hemleben, 2017; Melki et al., 2010). The increase of these two PF taxa
matches well the increment of environmental variability associated to
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the variation of the 8 Sr/%Sr with precession.

Successive important changes are then represented by the reduction
of foraminifer abundance (FR) and the frequency increase of levels
barren of foraminifera >125 pm from cycle 9 (ca. 6.068 Ma), well before
their disappearance (FD) in cycle 13 (ca. 5.990 Ma) (Fig. 9). Although
obtained with either a quantitative or qualitative method, the FR prior to
their disappearance is consistently recorded in many Eastern and Cen-
tral Mediterranean successions (Blanc-Valleron et al., 2002; Kouwen-
hoven et al., 2006, Gennari et al., 2018; Manzi et al., 2018, 2021;
Fig. 11) and in the Fanantello borehole in the Northern Mediterranean
(Manzi et al., 2007), all characterized by the absence of primary gypsum
of the PLG unit. Differently, a single-step, sharp FD closely predating the
MSC onset was documented in the Perales section of the Sorbas Basin

Fig. 11. Pattern and chronology of foraminifer reduction (FR) and disappearance (PFD, planktic; BFD, benthic; FD, undifferentiated) throughout the Mediterranean.
The letter q beside the name of the sections indicates that only qualitative estimation on total foraminifer abundance is available. Sections are ordered from top to
bottom according to their geographic position within the Mediterranean and depositional setting. On the right side of the figure, the different patterns of foraminifer
reduction and disappearance are compared to the stratigraphy of the MSC deposits for each section; the presence of the PLG unit or of time-equivalent evaporite-free
foraminifer barren interval is evidenced (FBI, Manzi et al., 2018, 2021), while the red line represents the Messinian erosional surface. Data are collected from this
work and from Blanc-Valleron et al. (2002), Sierro et al. (2003), Kouwenhoven et al. (2006), Manzi et al. (2007), Riforgiato et al. (2008), Manzi et al. (2011), Gennari
et al. (2013), Lozar et al. (2018), Manzi et al. (2018, 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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(Mancini et al., 2020) and in Central/Northern Italy at Gello (Riforgiato
et al., 2008), Legnagnone (Gennari et al., 2013) and Pollenzo (Violanti
et al., 2013), where primary bottom-grown gypsum of the PLG unit
accumulated. Among this group, only in the orbitally tuned Perales
section periodic and transient reductions of PF abundance before the
MSC occur in levels corresponding to eccentricity minima (Sierro et al.,
2003). It is worth noting that despite the FR can be found at slightly
different ages, the FD, recognized by planktic (PFD), benthic (BFD) or
indistinct assemblages (FD), is always found in the same precessional
cycle (Fig. 11; Manzi et al., 2018, 2021). Thus, we suggest that the early
FR heralds the lack of primary gypsum sedimentation in relatively deep
and poorly oxygenated setting (Manzi et al., 2021 and references
therein) of the Eastern and Central Mediterranean driven by local
paleoenvironmental factors, whereas the FD at the MSC onset depends
by a synchronous change at the Mediterranean scale.

5.3.2.2. Calcareous nannofossils. CN do not record the early decline in
abundance showed by foraminifera, but only a decrease of diversity. The
resilience of CN compared to the PF before and across the MSC onset was
observed in other successions (Manzi et al., 2021; Mancini et al., 2022)
and explained with their adaptability to a wider range of environments
and their minor susceptibility to dissolution. Opposite to PF, CN can
thrive in the modern low salinity Black Sea (Kubryakov et al., 2019;
Kubryakov et al., 2021) and in the high salinity Red Sea during the Last
Glacial Maximum (Lars-Legge et al., 2008). These adaptations favor CN
in the increasingly variable environment reconstructed after 6.2 Ma in
the UMs.

Other than its resilience as a group, the decrease of CN diversity
results in a succession of almost monospecific acme/peaks starting from
that of the R. antartica/perplexa (6.058-6.018 Ma in the UMs) and
ending with the MSC onset bioevent (Lozar and Negri, 2019; Mancini
et al., 2020). The acme of R. antartica/perplexa is, at present, only
recorded in the Eastern Mediterranean (UMs and Tokhni section),
whereas just a short influx is recorded in the Western Mediterranean at
the end of the acme (cycle UA32 of the Perales section, ca. 6.02 Ma;
Mancini et al., 2020). R. antartica/perplexa is an extinct taxon, abundant
at high latitude in the Southern Ocean during the Miocene, where its
relative increase respect to C. pelagicus is used to reconstruct surface
water cooling phases (Wei and Wise, 1992). In addition, R. antartica/
perplexa was documented in Eastern Europe Oligocene marine sediments
influenced by freshwater input (Krhovsky et al., 1992). An overall cooler
climate, as predicted by the prominent marine isotopic stage 2 and the
associated relatively cold interglacials (Van der Laan et al., 2005), and
the greater influx of continental waters could have favored the prolif-
eration of this CN taxon in an interval also characterized by enhanced
water exchange between the Mediterranean and the Paratethys (Stoica
et al., 2013). Interestingly, these conditions were more typical of the
Eastern Mediterranean, where they lasted for longer time than in the
Western Mediterranean.

After the R. antartica/perplexa acme, the peaks of Sphenolitus spp.,
H. carteri and U. rotula, compose the CN MSC bioevent after the second
hydrological step, when also insolation minima have 8”Sr/36sr signature
lower than the global Ocean. This bioevent is documented in a suite of
outcropping successions (Lozar and Negri, 2019), and a similar oppor-
tunistic CN assemblage was also documented in cutting samples of the
Dolphin well in the Levantine Basin (Manzi et al., 2021). The succession
of these peaks is interpreted by Mancini et al. (2020) as the response of
CN to the final 6.0 Ma tectonic restriction of the Mediterranean, that
became more and more sensitive to surface water nutrient enrichment
from runoff. Mancini et al. (2022) and Manzi et al. (2021) also showed
that opportunistic CN assemblages are recorded in the PLG unit, both in
the relatively shallow Sorbas Basin and in the deeper Levantine Basin,
respectively.
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5.3.3. The origin of the carbonate precipitation at 6.0 Ma and the salinity
scenario at the MSC onset

The revised age model of the UMs, retained in our work, and the
evaporitic origin of the first prominent limestone based on the mm-scale
lamination of the lime mud, here referred to as laminated grainstone A
(Fig. 2B), has led Zachariasse and Lourens (2021) to infer an earlier
onset of the MSC in the Eastern Mediterranean (6.00 Ma). The same
interpretation was extended to the first limestone bed (upper part of
cycle 49) of the Falconara section (Sicily) that, according to Hilgen and
Krijgsman (1999), should mark the MSC onset. Despite both described as
carbonate beds, the Falconara one differs from that of the UMs by having
a dolomitic composition and heavier 580 (6-7 %o); these aspects have
not been considered by Zachariasse and Lourens (2021). In fact, the 5'%0
and 5'°C measured on the 6.00 Ma bed A of the UMs are slightly
negative, excluding its evaporitic origin. Moreover, the rare presence of
evaporitic minerals a few millimeters across, consisting of calcite
pseudomorphs after gypsum, suggests that conditions for gypsum pre-
cipitation only occurred locally and were quickly disrupted by dilution
with evaporite minerals dissolution and replacement.

The claimed evaporitic 6.00 Ma episode in the Eastern Mediterra-
nean represents the culmination of a high salinity pre-evaporitic sce-
nario starting from the earliest Messinian, as reconstructed by different
authors (Zachariasse and Lourens, 2021; Butiseaca et al., 2022; Konta-
kiotis et al., 2022), which is at odd with the increasing restriction and
continental water influence reconstructed by means of geochemistry,
micropaleontology and petrography for the UMs.

To reconcile this contradiction, we suggest that the high salinity
phase was a prerogative of the Eastern Mediterranean only during the
early pre-evaporitic phase (up to 6.4 Ma). This phase led to the forma-
tion and accumulation of progressively denser deep waters. Accordingly,
the denser deep waters were progressively more difficult to renew,
slowing down the main process of thermohaline circulation in the
Eastern Mediterranean (Rohling et al., 2015) and, hence, the water ex-
change with the Western Mediterranean and the Atlantic.

With low proportion of Atlantic waters entering the Mediterranean,
any successive runoff pulse at insolation maxima was increasingly able
to deviate the characteristics of surface waters, as reflected by the
873r/86Sr excursions below global oceanic values (Reghizzi et al., 2017
and this work), lighter 580 and §'3C of PF (Zachariasse and Lourens,
2021) and decreasing sea surface salinity after 6.2 Ma (Vasiliev et al.,
2019). In such variable environment, the surface water conditions
selected those opportunistic taxa able to withstand nutrient and salinity
variations in warm waters (O. universa; Brachert et al., 2015; Marshall
et al., 2015), salinity variation in cold and eutrophic waters (turbor-
otalids; Kroon et al., 1988) and water column stratification (S. abies and
neogloboquadrinids; Mancini et al., 2020; Schiebel and Hemleben,
2017). The early deterioration of the foraminifer habitat (FR) probably
reflected the susceptibility of this group to environmental variability
associated to the step-by-step progression towards the crisis. Contrary to
foraminifera, CN are more adaptable to salinity fluctuations (Kubryakov
etal., 2019; Legge et al., 2008) and reacted by increasing the dominance
of few species, such as R. perplexa, S. abies, H. carteri and U. jafari (see
also Lozar and Negri, 2019). The CN biovent at the MSC onset, clearly
related in time in both deep and shelf successions, suggests that the final
step before gypsum deposition in marginal settings involved a
Mediterranean-scale synchronous environmental change explained with
increasing restriction and continental influence (Mancini et al., 2020).

6. Conclusions

Our integrated stratigraphic analysis of the Upper Metochia section
on the Gavdos Island confirms the cyclostratigraphic revision after
Krijgsman et al. (2004) provided by Zachariasse and Lourens (2021)
indicating an age of 6.0 Ma for the first limestone bed (their bed M130,
our limestone A) in the upper part of the section. However, the negative
5'%0 and the absence of widespread evaporite minerals, characterizing
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bed 1gA of the UMs, suggest that no clear and/or permanent evaporitic
conditions occurred at that time; thus, ruling out the hypothesis of an
earlier onset of the salinity crisis in the Eastern Mediterranean. The MSC
onset is instead best predated (the influx B. bigelowi at ca. 6.168 Ma and
acme of R. perplexa at ca. 6.058-6.018 Ma) and approximated (peaks of
Sphenolitus spp. and H. carteri at ca. 5.990 and 5.973 Ma, respectively) by
astronomically calibrated calcareous nannofossil biostratigraphic
events.

We also provide new insights on the paleoceanographic evolution of
the Eastern Mediterranean approaching the MSC. Variability of
875r/80Sr suggest that surface Mediterranean waters were increasingly
influenced by continental inflows from 6.2 Ma, especially at insolation
maxima. The consequent restriction caused local to regional differences
in the paleoenvironmental response to the orbital configuration.
Conversely, normal oceanic connection persisted at insolation minima
up to 5.96 Ma, when homogeneous paleoceanographic conditions were
established across the Mediterranean. The increasing runoff influence
led to enhanced salinity oscillations and overall nutrient availability.
This environmental pressure affected foraminifera and CN, that
decreased diversity and selected taxa with eutrophic affinity and a broad
salinity tolerance. Foraminifera were more severely affected and, other
than a diversity decrease, they first underwent a reduction in abundance
(FR; 6.068 Ma) only in open marine settings and finally disappeared (FD
5.97 Ma), in both marginal and open settings. CN were more resilient
and produced peaks of almost monospecific assemblages before the final
decline at the 5.97 Ma.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2023.111970.
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