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Abstract

We present the first high-resolution results on planktonic foraminifera stable oxygen isotopes and
calcareous plankton assemblages at the Monte San Nicola GSSP section (Gela, Sicily), the type-
section for the Lower Pleistocene Gelasian Stage. The oxygen isotope profile has a remarkable
comparison with the Eastern Mediterranean oxygen isotope record and indicates that the studied
section, extending from marine isotope stage (MIS) G4 to MIS 103, well records glacial-interglacial
variability. Cyclic changes of calcareous plankton assemblages (calcareous nannofossils and
foraminifera) indicate that warmer and stratified surface waters occurred during interglacials, while
cooler and unstable conditions developed during glacial phases. Signature of further increase in
surface water stratification are also captured by our surface water proxies and are coeval with
enhanced monsoon run-off, developed during precession minima/insolation maxima. The surface
water changes recorded at Monte San Nicola section are in phase with North Atlantic climate
variability, even on suborbital scale, and reveal evidence of the first significant southward migration
of the Subarctic Front in the mid-latitude during MIS 104, slightly below the GSSP. The overall
dataset provides precise location of the Gelasian GSSP within MIS 103, thus improving its correlation

potential outside the type-area.
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1. Introduction

The Global Boundary Stratotype Section and Point (GSSP) for the Gelasian Stage (~2.58 Ma) was
formally ratified in the late nineties (Rio et al., 1998) at the Monte San Nicola section (MSNs), near
Gela, in Sicily. By the time of the GSSP ratification, the Gelasian Stage represented the uppermost
subdivision of the Pliocene Series, while in the following years, after several discussions within the
scientific community, the base of the Quaternary was lowered from 1.8 Ma to 2.58 Ma and the
Gelasian Stage was shifted into the Pleistocene (Gibbard and Head, 2010). Consequently, the
Gelasian GSSP currently defines the beginning of the Quaternary System and of the Pleistocene
Series (Gibbard and Head, 2010, Gibbard et al., 2010). The GSSP falls within a critical climate
transition, between the end of a relatively warm climate phase, the so-called Pliocene Warm Period,
at around 3 Ma, and the progressive intensification of the North Hemisphere Glaciation (iNHG),
whose development begins already from 3.6 Ma, but which becomes significant around ~2.7-2.5 Ma
(Mudelsee and Raymo, 2005; Westerhold et al., 2020; McClymont et al., 2023 and reference therein).
The progressive ice-sheet development is supported by the widespread occurrence of Ice Rafted
Debris (IRD) in North Atlantic and North Pacific sediments, starting at 2.7 Ma (Shackleton et al.,
1984; Maslin et al., 1998; Kleiven et al., 2002; Naafs et al., 2012) and by the 880 enrichment of
deep-sea benthic isotope records, suggesting a global impact of increasing ice volume (Tiedemann et
al., 1994; Shackleton et al., 1995; Lisiecki and Raymo, 2005; Westerhold et al., 2020). During this
climate transition, Marine Isotope Stage (MIS) 100 is known as the first full glacial cycle and one of
the first pronounced obliquity-controlled glacial periods (Shackleton et al., 1984; Raymo et al., 1989).
In the North Atlantic, a significant reorganization in the hydrologic dynamic is known to have started
at ~2.6 Ma, mostly based on evidence from dinoflagellate cysts and planktonic foraminifera
assemblage (Hennissen et al., 2014; Bolton et al., 2018), indicating that the first significant southward
shift of the North Atlantic Current and of the Subarctic Front occurred during MIS 104. In the central
and eastern Mediterranean evidence of the polar influence have been suggested at MIS 110
(Zachariasse et al., 1990; Lourens et al., 1992, 1996; Becker et al., 2005), although a correlation with
Atlantic records was not provided. A large set of proxies has been applied to different records to
reconstruct climate evolution, suggesting that the iNHG was rather complex in terms of ice-sheet
advances/retreats and non-uniform on a global scale (McClymont et al., 2023 and references therein).
Despite the chronostratigraphic relevance of the MSN sedimentary record and the importance of the
climate transition embedded across the Gelasian GSSP, the type-section (MSNt-s) has not been
studied with a high-temporal resolution detail since its ratification to date. No planktonic oxygen

isotope record is currently available through the section. Concerning calcareous plankton studies,
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most of the works were carried out until the end of the nineties (Spaak, 1983; Driever, 1988; Channell
et al., 1992; Sprovieri, 1992, 1993; Rio et al., 1994, 1998), and mostly focused on biostratigraphy and
based on multi-millennial resolution. From a climatostratigraphic point of view, the last work dates
to Rio et al. (1998), which includes a low-resolution record of Globigerinoides abundance
fluctuations employed as proxy for glacial/interglacial stages. A single paper has provided a
centennial-scale climate reconstruction in the type-area (Becker et al., 2005), although focusing on a
brief portion of the sedimentary record and specifically the MIS 101-MIS 99 interval. More recently,
a new stratigraphic profile has been investigated nearby the MSNt-s, named “Mandorlo™ section
(Capraro et al., 2022), mainly targeting on bio- and magnetostratigraphic issues and with the intention
to propose a potential-unit stratotype of the Gelasian Stage. Considering this lack of knowledge, we
present the first high-resolution results focused on the surface water variability signals embedded in
the MSNt-s. Our proxies consist of planktonic stable oxygen isotopes and calcareous plankton
assemblages. We focus on the reconstruction of the surface water variability recorded in the type-
section between ~2.7 and 2.5 Ma, on its relationship with orbital forcings and correlation with extra-
Mediterranean records. The results enable to frame the section within the climate evolution at the
Pliocene-Pleistocene transition and strengthen the correlation potential of the MSNt-s and of the

GSSP itself outside the type-area.

2. Materials and methods

2.1  Monte San Nicola section and the study interval

The MSNt-s, located few km NW of Gela (Sicily), outcrops in the southeastern part of the
Caltanissetta sedimentary basin (Sicily), a late Neogene structure located between the Sicilian-
Maghrebian Chain and the Hyblean Foreland (Fig. 1A-B) (Catalano et al., 2013; Lentini and Carbone,
2014). The Plio-Pleistocene sediments in the basin represent the final filling of a piggy-back basin of
the appeninic-maghrebid chain on the Gela Nappe (Ogniben, 1969), an allochthonous unit that
overthrusts the intensely deformed Cretaceous-Eocene “Argille Scagliose” (Ogniben, 1969) and the
Lower Miocene “Flysch Numidico” (Gasparo Morticelli et al., 2015; Pinter et al., 2016, 2018). The
whole section, originally studied by Channel et al. (1992), Rio et al. (1994; 1998), consists of a basal
portion of rhythmically bedded marly limestones and marls, about 36m thick, belonging to the
Zanclean-Piacenzian p.p. Trubi Formation (Cita and Gartner, 1973), passing upward to the Piacenzian
p.p.- Calabrian p.p marly-silts of the Monte Narbone Formation. The younger portion is about 125m

thick and includes a spectacular record of brownish-red laminated intervals, representing the
3



Mediterranean Precession-related Sapropels (MPRS). These layers were used for constructing the
Astronomical Time Scale (ATS) of the late Neogene (Hilgen, 1991a, 1991b; Hilgen and Krijgsman,
1999). The type-section includes the clusters of sapropels O-A-B-C (Verhallen, 1987; Zijderveld et
al., 1991) (Fig. 1C) and was deposited in a slope-basin setting with water depth ranging between 500-
1000m (Rio et al., 1994).

For the present study, a continuous and undisturbed section, about 9m thick, belonging to the Monte
Narbone Fm, was investigated (Fig. 1D). The interval mainly consists of massive whitish marls
(average thickness of ~135c¢m) alternated to slightly dark gray bioturbated marly clays (average
thickness of ~31cm), namely sapropel layers A2 to A4/5. Bioturbation is mainly represented by
Chondrites ichsp., Planolites ichsp., and Thalassinoides ichsp. In the upper part, the section includes
a laminated clayey silts layer (35cm thick), bearing a reddish-brown surface alteration. It is the
sapropel A5, which represents the topmost of cluster A, the so-called Nicola Bed, related to i-cycle
250. The Gelasian GSSP is located at the base of the marls overlying the Nicola Bed, whose midpoint
has an astrochronological age of 2.588 Ma (Lourens et al., 1996, 1998), and falls within the
interglacial stage MIS 103 based on Glodigerinodes spp. abundance fluctuations and correlation with
oxygen isotope profile at Singa section (Lourens et al., 1992; Rio et al., 1994, 1998). The age of the
GSSP was assumed as 2.588 Ma (Rio et al., 1998) or ~2.58 Ma, i.e. about 3.5-5.0 kyr younger than
the midpoint age (Head, 2019 and reference therein).

After cleaning the weathered surface, sampling was performed every 5cm which, based on the
estimated sedimentation rates (~8cm/kyr), allows a centennial-scale resolution (~800 years). The
presence of MPRS and their correlation with the insolation cycles provide a precise chronological

control of the succession.

2.2 Stable isotope analyses

The stable oxygen isotope analyses were carried out on 6—8 tests of the planktonic foraminifer
Globigerina bulloides handpicked from 168 samples. The shells were selected from the fraction
150um and carefully cleaned to remove clay and detritus from the inner parts of the chambers. In
detail, following Quintana Krupinski et al. (2017), the tests were crushed using two glass slides under
the stereo microscope and then cleaned by three washing cycles (30 s each) with 500ul of methanol
in an ultrasonic bath. The residual methanol was extracted and, after a last ultrasonic wash with 500ul
of deionized water, samples were dried before the analyses. The §'®0 measurement was carried out

by a Thermo Scientific Delta V Advantage continuous flow IRMS equipped by an automated
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Carbonate Preparation Device (Thermo Scientific GasBench II) at the Department of Scienze della
Terra e del Mare of the University of Palermo (Sicily, Italy). Every 20 samples, the NBS19
international standard (8'%0v.ppB = -2.20%0) was run. An internal laboratory standard (Carrara Marble
with §'%0v.ppp = -2.43%0) was also measured every 10 samples and the repeatability precision () was

day-to-day calculated on the replicate measurements, being always better than 0.09%o.

2.3 Calcareous plankton analyses

A total of 171 samples were analyzed for calcareous nannofossil investigations. Slides were prepared
following the technique of Flores and Sierro (1997) and analyzed under a polarized light microscope
at 1000x magnification at the Dipartimento di Scienze della Terra e Geoambientali (Bari, Italy).
Abundances were determined by counting at least 300 coccoliths of all sizes. For specimens of the
genus Discoaster, given their rarity and their stratigraphic utility, the count was extended up to 100
fields of view. The taxonomic identification was made at the species and subspecies level, following
Young et al. (2003) and Jordan et al. (2004). The N ratio index was calculated according to Flores et
al. (2000), following the ratio: small placoliths/(small placoliths + Florisphaera profunda). Small
placoliths (< 3um) include small Gephyrocapsa and small Reticulofenestra. High values in the N
index (values closer to 1) indicate upwelling and shallow nutricline/thermocline position, while low

values (values closer to 0) imply weak upwelling and relatively deep nutricline/thermocline position.

Quantitative analyses of planktonic foraminifera assemblages were performed on 92 samples with a
temporal resolution of about one sample every 1000-1500 years. The samples were dried and washed
on a 63um sieve, and the residue greater than 125um was used to obtain the quantitative abundances
of taxa. The residues were split until a representative aliquot containing about 250/300 specimens has
been obtained. All specimens were counted in the aliquots and species abundances were quantified
as percentages on the total number of planktonic foraminifera.

Different morphotypes of Globigerinoides ruber were identified using the morphotype concepts of
Wang (2000), Aurahs et al. (2011) and Bonfardeci et al. (2018). Trilobatus sacculifer includes
Trilobatus trilobus and Trilobatus quadrilobatus (sensu Hemleben et al., 1989; André¢ et al., 2013;
Spezzaferri et al., 2015). Neogloboquadrina incompta corresponds to those specimens previously
referred to as Neogloboquadrina pachyderma (dextral) and includes intergradations between M.
pachyderma (dextral) and Neogloboquadrina dutertrei (Darling et al., 2006). Neoglobogquadrina

atlantica includes dextral and sinistral coiling specimens.



Principal Component Analysis (PCA) was performed on the percentage abundance of the
assemblages using the software PAST (PAleontologySTatistic) (Hammer and Harper, 2001), to
understand the main control factors that influenced distribution and abundance of taxa. For the
foraminifera assemblage the involved dataset contains percentage in abundance of all the taxa with
respect to the total foraminifera assemblages. For calcareous nannofossils, PCA analysis was carried
out according to Aitchison (1981, 1986), a valuable method to remove effects of the constant-
sumconstraint (CSC). This procedure allows to amplify the importance of less abundant species and

minimize the dominance of few abundant taxa.

2.4 Chronology

Our age model was constructed by tuning each sapropel midpoint to insolation maxima, using the
numerical solution of Laskar et al. (2004) for the summer season (June — July) at 65° N. We did not
introduce a 3-ky lag between African monsoon maxima and insolation maxima (Lourens et al., 1996;
Ziegler et al., 2010; Konijnendijk et al., 2014). This follows recent high-resolution oxygen isotope
chronology developed in the Mediterranean area (Grant et al., 2022) and based on the hypothesis that
the late Pliocene and Early Pleistocene sapropels were directly in-phase with precession
minima/insolation maxima (Lourens et al., 2001). A cubic spline function was then used for dating
all the sampling points to reduce loss of amplitudes at higher frequencies and reduced bias effect
(Schulz and Statteger, 1997; Ziegler et al., 2010; Konijnendijk et al., 2014). An identical approach for
the age model construction was used for the Punta Piccola reference section (Sprovieri et al., 2006),
where the Piacenzian GSSP was defined (Castradori et al., 1998), and in which the entire Piacenzian
stratotype, including the A1-AS5 sapropels, occurs (Hilgen, 1991a; Lourens et al., 1996; Sprovieri et
al., 2006). Based on the constructed chronology the studied interval extends from 2.7 to 2.57 Ma.

3. Results

3.1 Oxygen isotopes

The MSNt-s §'80 depth-profile shows discrete fluctuations around an average value of 0.90%o (Fig.
2). Prominent excursions towards negative ratios (evidenced in red in Figure 2) are related to the five
sapropels included in the studied interval. In the lower part of the section, two negative §'O values
(-0.63 and -0.50%o, respectively) mark the top of the sapropels A2 and A3. Sapropel A4 is well defined

by three negative excursions (the most negative of -0.59%o), while the lowest §'30 ratios within the
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whole section characterize the base of sapropels A4/5 and A5 (-1.94 and -1.88%o, respectively). The
only negative peak (-0.44%o0) which does not correspond to a sapropel layer is recorded at 720cm,
between sapropels A4/5 and A5. As for the heaviest oxygen isotope ratios recorded in the MSNt-s,
they are located in three intervals (marked in blue in figure 2), at 10-130, 385460 and 690—705cm,
respectively. Moreover, the average §'®0 value calculated for each of the three intervals is
progressively more positive from the base to the top of the section (1.67%o, 1.73%o, 1.98%o,

respectively).

3.2 Calcareous plankton assemblage

3.2.1 Calcareous nannofossils

A total of fifty calcareous nannofossil taxa at level of genus, species and subspecies have been
identified. A good coccolith preservation is generally recorded along the section, with rare evidence
of slight dissolution mainly observed within sapropel layers. The overall composition of the
assemblage is provided in Figure 2 and expressed in % abundances, while the abundance of climate-
sensitive taxa is shown individually, in more detail, below. The genus Reticulofenestra including
Reticulofenestra spp. < 3um, Reticulofenestra spp. 3-5um and Reticulofenestra spp. 5-7um,
represents the main component, with values ranging from 18% to 71%. The genus has several
fluctuations although not distinctly correlated with the 8'80¢. puttoides record. Small Gephyrocapsa spp.
(< 3um) are also an important component of the assemblage with abundances ranging between 3%
to 47% and highest percentages up to sapropel A4. Relative abundances of Calcidiscus spp.
(Calcidiscus leptoporus ssp. small, C. leptoporus ssp. leptoporus; C. leptoporus ssp.
quadriperforatus, Calcidiscus macintyrei) ranges from 2% to 20%, while abundance of Florisphaera
profunda varies between 0 and 17%, reaching the highest percentages within sapropel layers and
particularly during sapropel AS. A similar distribution is observed for Helicosphaera sellii, reaching
values up to 8% during sapropel AS. Highest abundance (7%) during sapropel A5 are also observed
for Helicosphaera carteri. Coccolithus pelagicus (1-12%) is mainly represented by Coccolithus
pelagicus ssp. pelagicus, although few specimens of C. pelagicus ssp. braarudii and C. pelagicus ssp.
azorinus were also recorded. Umbilicosphaera jafari shows similar values recording the highest
abundances (12%) in correspondence of the uppermost heaviest values of 8'* 0. puiivides record. Taxa
with subordinate abundance include Discoaster spp. and Syracosphaera spp. (S. pulchra+S. histrica),
which never exceed 3% and Rhabdosphaera spp. (R. clavigera and R. stylifera), showing values up

to 2%. “Other taxa” include all the taxa having rare and/or scattered occurrences and specifically
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Pseudoemiliania lacunosa, Helicosphaera spp., H. wallichii, Calciosolenia spp., Coronosphaera
spp., C. mediterranea, Umbilicosphaera sibogae, U. rotula, U. foliosa, Pontosphaera spp.,
Scyphosphaera spp., Discosphaera tubifera, Umbellosphaera spp. and holococcoliths. From a
biostratigraphic point of view, the continuous occurrence of Discoaster pentaradiatus, D. surculus
and D. brouweri indicates that the whole interval falls within the D. pentaradiatus biozone —

MNN16b/17 (Rio et al., 1990) (Fig. 2).

3.2.2  Planktonic foraminifera

Planktonic foraminifera are well preserved and diversified at the MSNt-s. In the samples collected
within the sapropel layers, pyrite is identified under microscope mainly as infill in foraminiferal tests
or steinkerns. A total of sixteen taxa has been recognized at level of species and species-group. The
foraminifera assemblage (Fig. 2) is dominated by Globigerina bulloides, Globigerinita glutinata and
Turborotalita quinqueloba that all together represent more than 60-65% during the phases of heaviest
oxygen isotope ratio. During the phase of depletion of §'*0¢ puiivides record, G. ruber group shows the
highest abundance values and Neogloboquadrina acostaensis and Globorotalia crassaformis are
important common component of the assemblages. Trilobatus sacculifer and Globigerinoides
obliquus extremus show sharp increases during the highest depletion of the §'30 record corresponding
to the sapropels, while Globorotalia bononiensis occurs along the entire studied interval. In the
“others” are grouped all the taxa with rare and/or scattered occurrences including Neogloboquadrina
dutertrei, N. incompta, Globorotalia scitula, Orbulina universa, Globigerinella siphonifera.
Neogloboquadrina atlantica has a very scattered distribution showing a short and sharp increasing in
correspondence of the heaviest values of 8'®OGpuivides record at ~ 700cm. The absence of
Sphaeroidinellopsis seminulina and the occurrence of G. bononiensis indicate that the studied interval

falls within the Subzone MPL5a (Lirer et al., 2019).

4. Discussion

4.1 Framing MSNt-s §'%0 record within a high-resolution Mediterranean context

The high-resolution dataset provided for the MSNt-s allows to investigate in detail changes of the
surface water structure recorded between ~ 2.7 and 2.5 Ma. Before using the measured §'*0¢ puivides

ratios in terms of regional and global climatic changes, it is however essential to evaluate the quality
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of dataset and the efficiency of the shell cleaning method, although extensively tested in similar
studies (e.g., Howell et al., 1998; Grant et al., 2022). To this purpose, the isotope composition
measured in the MSNt-s was compared with the §'%0 data available for the same interval in the
Mediterranean area. In particular, the box-and-whisker plot of Figure 3 summarizes the
8'806 butlvides/G.ruver data from: two low-resolution records i.e. ODP Site 964 (Howell et al., 1998) and
Singa section (Lourens et al., 1992), and a high-resolution dataset from the Eastern Mediterranean
i.e. ODP Site 967 (Grant et al., 2022). As shown, the median of oxygen isotope composition measured
on G. bulloides in the MSNt-s fits well with the homologue from Site 964, while the medians of §'*0
determined on G. ruber are about 2% lighter. According to Mulitza et al. (2022), the 8'%0¢ juper can
be until 3%o lower than the 8'30¢ puoizes as consequence of species-specific variability. Finally, the
greater extension of the lower whisker in the MSNt-s and in Site 967 is probably related to the higher

resolution of these datasets, which allow to record the full variability in the isotopic signal.

The reliability of our oxygen isotope data is further confirmed by the remarkable comparison with
the high-resolution Eastern Mediterranean oxygen isotope planktonic record recently published by
Grant et al. (2022; Fig. 4). The Eastern Mediterranean curve provides a valuable reference record for
interpreting the §'®0 profile and framing the MSNt-s within a chronological and climate
Mediterranean context. Thanks to the occurrence of the chronologically well constrained MPRS, the
three intervals of heavier §'30 phases recorded in MSNt-s can be correlated to MIS G4, G2 and 104,
while lighter values capture MIS G3, 105 and 103, where the GSSP is located. Glacial cooling seems
to intensify within MIS 104, where the heaviest 3'%0 values are recorded, similarly to the Eastern
Mediterranean record, suggesting that a change in Mediterranean surface water properties developed

slightly below the GSSP.

Superimposed to glacial-interglacial variability, larger amplitude 8'0 excursions, ranging between
1-4%o, clearly occur in our record, nearly coincident with sapropel layers. This pattern is in very good
concordance with the Eastern Mediterranean record (Fig. 4) and is related to major influx of low-
5'80 freshwater into the eastern Mediterranean (e.g. Kallel et al., 2000; Emeis et al., 2000a, 2000b,
2003), due to African river-runoff and circum-Mediterranean humidity discharge, during maximum
intensity of the African monsoons triggered by northern Hemisphere summer insolation maxima
(Rossignol-Strick et al., 1982; Jenkins and Williams, 1984; Rohling and Hilgen, 1991; Béthoux, 1993;
Rohling, 1994; Rohling and Pilike, 2005; Grant et al., 2016). This evidence, combined with the
correlation with the orbital parameters (Fig. 5), clearly indicate that the MSNt-s §'30 record reflects
both obliquity-forced glacial-interglacial variability, and regional precession-related temperature and

salinity changes. Significant 3'30 excursions are also noted within sapropel A4 and A5 (Fig. 4),
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suggesting the occurrence of multicentennial-scale variability accompanying the sapropel deposition.
Although this issue is beyond the focus of the present paper, it is noteworthy that similar high-
frequency variability was observed during the Holocene sapropel S1 and related to solar-driven
precipitation changes within the Mediterranean (i.e. Jilbert et al., 2010; Hennekam et al., 2014;
Maiorano et al., 2019).

4.2  Calcareous plankton and surface water variability

Data on the contribution of calcareous nannofossils for unraveling climate variability through the
investigated interval in the Mediterranean area are rather scarce, while few information is available
from extra-Mediterranean records (Gibbs et al., 2004; Bolton et al., 2010; Tangunan et al., 2018). On
the contrary, the foraminifera assemblages have been extensively applied in the paleoclimate studies
through the investigated interval in Mediterranean records (e.g. Lourens et al., 1992, 1996; Caruso,

2004; Becker et al., 2005; Sprovieri et al., 2006).

Considering that the late Pliocene nannofossil assemblage is made up of several extinct taxa, whose
ecological behavior is not clearly documented, we performed a Principal Component Analyses (PCA)
to identify the main environmental control on abundance and distribution of the nannofossil taxa and

compare the response with the §'*0 record.

The results of PCA nanno yields the first components (PC1) with 21% of the variance. The most
relevant taxa for each component are indicated in Table 1. Taxa with higher positive loadings are
Discoaster spp., C. leptoporus ssp. small, C. leptoporus ssp. leptoporus, Florisphaera profunda,
Helicosphaera sellii. Negative loadings are recorded for Syracosphaera spp., Rhabdosphaera spp.,

Umbilicosphaera jafari and Calcidiscus ssp. quadriperforatus.

The PCA has been also applied to planktonic foraminifera assemblages to further unravel the
observed changes in the abundance patterns. The first two factors that explain 36% and 26% have
been interpreted and discussed. The PClforams gives the highest negative component loadings (Table
2) for Neogloboquadrina acostaensis and N. dutertrei together with G. obliquus extremus and G.
ruber group, while it positively loads G. glutinata, G. bulloides and T. quinqueloba. In PC2forams, G.

bulloides has positive loadings and G. glutinata contributes negatively (Table 2).
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4.3 Environmental forcing factors

Regarding the calcareous nannofossil assemblage we suggest that the first component (PCA 11anno)
(Fig. 5, Table 1) discriminates between taxa preferring warmer and stratified surface waters (positive
values) and assemblage taking advantage from cooler and unstable environment. In fact, discoasterids
are known to represent a k-selected group, having affinity for warm, deep photic water and stable
environments (Haq, 1980; Lohmann and Carlson, 1981; Flores and Sierro, 1987; Chepstow-Lusty et
al., 1989; Aubry, 1992; Chepstow-Lusty et al., 1992; Flores et al., 1992, 1995; Young, 1998; Vazquez
et al., 2000). It has also been suggested that the extinct Discoaster genus had a habitat like that of the
living F. profunda, increasing in abundance with deep pycnocline (Flores et al., 2005). Indeed F.
profunda, which loads positively as discoasterids, is a deep dweller photic zone taxon of the tropical
and subtropical oceans, sensitive to temperature > 10°C and reaching high abundance related to warm
waters and to the occurrence of a deep nutricline (Okada and Honjo, 1973; Molfino and MclIntyre,
1990; Beaufort et al., 1997; Okada and Wells, 1997). Calcidiscus leptoporus ssp. leptoporus is
considered by several authors as being characteristic of tropical to subtropical oligotrophic warm-
water masses (McIntyre and Bé, 1967; Okada and Honjo, 1973; Kleijne, 1993), or an indicator for
periods of lower productivity and a member of a typical transitional assemblage, from colder to
warmer coccolithophore communities (Silva et al., 2008). The smaller morphotype has been
considered to have preference for warmer waters in Atlantic Ocean (Boeckel and Baumann, 2008)
and Mediterranean Sea (Trotta et al., 2022). Helicosphaera sellii is an extinct taxon that has been
related to deeper warmer waters (Triantaphyllou et al., 1999; Farouk et al., 2021). Therefore, the taxa
bearing positive loadings share a preference for warm and stratified surface waters. About those taxa
recording negative loadings, it seems clear that they share a preference for unstable surface water
conditions. Although the ecology of the extinct Umbilicosphaera jafari is not very well understood,
its peaks in abundance in few Mediterranean sedimentary records have been observed in coincidence
with strong variations in the §'0 isotope record, related to an increase in evaporation/precipitation
ratio (Flores et al., 2005). The taxon has been proposed to have the ability to flourish in shallow water,
hypersaline environments (Flores et al., 2005; Wade and Bown, 2006). Among Calcidiscus spp., C.
leptoprus ssp. quadriperforatus is considered to have a more opportunistic behavior than C.
leptoporus ssp. leptoporus (e.g. Haidar and Thierstein, 2001; Renaud et al., 2002; Silva et al., 2009)
and more suitable to take advantage of more productive environments (Silva et al., 2013). Concerning
Syracosphaera spp. and Rhabdosphaera spp., the increased abundance of these taxa within the
Mediterranean Sea has been related to enhanced detrital input and turbid waters (Weaver and Pujol,

1988; Colmenero-Hidalgo et al., 2004; Maiorano et al., 2013, 2016), and related to abrupt millennial-
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scale events during glacials (Colmenero-Hidalgo et al., 2004; Maiorano et al., 2016; Marino et al.,
2018). The positive loadings of both U. jafari and C. leptoprus ssp. quadriperforatus in the first
component seems to suggest a similar opportunistic behavior of these taxa, likely related to unstable

conditions in surface waters.

PClforams (Fig. 5) negatively groups species whose distribution is mainly controlled by food
availability in the water column (the extinct Neogloboquadrina acostaensis and the still living M.
dutertrei) with species (G. obliquus extremus and G. ruber) that flourish in oligotrophic, warm and
well stratified waters (B¢ and Hamlin, 1967; B¢ and Tolderlund, 1971; B¢ et al., 1971; Loubere and
Moss, 1986; Hemleben et al., 1989; Dowsett and Poore, 1990; Caruso, 2004; Sprovieri et al., 2006)
(Table 2). Considering that N. dutertrei is generally distributed in tropical to temperate regions and
that it is abundant in the stratified mixed layer where DCM is well developed (Fairbanks et al., 1980;
Fairbanks and Wiebe, 1980; Watkins et al., 1996; Watkins and Mix, 1998; Schmuker and Schiebel,
2002), negative values seem to indicate warm and stratified conditions of water column. Positive
loadings discriminate an association characterized by high productivity-related taxa such as G.
glutinata and G. bullloides and cool water taxa such as 7. quinqueloba and, although with a small
contribution, the subpolar cold species N. atlantica (Berggren, 1972; Poore and Berggren, 1975;
Dowsett and Poore, 1990; Zachariasse et al., 1990; Dowsett and Robinson, 2007) (Table 2). It is
known that G. glutinata is a high productivity-related taxon, both at low and high latitudes (B¢ and
Tolderlund, 1971; Thunell and Reynolds, 1984; Hemleben et al., 1989) and proliferates under
conditions of strong deep winter mixing (Munz et al., 2015), while G. bulloides is an opportunistic
species thriving in eutrophic setting related to upwelling, strong seasonal mixing or river input
(Tolderlund and B¢, 1971; Pujol and Grazzini, 1995; Rohling et al., 1997; Barcena et al., 2004; Geraga
et al., 2005, 2008). T. quinqueloba is a typical species of the transitional to subpolar provinces in the
North Atlantic and is the most abundant t axon in cool surface waters (Tolderlund and B¢, 1971; Bé,
1977; Hemleben et al., 1989), with temperature ranging from 2.2 °C to 16 °C and an optimum between
4.6 °C and 10.8 °C. Based on these considerations PC1 forams seems to reflect mainly variations in sea
surface temperature discriminating an association indicative of warm and stratified conditions

(negative values) by an association indicative of cool and eutrophicated waters.

The patterns of the PCluanno and PClorams reveal that the abundance and distribution of calcareous
plankton mainly reflect cyclic changes in temperature and stability/stratification of surface water (Fig.
5). PClnanno and PC 1 orams strongly co-vary with the MSNt-s §'30 record, as evidenced by concomitant
changes associated with obliquity-forced glacial-interglacial phases. Warmer and stratified surface
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waters are recorded during interglacials, while cooler and unstable conditions characterize glacial
phases. An additional calcareous nannofossil proxy, i.e. the N ratio (Flores et al., 2000), which relies
on the abundance of dominant small placoliths and of F. profunda, has been also considered for
reconstructing nutricline depth variations (Fig. 5). Phases of relatively deeper nutricline occur during
interglacials and agree with a stable-stratified column water, thus supporting our reconstruction based
on PCA. A higher frequency variability is also observed during interglacials, more clearly visible in
the indices of calcareous plankton (Fig. 5). Three warmer phases occur during G3 and Gl, likely
related to both obliquity and insolation maxima, thus suggesting a strong orbital control on calcareous
plankton distribution in the studied section. On the other hand, maximum nutricline depth is recorded
during sapropel A5, which is associated with stronger Northern Hemisphere summer insolation,
during precession minimum and maximum obliquity (Fig. 5). This astronomical configuration was
likely responsible for heavier precipitation due to the strengthening of the North African monsoon
circulation (Bosmans et al., 2015) and consequent enhanced sea surface water stratification. The
strong increase in the abundance of H. carteri, during sapropel A5 (Fig. 5), seems to reflect the highest
insolation maximum correlated to i-cycle 250. Indeed the taxon is known to benefit from turbid upper
water layer (Colmenero-Hidalgo etal., 2004; Bonomo et al., 2014, 2021; Maiorano et al., 2019;
2021) likely resulting from the consequent enhanced monsoon-related discharge at the site location.
A very good concordance is observed between our biotic indices and §'30 record at the MSN, and
the lower resolution alkenone-based Mediterranean SST record (Herbert et al., 2015, 2018) (Fig. 5),
supporting the validity of our proxies as indicative of Mediterranean surface water temperature
variability. Finally, minimum values of PCA Inanno, coupled with the heaviest values in 8'%0 record,

highlights a disturbance in surface waters during MIS104, which is discussed in more details below.

4.4 Precessional forcings on the calcareous plankton assemblage

Looking in more details at the patterns of three key calcareous nannofosssil taxa, which are shown
individually in Figure 6, a visual correlation with insolation/precession is clearly observed. As
expected, this is evident for the pattern of F. profunda, as a result of its well-known relation with
stratified surface waters and DCM development (Rohling and Gieskes, 1989; Castradori, 1992; Kemp
et al., 1999; Negri et al., 1999; Negri and Giunta, 2001; Corselli et al., 2002; Thomson et al., 2004;
Triantaphyllou et al., 2010; Incarbona et al., 2011; Grelaud et al., 2012; Incarbona and Di Stefano,
2019; Maiorano et al., 2019) occurring during precession minima/insolation maxima (Hilgen, 1991a;

Lourens et al., 1996) and due to intensified monsoon freshwater release especially via Nile River
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(Rossignol-Strick et al., 1982; Rohling et al., 2002; Marino et al., 2009; Weldeab et al., 2014;
Hennekam et al., 2015). Interestingly, new evidence is here observed for the taxa H. sellii and C.
pelagicus ssp. pelagicus, whose relationship with orbital forcing in the Mediterranean was not
documented so far. In the study record, H. sellii increases during insolation maxima/precession
minima (Fig. 6), similarly to F. profunda, thus highlighting a comparable orbital relation for warm,
stratified surface waters developed during monsoon run-off increase. The positive relation of both the
taxa with precession-related humidity increase is supported by the correlation of the abundance peaks
of F. profunda and H. sellii with increases in the monsoon-related African run-off proxy (Grant et al.,
2017) (Fig. 6). Conversely, C. pelagicus ssp. pelagicus clearly increases during summer insolation
minima/precession maxima, likely in relation to cooler environment and thermocline shift/shallowing
on a precessional timescale. The living C. pelagicus ssp. pelagicus is considered a subarctic taxon
(Baumann et al., 2000; Geisen et al., 2002). The taxon is known to have modified biogeographic
distribution through the late Cenozoic, showing a drastic drop in abundance in the low- and mid-
latitude at the Pliocene-Pleistocene transition (McIntyre and Bé, 1967; Rafti and Rio, 1981; Backman,
1984; Sato et al., 2004). In the Pliocene fossil record its ecological requirement is not investigated in
detail, although a preference for cool waters has been inferred in both Mediterranean (Raffi and Rio,
1981) and extra-Mediterranean area (Bolton et al., 2010; Tangunan et al., 2018). Based on rare high-
resolution data, the relationship of the taxon with precessional forcing has been also pointed out in
the late Pliocene from low-latitude deep-sea ocean records (Bolton et al., 2010) and is well supported
by the present results at the MSNt-s in the Mediterranean area. The cyclic C. pelagicus ssp. pelagicus
fluctuations recorded in the MSNt-s appear also well related with the wet-dry index proxy (Grant et
al., 2017) (Fig. 6), indicating increase of the taxon during drier phases likely in relation with cooler,
mixed surface water environment during insolation minimum. Considering the strong relation of the
three considered calcareous nannofossil taxa with insolation/precession forcing, we propose the use
of the ratio (F. profunda + H. sellii)/(F. profunda + H. sellii + C. pelagicus ssp. pelagicus) to track, in
the study section, the precession-related variations of thermocline/nutricline depth. High values of
the ratio are interpreted as deep thermocline/nutricline conditions, developing during precession
minima/insolation maxima, while lower values capture cooler/shallower thermocline phases,
established in relation with precession maxima/insolation minima. The pattern of PC2frams gives
additional support to this climate framework. The cosmopolitan mixed-layer species G. glutinata (Bé
et al., 1985), which contributes negatively, is also a common component in productivity coastal and
open-ocean upwelling areas (Hemleben et al., 1989; Naidu and Malmgren, 1996; Munz et al., 2015).
In contrast, G. bulloides, due to its opportunistic behavior, has been used as an indicator of high-

nutrient content in relations to strong seasonal mixing or river input (Tolderlund and B¢, 1971;
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Hemleben et al., 1989; Pujol and Grazzini, 1995; Rohling et al., 1997; Barcena et al., 2004; Geraga
et al., 2005, 2008). In the Mediterranean, high abundances of G. bulloides during the depositions of
sapropel layers have been attributed to the increased riverine input in the surficial waters (Rohling et
al., 1997; Zachariasse et al., 1997; Geraga et al., 2005, 2008, 2010). Positive values of PC2orams
correlate with insolation maxima (Fig. 6) and can thus be interpreted as an additional signal of
monsoon run-off at the studied location. The positive correlation with the proxy developed in the

eastern Mediterranean supports this hypothesis (Fig. 6).

4.5 First signal in the Mediterranean Sea of southward migration of the Subarctic Front and

evidence of Mediterranean — Atlantic climate connection in the Gelasian MSNt-s

The heaviest §'30 value of 2.4%o is recorded at 2606 ka, during MIS 104. This shift is concurrent
with a marked change observed in the distribution of Neogloboquadrina atlantica in the planktonic
foraminifera assemblage and of U. jafari among nannofossils (Fig. 7). N. atlantica, a subpolar taxon
(Poore and Berggren, 1975), is almost absent throughout the investigated interval, rarely reaching 1-
2%, while it shows a distinct peak of abundance of ~ 10% within MIS 104. Peaks in abundance of
the taxon in the Central and Eastern Mediterranean have been documented in different time intervals
by several authors and specifically during MIS 116, 110, 100, 98, and 96 (Zachariasse et al., 1990;
Hilgen, 1991a; Lourens et al., 1992, 1996; Becker et al., 2005; Sprovieri et al., 2006), although a
correlation with Atlantic findings was not found so far. Indeed, the occurrence of the subpolar waters
in mid-latitude Atlantic record based of the appearance of N. atlantica (Zachariasse et al., 1990;
Hilgen, 1991a; Lourens et al., 1992, 1996; Becker et al., 2005; Sprovieri et al., 2006; Bolton et al.,
2018) or dynoflagellate assemblage (Hennissen et al., 2015) has been documented not earlier than
MIS 104, when the first southward migration of the Subarctic Front has been inferred. The older
occurrences of N. atlantica in the Mediterranean have been related to the development of specific
temperature and nutrient conditions favoring the proliferation of indigenous but previously rare
populations (Bolton et al., 2018), similarly to what happened to N. pachyderma(s) in the late
Pleistocene western Mediterranean (Rohling et al., 1998). The present documentation of N. atlantica
during MIS 104 at MSNt-s reconciles the correlation between Atlantic and Mediterranean during MIS
104 and testifies that subpolar waters extended into the Mediterranean starting from MIS 104. The
concurrent abrupt increase in the abundance of U. jafari (Fig. 7) supports the occurrence of marked
changes in surface water conditions during MIS 104. This signal was never reported from previous

studies, although the correlation of the abundance peak of the taxon with strong variations in §'*0
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isotope record has been found elsewhere (Flores et al., 2005) and could indicate a possible increase
in the evaporation/precipitation ratio and enhanced salinity (Wade and Bown, 2006; Kapid et al.,
2019). It is noteworthy that this is the phase with the maximum amplitude in the precession cycle
(highest value in precession maxima) (Fig. 7), likely responsible for reduced precipitation/enhanced
evaporation and consequent increase in surface water salinity. We suggest that this climate framework
may have favored the proliferation of U. jafari in the study area, sustaining the paleoenvironmental

significance of the species.

The marked change recorded at MSNt-s during MIS 104 correlates with significant SST decrease in
both the Mediterranean and Atlantic record (Fig. 7) and with the first increased input of silicate
minerals (increase in quartz/calcite ratio in Fig. 7) as signal of ice-rafting events in the mid-latitude
North Atlantic (Naafs et al., 2013). It also matches with one of the pulses of IRD discharge in northern
North Atlantic as recorded at ODP Site 984 (Fig. 7), where IRD deposition became a persistent feature
during glacial stages after MIS G6 (Bartoli et al., 2006), thus earlier than in the mid-latitude area.
These results suggest that the evidence of the southward migration of the Subarctic Front recorded in

MSNt-s is in phase with findings from the mid-latitude North Atlantic record.

The overall correlation between our oxygen isotope profile and Atlantic records (Fig. 8) further
supports that §'%0 record of MNS. captures signals of global climate variability. In fact, in addition
to the prominent climate shift recorded at MIS 104 in both Mediterranean and North Atlantic, the
comparison of MSNt-s §!80 record with the high-resolution planktic 8'30 record of IODP Site U1313,
provides a finer scale correlation of several short-terms fluctuations as indicated in figure 8 by the
shaded lines. This comparison highlights the occurrence of suborbital variability, mainly recorded
during interglacials (Fig. 8). To this regard, the position of the Gelasian GSSP at the MSNt-s with
respect to the new high resolution planktonic 8'%0 has a special climatostratigraphic interest being
located at the end of the first oxygen isotope positive shift recorded during MIS 103 (Fig. 8). This
stadial phase is also well visible in the planktonic and benthic oxygen isotope Atlantic records of
IODP Site U1313, thus improving the correlation potential of the GSSP outside the type-area. The
good correlation of the climate fluctuations at MSNt-s with the North Atlantic planktonic isotope
record (Fig. 8) highlights a connection of the Mediterranean basin with both low latitude precessional
forced climate and North Atlantic climate variability during the iNHG as already well documented
for Pleistocene and Holocene records (e.g. Cacho et al., 1999, 2000; Martrat et al., 2004; Sierro et al.,
2005; Giaccio et al., 2015; Goni et al., 2016; Bazzicalupo et al., 2022).
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5. Conclusion

We provide the first documentation of high-resolution surface water variability in Monte San Nicola
type-section, based on planktonic foraminifera stable oxygen isotopes and calcareous plankton
assemblages. The acquired dataset gives clear evidence of obliquity-forced glacial-interglacial
phases, extending from MIS G4 to MIS 103 (between 2.7 to 2.568 Ma), which are in phase with both
Mediterranean and Atlantic reference records. Precession-related variations of thermocline/nutricline
depth are also well depicted in the study section based on calcareous plankton indicating changes
between deep thermocline/nutricline conditions, developing during precession minima/insolation
maxima and cooler/shallower thermocline phases, established in relation with precession
maxima/insolation minima. These changes are correlated with eastern Mediterranean monsoon-
related African run-off proxies and reflect precessional induced wet-dry North Africa climate phases.
The taxa F. profunda, H. sellii and C. pelagicus ssp. pelagicus among calcareous nannofossils and G.
bulloides and G. glutinata within the planktonic foraminifera assemblage, were mainly affected by
surface water variability on a precessional scale and suitable to capture this climate signature within
the section. The heaviest $'0 values, and coeval sharp increase of N. atlantica and of U. jafari
recorded slightly below the GSSP location, highlight that a relevant change occurred in surface water
during MIS 104. This event marks the first evidence of relationship between Mediterranean cooling
event and southward migration of the Subarctic Front in the mid-latitude and give evidence of
intensification of North Hemisphere Glaciation within the type-section. Finally, the overall dataset
provides a precise location of the Gelasian GSSP within MIS 103, and specifically at the end of the
first oxygen isotope positive shift during the interglacial, thus improving its correlation potential

outside the type-area.
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Figure captions

Fig. 1. A) Location map of Monte San Nicola section (MSN) and of additional records mentioned in the text; B)
Schematic geologic map of Sicily, modified from Radmacher et al. (2023); C) sedimentary profile of the Monte San
Nicola type-section with location of the GSSP, sapropel clusters O-C and indication of the interval presented in
this study (red dots); D) Stratigraphic log of the investigated interval. A1-AS indicate sapropel layers belonging to

sapropel cluster A, the last cluster of the Piacenzian Stage.

Fig. 2. Main results obtained at Monte San Nicola type-section. From left to right: synthetic stratigraphic log of
the section, cumulative abundance of the calcareous nannofossil taxa expressed as percentage, 8'*Og puioides record,

cumulative abundance of the planktonic foraminifera taxa expressed as percentage.

Fig. 3. Box-and-whisker plot of 380G bulloides values from MSNt-s (this study) compared with G. bulloides and G.

ruber 8'®*0 from Mediterranean land sections and deep-sea cores. The horizontal lines show the median, lower and
upper margins of the box indicate the 25" and 75" percentiles. The whiskers (the vertical solid lines) indicate the
maximum/minimum values. Data of ODP Site 964 from Howell et al. (1998), Singa section from Lourens et al.
(1992) and ODP Site 967 from Grant et al. (2022).

Fig. 4. 0 "0 . puttoides profile obtained at Monte San Nicola type-section (green line red line represents a 3-points

running average) compared with O '®Oc.ruser pattern at the Eastern Mediterranean ODP Site 967 (Grant et al.,

2022).
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Fig. 5. 8'80¢. putvices record and calcareous plankton climate proxies reconstructed at Monte San Nicola type-section.
Colored thicker lines represent a 3-points running average, with the exclusion of the lower resolution profile of
PCAl-forams. Yellow bands indicate interglacial phases. Dashed lines trace higher frequency variability during
G3 and G1 apparently related to obliquity and insolation forcing. Alkenone-based Mediterranean Sea Surface
Temperature record (Herbert et al., 2015, 2018), summer insolation curve 65 N and obliquity pattern (Laskar et

al., 2004) are also shown for comparison.

Fig. 6. 8'®Oc.suimvizes profile compared with few calcareous nannofossil taxa showing significant precessional
frequencies in their relative abundance as well as the second component of the PCA on the planktonic foraminifera.
Yellow bands indicate interglacial phases. The monsoon-run-off proxy and the dry-wet index from Grant et al.

(2017) are also shown.

Fig. 7. N. atlantica and U. jafari percentage abundance with 8'80g. suinides record at the Monte San Nicola Section.
Mediterranean and Atlantic SST, N. atlantica abundance from IODP Site U1313 and ice-rafted detritus (IRD)

proxies from Site U1313 and ODP Site 984 are shown for correlation.

Fig. 8. 8'30c. buitoides record at Monte San Nicola compared with coeval planktic and benthic 630 records from
TIODP Site U1313 (Bolton et al., 2010) and with the benthic stack record (Lisiecki and Raymo, 2005). Dashed

lines indicate analogous shifts in 880 patterns.

Tables

Table 1. Loadings of the calcareous nannofossil taxa on the first component (PC1) at the Monte San Nicola Section.
The most relevant loadings of PC1 are indicated in red (positive loading) and black bold (negative). The percentage

of the variance of the first component is 21%.

Table 2. Loadings of the planktonic foraminifera taxa on the first (PC1) and second component (PC2) at the Monte
San Nicola Section. The most relevant loadings of PC1 are indicated in red (positive loading) and black bold

(negative). The percentages of the variance of the first and second components are 36% and 26%, respectively.
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