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ARTICLE INFO ABSTRACT

Editor: Dr. Alan Haywood An integrated high-resolution climate framework is reconstructed at the Monte San Nicola GSSP section
(Southern Sicily), the type-section for the Lower Pleistocene Gelasian Stage. Our multiproxy record is based on
planktonic foraminiferal stable oxygen isotopes, alkenones and calcareous plankton assemblages, focusing on the
interval between ~2.7 and 2.5 Ma, which includes the Gelasian GSSP. Calcium carbonate content and sediment
colour analyses are used to integrate lithological field observations. We provide the first high-resolution Medi-
terranean Sea Surface Temperature (°C) record, between MIS G4 and the onset of MIS 99 in the Monte San Nicola
type-section and extend the calcareous plankton and oxygen isotope dataset published in a previous paper. The
results enable to: i) highlight modifications in surface water dynamics related to African monsoon activity and
North Atlantic climate variability; ii) strengthen the evidence that the first significant southward migration of the
Subarctic Front in the mid-latitudes occurred during MIS 104, slightly below the GSSP, concomitant with
strengthening of the winter monsoon over the Chinese loess plateau; iii) reveal the occurrence of millennial-scale
variability during glacials, correlated to North Atlantic Ice Rafted Debris events within MIS 104 and MIS 100. The
results provide evidence that the paleoclimate and stratigraphic signals are very well preserved in the type-
section and further improve the correlation potential of the GSSP outside the type-area.
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1. Introduction investigating this climate switch since it is under the influence of oceanic

and atmospheric forcings, originating from both low- and high-latitudes

The Pliocene-Pleistocene transition (PPt) marks the change between
two different climate regimes, shifting from a generally warm global
climate, ending at around 3 Ma, to large amplitude glacial-interglacial
cycles. It reflects the intensification of Northern Hemisphere Glaciation
(iNHG) around ~2.7/2.5 Ma and the development of the Quaternary
climate mode (Dowsett and Poore, 1991; Mudelsee and Raymo, 2005;
Raymo et al., 2006; Lisiecki and Raymo, 2007; McClymont et al., 2023).
A rich archive of information provides evidence concerning ice sheet
growth, high- and mid-latitude ocean changes, and low-high latitude
connections occurring through the iNHG, suggesting that it was a rather
complex non-uniform transition on a global scale (McClymont et al.,
2023 and references therein). The Mediterranean region is a key area for
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(Rossignol-Strick, 1983, 1985; Cacho et al., 1999, 2006; Ferreira et al.,
2000; Rohling et al., 2002; Grant et al., 2017). Hydrological changes,
primarily controlled by the variability in the summer monsoon rainfall
and North African paleo-river runoff, are spectacularly expressed by
cyclic deposition of sapropels (Hilgen, 1991a), occurring during weak-
ened or absent dense water formation (De Lange et al., 2008; Rohling
et al., 2015). Millennial-scale climate variability related to Greenland
stadials (Hemming, 2004), as Dansgaard—Oeschger (D-O) and Heinrich
events, is also well reflected in Mediterranean marine sediment cores
(Cacho et al., 1999; Martrat et al., 2004; Frigola et al., 2012; Incarbona
et al., 2013; Bazzicalupo et al., 2018, 2022). These rapid changes are
evident in the latest Quaternary and affected the Mediterranean
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thermohaline variability (Cacho et al., 1999, 2000; Toucanne et al.,
2012). The Mediterranean region is also a reference area for the
Neogene/Quaternary chronostratigraphy, being the base of the Qua-
ternary, formally defined in Sicily at Monte San Nicola (Gibbard et al.,
2010; Gibbard and Head, 2010; Head and Gibbard, 2015), where the
Gelasian GSSP was defined (Rio et al., 1998). Our study focuses on the
climate variability across the interval between ~2.7 and 2.5 Ma
embedded in the Monte San Nicola type-section, based on alkenones,
planktonic stable oxygen isotopes and calcareous plankton. We provide
the first high-resolution Mediterranean SST (°C) and Cgy record for the
studied interval in the type-section, following the available lower reso-
lution composite record (Herbert et al., 2015, 2018) and extend the
calcareous plankton and oxygen isotope dataset published by Addante
et al. (2024) up to the onset of MIS 99. Particularly, we investigate: i)
modifications in surface water dynamics related to African monsoon
activity and North Atlantic climate variability; ii) occurrence of
millennial-scale variability in the central Mediterranean during the PPt.

2. Studied area
2.1. The Monte San Nicola section

The Monte San Nicola type-section (MSN¢y) is located close to the
city of Gela in Sicily (southern Italy) (Fig. 1a), in the southern part of the
Caltanissetta Basin, a late Neogene structure delimited by the Sicilian-
Maghrebian Chain and the Hyblean Foreland (Catalano et al., 2013;
Lentini and Carbone, 2014) (Fig. 1b). The MSN, originally studied by
Channell et al. (1992), Sprovieri et al. (2006) and Rio et al. (1994,
1998), was deposited in a slope-basin setting with water depth ranging
between 500 and 1000 m (Rio et al., 1994) and consists of two main
lithological formations. In the lowermost part, the section is character-
ized by astronomically controlled (Hilgen, 1991a, 1991b) whitish marly
limestones and marls (~36 m thick) belonging to the Trubi Formation
(Zanclean - Piacenzian), while the upper portion consists of marls and
silty-clays (~125 m thick) of the Monte Narbone Formation (Piacenzian
- Calabrian). The latter formation contains the Mediterranean
Precession-Related Sapropels (MPRS) belonging to the clusters O-A-B-C
(Verhallen, 1987; Zijderveld et al., 1991), expressed as brownish-red
laminated intervals (Fig. 1c), which have been used to establish the
Astronomical Time Scale of the late Neogene (Lourens et al., 1996).

In this study, we have extended upwards, up to the onset of MIS 99,
the stratigraphic record published in Addante et al. (2024) which ended
at MIS 103. The whole record has a total thickness of ~12 m and was
continuously sampled every 5 cm which, based on the estimated sedi-
mentation rates (~8 cm/kyr), allows a multicentennial-scale resolution
of ~800 years. The studied section falls in the outcrops chosen by Rio
et al. (1994, 1998) to define the Gelasian GSSP. It includes cyclic al-
ternations of massive grey marls and slightly dark grey bioturbated
marly clays (A2 to A4/5), considered as sapropels, and the Nicola Bed
corresponding to sapropel A5 (Fig. 1c). In the uppermost part of the
record a light grey layer also occurs (Fig. 1c). The Gelasian GSSP (Rio
et al., 1998) is located at the base of the marls overlying the Nicola Bed.
Based on Globigerinoides spp. abundance fluctuations and correlation
with oxygen isotope profile at Singa section in Calabria, southern Italy
(Lourens et al., 1992; Rio et al., 1994, 1998), the Gelasian GSSP was
indicated to fall within the interglacial MIS 103. The Nicola Bed (A5)
represents the uppermost layer of cluster A, related to i-cycle 250, with
an astronomical age of 2.588 Ma (Lourens et al., 1996, 1998). Based on
this calibration the beginning of Pleistocene was estimated at ~2.58 Ma.
A recent high-resolution Globigerina bulloides oxygen isotope record in
the type-section (Addante et al., 2024) has provided a more precise
position of the GSSP within the interglacial MIS 103.
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3. Methods
3.1. Alkenone analysis

A new alkenone dataset on 236 samples has been obtained from the
same sediment layers sampled for calcareous nannofossils and stable
isotopes. Alkenone analysis has been conducted at Brown University.
Alkenone extractions were carried out on ~2, 4 or 6 g of freeze-dried
sediment, depending on lithology, using a Thermo Fisher (Dionex)
Accelerated Solvent Extractor (ASE) 200 and 350, with 100 %
Dichloromethane. The extracted samples underwent purification
through silica gel flash column chromatography and the silica gel was
conditioned in glass pipettes using 6 mL of hexane, to isolate the ketone
fraction, then eluted with 4 mL of hexane and subsequently with 4 mL of
dichloromethane. Prior to the sample injection into the gas chromato-
graph, the extracts were evaporated using a nitrogen stream and then
reconstituted in 210 pL of toluene spiked with the n-hexatriacontane
(C36) and n-heptatriacontane (Cszy) standards. Additional silver nitrate
column chromatography (D’Andrea et al., 2007) was performed for
those samples with complex chromatographic backgrounds. Alkenone
concentrations (Csy.g, Cs7.3, Csg:3 ethyl, Csg.3 methyl, Csg.o ethyl, Csg.2
methyl, Csg.2 ethyl, and Cgg.3 ethyl ketones) were quantified using
Agilent Technologies 6890 and 8890 gas chromatograph-flame ioniza-
tion detector (GC-FID) with Agilent Technologies RTX 200 column (105
m x 250 pm x 0.25 pm). Cgy total, defined as the sum of the concen-
trations of C37.5 and Csy.3 ketones per unit of dry sediment (pg/g), was
determined by referencing peak areas of these compounds to those of
internal standards. In some cases, co-elutions on the Csy.3 ketone per-
sisted after silica gel and silver nitrate purification. Area integration of
the incompletely resolved Csy.3 peak would lead to an erroneous value of
Ul§7 In these cases, we used a reformulation of the U'§7 index utilizing
peak height, which is more immune to interferences from “shoulder” co-
elutions. Experiments with very pure alkenone mixtures demonstrated
that this modified approach to determining U, yield estimates closely
matching the area-based method. To translate alkenone unsaturation
ratio (Ul§}) into past sea surface temperatures (°C) we used the Miiller
et al. (1998) calibration equation.

3.2. Stable isotopes

The published 5'80 record has been integrated with 71 new samples
out of a total of 235 samples (Fig. 2e). Stable oxygen isotope analyses
have been carried out on 6-8 individual of the planktonic foraminifer
Globigerina bulloides. The handpicked shells have been selected in the
fraction >150 pm and carefully cleaned under the stereomicroscope to
remove clay and detritus from the inner parts of the chambers using
distillate water. The cleaning has been performed following the pro-
cedures described in Addante et al. (2024). The 880 measurements
have been carried out using a Thermo Scientific Delta V Advantage
continuous flow IRMS equipped with an automated Carbonate Prepa-
ration Device (Thermo Scientific GasBench II) at the University of
Palermo and precision (c) was calculated on the replicate measure-
ments, being always better than 0.09 %o.

3.3. Calcareous nannofossils

The dataset on calcareous nannofossil assemblages published in
Addante et al. (2024) has been implemented with 73 new samples
covering the upper part of the segment and relies on a total of 239
samples. Slides were prepared according to Flores and Sierro (1997) and
analyzed under a polarized light microscope at 1000 x magnification at
the University of Bari. Total assemblage composition was evaluated in a
first count, in which a total of at least 300 coccoliths was counted, in a
mean number of fields equal to 7. The only exception concerns the
samples within sapropel A5, where, due to higher reworking content,
the counting had to be extended to 55 fields. For biostratigraphic



M. Addante et al. Global and Planetary Change 249 (2025) 104788

Deformed foredeep-wedge top deposits.
e - Pliocenc-Pleistocens depasins
Miocene-Pliocene deposits

Main chain Foreland units
Plio-Pleistocene cover and volcanics - Flyschusits I:] Sicilige it - Tolesn \ioies
:’ Pliocene-Pieistocene daposits l: Panormide units - Trapanese units

B oo voicsnic unis Bl e i [ Sicwnimunis:  __—~ Theuss

Foredesp-forland volcanic units I v octmorphic wnits ® MSN,,, location

] D. pentaradiatus/mm?
: MSHN 0 4 8 12
200w 0 20°E type-section Lol

Fig. 1. a) Location of MSN and additional sites used for data correlation. b) Schematic geologic map of Sicily, modified from Fasone et al. (2024). ¢) Monte San
Nicola type-section exposure, showing positions of the GSSP, sapropel clusters O-C, location of the interval presented in this study (red rectangle). On the right,
stratigraphic log of the investigated interval and abundance pattern of the biostratigraphic marker species Discoaster pentaradiatus and position of its Last Occurrence

(LO). Sapropels A1-A5 indicate the layers belonging to cluster A, the last cluster of the Piacenzian Stage. (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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purposes the abundance pattern of Discoaster pentaradiatus relies on the
analyses of 100 fields of view and is plotted as number of specimens/
mm? (Fig. 1c), which provides a more accurate representation of strat-
igraphic distribution patterns of the species of interest (Rio et al., 1990).
The abundance of reworked nannofossils, i.e. taxa belonging to older
(from Mesozoic to Miocene) stratigraphic interval, was estimated
separately during this counting and their percentage evaluated from the
total number of autochthonous plus reworked taxa. The occurrence of
broken Pliocene coccoliths (potentially reworked) was also evaluated
and shown as percentage (Fig. 3i).

The taxonomic identification was made at the species and subspecies
level, following Young et al. (2003, 2022) and Jordan et al. (2004).
Within Calcidiscus leptoporus we distinguished three subspecies
following Geisen et al. (2002) using biometric criteria for their identi-
fication (Young et al., 2022) as follows: Calcidiscus leptoporus ssp. small
(<5 pm), C. leptoporus ssp. leptoporus (5-8 pm), Calcidiscus leptoporus
ssp. quadriperforatus (>8 pm). Species abundances were expressed as
percentage and number of coccoliths/g of sediment was calculated to
monitor changes in the total coccolith abundance.

3.4. Planktonic foraminifera

Quantitative analyses of planktonic foraminiferal assemblages were
performed on 72 new samples (171 total samples) with a spacing of 10
cm from the bottom of the section up to the top of sapropel A5, and every
5 cm from A5 to the top of the section. Thirty-five grams of dried sedi-
ment for each sample were washed through a 63 pm sieve. The residue
>125 pm was used to obtain quantitative abundances of taxa. The
taxonomic identification was made following Kennett and Srinivasan
(1983) and Lirer et al. (2019). All specimens were counted in the ali-
quots and species abundances were quantified as percentages on the
total number of planktonic foraminifera.

3.5. Calcareous nannofossil-based proxies

Principal Component Analysis (PCA) has been performed on
calcareous nannofossil percentages using the software PAST (PAleon-
tologySTatistic) (Hammer and Harper, 2001), following the method of
Aitchison (1981, 1986), which is able to remove effects of the constant-
sum constraint. The method includes a log transformation of relative
abundance values, a valuable method when comparing abundances with
very different magnitudes, as in our case. We followed the same method
used in Addante et al. (2024), although in this paper we excluded from
the analyses discoasterids due to their peculiar evolutionary distribution
(prominent abundance drop) in the studied interval. The relative
abundances processed for PCA are reported in Table I (Supplementary-
$2). The PClnanno (21.5 % of variance) has been interpreted as a proxy
of the column water structure. It discriminates between taxa with pos-
itive loadings as Calcidiscus leptoporus ssp. leptoporus, C. leptoporus ssp.
small, Florisphaera profunda, Helicosphaera sellii and Pseudoemiliania
lacunosa from those bearing negative loadings as Syracosphaera spp.,
Reticulofenestra spp. (>3 pm) and Calcidiscus leptoporus ssp. quad-
riperforatus (Table 1). Within taxa having positive loadings, 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, 1991), or an
indicator for periods of reduced productivity and typical of transitional
assemblages, between colder and warmer coccolithophore communities
(Silva et al., 2008). The smaller morphotype has been considered to
prefer warmer waters in the Atlantic Ocean (Boeckel and Baumann,
2008) and in the Mediterranean Sea (Trotta et al., 2019). Florisphaera
profunda is a deep-dwelling photic zone species of the tropical and
subtropical oceans, with a preference for water temperature >10 °C, and
reaching high abundance related to the occurrence of a deep nutricline
(Okada and Honjo, 1973; Molfino and McIntyre, 1990; Beaufort et al.,
1997; Okada and Wells, 1997). Helicosphaera sellii is an extinct species
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Table 1
Loadings of the calcareous nannofossil taxa on the first component (PClnanno)
at the MSNs. The percentage of the variance of the first component is 21.5 %.

Taxa PC 1nanno
Pseudoemiliania lacunosa 0.343
Small placoliths (<3 pm) —0.136
Medium-sized reticulofenestrids (>3 pm) —0.276
Helicosphaera carteri 0.282
Helicosphaera sellii 0.368
Syracosphaera spp. —0.313
Rhabdosphaera spp. —0.180
Umbilicosphaera spp. 0.062
Umbilicosphaera jafari —0.184
Calcidiscus leptoporus ssp. leptoporus and C. leptoporus ssp. small 0.400
Calcidiscus leptoporus ssp. quadriperforatus —0.265
Calcidiscus macintyrei 0.111
Florisphaera profunda 0.376
Coccolithus pelagicus s.1. —0.143

related to deeper warmer waters (Triantaphyllou et al., 1999; Farouk
et al., 2021) and stratified conditions (Athanasiou et al., 2015). Pseu-
doemiliania lacunosa is an extinct taxon as well, related to warm and
stratified waters (Negri et al., 2003; Marino et al., 2008; Athanasiou
et al., 2017).

On the other hand, among taxa with negative loadings, increased
abundances of Syracosphaera spp. within the Mediterranean Sea have
been noticed during glacials and millennial-scale cold stadial events
(Colmenero-Hidalgo et al., 2004; Maiorano et al., 2016; Marino et al.,
2018). Reticulofenestrids >3 pm belong to placoliths which are r-strat-
egist taxa that bloom after nutrient fertilization and their abundance
variation is considered a proxy of high productivity conditions (Young,
1994; Broerse et al., 2000; Flores et al., 2000; Lopez-Otalvaro et al.,
2008). Calcidiscus leptoporus ssp. quadriperforatus is considered more
opportunistic than C. leptoporus ssp. leptoporus (e.g. Haidar and Thier-
stein, 2001; Renaud et al., 2002; Silva et al., 2009) and better suited to
take advantage of more productive environments (Silva et al., 2013).
Thus, based on the taxa ecology, positive values of PC1 are interpreted
as warm and stratified waters, while negative values as cool and
productive-mixed surface waters.

We use the N ratio (Flores et al., 2000) to monitor nutricline fluc-
tuations. This ratio relies on the abundance of small and medium-sized
placoliths vs the lower photic zone dwellers (small and medium-sized
placoliths / small and medium-sized placoliths + F. profunda). High
values in the N ratio imply a relatively shallow nutricline position. Low
values reflect relatively deep nutricline position.

Finally, we use the nanno precessional index as proposed by Addante
et al. (2024), which combines the abundance of those taxa (Florisphaera
profunda and Helicosphaera sellii), which benefitted from enhanced
summer stratification, vs those favored by cooler and mixed surface
water during insolation minima (Coccolithus pelagicus ssp. pelagicus). It
represents an additional proxy to capture changes in thermocline/
nutricline depth with high values of the ratio indicating summer
development of deep thermocline/nutricline conditions, and lower
values capturing cooler phases and enhanced vertical mixing. It well
tracks changes in column water dynamic in relation with strengthening/
weakening of the North African monsoon (Addante et al., 2024).

3.6. Foraminifera

We also rely on the relative abundances of two key target planktonic
foraminifera taxa Globorotalia crassaformis and Neogloboquadrina atlan-
tica. Globorotalia crassaformis is a deep-dwelling species, widely
distributed in the tropical and subtropical oceans (Jones, 1967; Bé and
Hutson, 1977; Kemle-von Miicke and Oberhénsli, 1999) where it cal-
cifies within the depth range of the permanent pycnocline in the sub-
tropical gyre (Cléroux et al., 2013; Feucher et al, 2016).
Neogloboquadrina atlantica is an extinct species considered endemic in
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high latitudes from Late Miocene to Pliocene (Poore and Berggren, 1975;
Meggers and Baumann, 1997). Usually, it is considered as a good tracer
of subpolar waters in the North Atlantic (Becker et al., 2006) due to its
highest abundances at mid- to high-latitude in North Atlantic sediments
during the mid-Piacenzian period (Dowsett and Robinson, 2007; Rob-
inson, 2018). The occurrence of N. atlantica in the Mediterranean during
the strongest Plio-Pleistocene glacials has been also interpreted as tracer
of subpolar waters into the Mediterranean (Zachariasse et al., 1990;
Lourens et al., 1992, 1996; Caruso, 2004; Becker et al., 2005; Sprovieri
et al., 2006; Addante et al., 2024).

3.7. Carbonate and colour analyses

Fasone et al. (2024) presented the results on both carbonate content
and chromatic variations of sediments in the MSN from the top of
sapropel Al up to the top of sapropel A5. In the present study the ana-
lyses were extended up to the top of the analyzed interval to integrate
the lithological field observations. The CaCO3 content was measured by
the Dietrich-Friihling gas volumetric method based on the CO3 released
by reacting the powdered bulk sample with Hydrochloric acid 37 %. The
chromatic variations were converted into grey scale following Fasone
et al. (2024).

806 cper (%oo)
IODP Site U1313

North Atlantic
05 025 0
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3.8. Chronology

For the age model each sapropel (A1-A5) midpoint was tuned to
insolation maxima (i-cycles 250-260), using the numerical solution of
Laskar et al. (2004) for the summer season (June-July) at 65°N, and
according to Grant et al. (2022), we did not apply ~3 kyr time lag. The
midpoint of the ghost sapropel identified within MIS 101 and corre-
sponding to i-cycle 246 (Lourens et al., 1996) was also considered as
calibration point. A decrease in carbonate content and a slight increase
in grey scale (Fig. 3 1-m), together with additional proxies discussed in
more detail below, provide identification of this layer not definitely
visible during field observation. The occurrence of the same ghost sap-
ropel, within MIS 101, in Monte San Nicola area was already highlighted
by Becker et al. (2005) as a dark layer, although not corresponding to a
fully developed sapropel (ghost sapropel). Considering the six calibra-
tion points, a cubic spline function was then used for dating all the
sampling points. Based on the constructed chronology, the studied in-
terval extends from 2.70 to 2.51 Ma. The Last Occurrence (LO) of Dis-
coaster pentaradiatus, the closest bioevent to the GSSP (Rio et al., 1990),
is distinctly identified in the uppermost part of the record at 1152 cm
(Fig. 1c), with an age of 2.52 Ma (Fig. 2), in very good agreement with
Mediterranean biochronology of the event dated at 2.51 Ma (Raffi et al.,

80 per (%o)
ODP Site 967

Eastern Mediterranean
1 0 -1 -2 -3

o a b c d e B
& 100 LO v ' - N
3 - D. pentaradiatus . S E a
o~ ] o
] . == .. o2 -
o ‘:’g"'o - N
0= ‘; RLES
N 8 o
= < =
o 102 V2 EN
o - | R EG
~ ; (=)
v
N o
T - T
2 104 RENG
35 5
<N ol
@
3 SER
© w
N o
=3 G2 N
(2]
8- RES
N o
g 3
8 8Fs
S G4 3
& ES
T T T T T 1 '—I_Ll_l_l 3
45 4 35 3 -120 -80 40 0 40 3 2 1 0 A
50 LR04 stack Sea level (m) 80 puioiges (T00)
(VPDB % ) MSN type-section
Addante et al. (2024)
and this study

Fig. 2. 5'%0 6. bulloides profile obtained at MSN, s, compared with other isotopic records and sea level changes. a) Global benthic foraminiferal 580 stack (Lisiecki and
Raymo, 2005). b) 8804, ruper at IODP Site U1313, Noth Atlantic (Bolton et al., 2010b). ¢) North Atlantic sea level reconstruction (Jakob et al., 2020). d) §'80g. yuper at
ODP Site 967, eastern Mediterranean (Grant et al., 2022). €) 880G, puoides at MSNy; green thick line indicates 3-points running average. Yellow/white bands define
interglacial/glacial cycles, with respective MIS. Grey bands represent sapropels A2-A4/5 and the ghost sapropel (layer within MIS 101). The brown band indicates the
Nicola Bed (sapropel A5). Red arrows trace inferred analogous shifts in 8'®0 pattern of U1313 record across the Gelasian GSSP. The position of the Last Occurrence

(LO) of Discoaster pentaradiatus is also shown.
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2020), confirming the high reliability of the stratigraphic signal of the
MSN¢.

4. Results and discussion

The updated high-resolution 5'%0 record (Fig. 2e, Supplementary-
S2, Table II), which extends from MIS G4 up to the onset of MIS 99,
improves the framing of the MSN; s within the Late Pliocene - Early
Pleistocene glacial-interglacial variability and describes the climate
evolution during the PPt. It also provides a more extended record in the
Gelasian type area with respect to the benthic and planktic 5'%0 record
available from G1 to MIS 99 in the nearby Mandorlo section (Zanola
et al., 2024a, 2024b). The §'%0 record displays the first prominent
excursion towards positive values starting from MIS 104 (Addante et al.,
2024), when the first influence of subpolar surface waters in North
Atlantic mid-latitude is recorded (Bolton et al., 2018; Hennissen et al.,
2014). Heaviest oxygen isotope ratios occur during the succeeding MIS
100, considered as the first large glacial cycle of the iNHG (Shackleton
et al., 1984; Raymo et al., 1989; Lisiecki and Raymo, 2005; Bolton et al.,
2010b, 2018; McClymont et al., 2023) and marks the beginning of larger
amplitude sea level changes (Jakob et al., 2020) (Fig. 2¢). Prominent
negative 5'%0 excursions in MSN¢ are mostly associated to sapropel
layers (Fig. 2e) and related to monsoon run-off (see discussion below)
similarly to the eastern Mediterranean Early Pliocene sapropels (Skampa
et al., 2024). However, a pronounced §'%0 negative peak marks the
onset of MIS 101, not associated to any of the sapropels, and likely
reflecting the highest peak in sea-level highstand of the studied interval
(Jakob et al., 2020). The overall glacial-interglacial pattern agrees well
with the high-resolution Mediterranean oxygen isotope planktonic re-
cord of Grant et al. (2022) (Fig. 2d). Across the GSSP, especially between
MIS 104 and 103, where the Grant record is not well resolved, our data
display a very good match with the U1313 oceanic record (red arrows,
which confirms that the GSSP is placed at the end of the first stadial
within MIS 103 (Fig. 2b, e). With respect to the oceanic pattern, the
larger excursion to lighter values in the Mediterranean records during
sapropel is assumed to reflect regional surface water freshening due to
monsoon run-off.

4.1. Reworked coccolith evaluation

Reworked taxa occur throughout the section, with relative abun-
dances generally accounting for less than 5 % (Fig. 3i, Supplementary-
S2, Table I), rarely reaching 10 % if also broken Pliocene taxa are
considered. The low reworked coccolith abundance did not prevent
identification of primary paleoenvironmental signal or reliability of the
derived index discussed below. This is proved for example by the strong
correlation between the age assignment obtained for the LO of
D. pentaradiatus and the Mediterranean biochronology of the event,
discussed in the previous paragraph. Slight increase of reworking is
observed within sapropel layers, with higher abundances, generally
between 4 and 10 %, or up to 17-23 % in sapropel A5 (Fig. 3i), during
the highest insolation maximum correlated to i-cycle 250 and the lowest
CaCOs3 content (Fig. 31). This pattern is assumed to be related to
enhanced terrigenous input in relation to river-runoff and circum-
Mediterranean humidity discharge, during the maximum intensity of
African monsoons triggered by Northern Hemisphere summer insolation
maxima (Grant et al., 2016; Rohling, 1994; Rohling et al., 2015; Ros-
signol-Strick et al., 1982). Finally, we point out that the recorded
abundances of reworked coccolith taxa in the whole studied section are
exactly in line with those found in the same portion of the MSN from
previous authors (Channell et al., 1992), while strongly differ from those
recorded in the coeval nearby Mandorlo section, where reworked coc-
coliths account for more than 50 % of the assemblage (Bonomo et al.,
2024).
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4.2. Monsoon-related water column dynamics

Water column dynamics inferred by calcareous nannofossil assem-
blage at the MSN; reveals strong similarity with North African aridity
and humidity variability. This is clear looking at the correlation
observed between the pattern of the nanno precessional index (Fig. 3c)
and the wet-dry index proposed for the eastern Mediterranean (Grant
et al., 2017) (Fig. 3d), which combines a monsoon runoff proxy with an
existing dust record. The two independent proxies change together,
describing several oscillations on a precessional scale which reflect
enhanced stratification (maximum nanno index), under the influence of
increased run-off (wet phases) related to northward monsoon penetra-
tion, versus cooler and mixed surface waters (minimum nanno index),
linked to enhanced wind strength/dust input, during southward
monsoon retreat. The correlation provides a good link between MSN.¢
and North Africa monsoon variability (Fig. 3c-d), as well as between
eastern and central Mediterranean. Some offsets are noticed between
2.57 and 2.55 Ma, during MIS 102 representing an anomalous glacial,
which is discussed in more detail below.

The monsoon-related variability, mainly related to monsoon run-off,
is also well described by the concomitant signals of 6180G, bulloides
(Fig. 3a), alkenone record (Fig. 3e) and calcareous nannofossil assem-
blage (Fig. 3f-j), observed during sapropel layers. Specifically, changes
in the abundance of N ratio, H. sellii, and the sharp increases of total Csy,
track sapropel intervals in MSNgg, coinciding with the Ti/Al large
amplitude shifts (Grant et al., 2017) recorded in the eastern Mediter-
ranean Sea (Fig. 3n). The negative 5'%0 values, nearly coincident with
sapropel layers, reflect surface water freshening due to monsoon run-off
(e.g. Athanasiou et al., 2017; Emeis et al., 2000a,b, 2003; Grant et al.,
2016; Kallel et al., 2000; Skampa et al., 2024), triggered by Northern
Hemisphere summer insolation maxima (Béthoux, 1993; Grant et al.,
2016; Jenkins and Williams, 1984; Rohling, 1994; Rohling and Hilgen,
1991; Rohling and Palike, 2005; Rossignol-Strick et al., 1982). The
pattern of N ratio (Fig. 3f), which monitors past changes in the nutricline
depth (Flores et al., 2000), increases within each of the layers, i.e. A2-A5
and in the ghost sapropel associated with i-cycle 246, although with
different magnitude. This testifies to the occurrence of a nutrient rich
subsurface photic zone, associated with enhanced water-column strati-
fication related to enhanced monsoon freshwater discharge during
insolation maxima. The abundance peaks of the extinct taxon H. sellii
(Fig. 3h) support subsurface high productivity conditions as also
recorded in other Pliocene Mediterranean successions (Athanasiou et al.,
2015; Capozzi et al., 2006). Indeed, the taxon has been shown to in-
crease during sapropel deposition, along with the positive values of
F. profunda in the southeastern Mediterranean at the Zanclean/Pia-
cenzian transition (Athanasiou et al., 2015), reflecting the establishment
of stratified condition and increased nutrient availability in the lower
photic layer. The similar loadings of F. profunda and H. sellii obtained in
our PCA (Table 1) are consistent with previous ecological preference
obtained in other areas of the Mediterranean basin. The extinct taxon
H. sellii has been also observed forming monospecific layers in mid-
Pliocene sapropels from the Northern Apennine, in relation to high
productivity in the mid-photic zone (Capozzi et al., 2006).

The phenomenon is amplified during sapropel A5, when the lowest
values of N ratio are recorded (Fig. 3f), concomitant with the largest
insolation shift and intense summer stratification. The increase of the
total Cg7 alkenone concentration (Fig. 3e), a proxy of productivity
changes in the photic layer (Schubert et al., 1998; Schulte et al., 1999;
Villanueva et al., 1998, 2001; Bolton et al., 2010a) is consistent with the
development of a new primary production related to upward advection
of the nutricline in the lower photic layer, following stratification
(Rohling and Gieskes, 1989; Castradori, 1993), and with enhanced
export of organic matter at the seafloor within sapropel layers. The total
coccolith concentration, which is mainly controlled by the abundance of
placoliths (mainly small placoliths and medium-sized reticulofenestrids)
in our record (Fig. 3j), decreases during sapropels relative to non-
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Fig. 3. 8'%0G. puioides record compared with Cs; total concentration and calcareous nannofossil proxies mainly related to monsoon variability obtained at MSN.;. a)
8'%0G. puiloides record at MSNy.; green thick line indicates 3-points running average, dotted red line indicates summer insolation 65°N (Laskar et al., 2004). b)
Obliquity curve (Laskar et al., 2004). ¢) Nanno precessional index and summer insolation 65°N (Laskar et al., 2004) correlated with d) wet-dry index from Grant et al.
(2017) at ODP Site 967, eastern Mediterranean. e) Cs; total concentration. f) N ratio based on (small and medium-sized placoliths)/(small and medium-sized
placoliths + F. profunda). g-h) relative abundance of P. lacunosa and H. sellii. i) reworked coccoliths: full area indicates reworked Mesozoic-pre-Pliocene taxa,
while grey line also includes broken Pliocene taxa. j) total coccolith abundance (number of specimens/g of sediment); the yellow line indicates the dominant
component of the assemblage. 1-m) CaCO3 and colour sediment variation from Fasone et al. (2024) and this study. n) Ti/Al from Grant et al. (2017) at ODP Site 967,
eastern Mediterranean. Yellow/white bands indicate interglacial/glacial cycles, with respective MIS. Grey bands correspond to sapropels A2-A4/5 and the ghost

sapropel (i-cycle 246). The brown band represents the Nicola Bed (sapropel A5).

sapropel intervals, reaching minimum values during maximum stratifi-
cation occurring at sapropel A5. The drop in the overall coccolith con-
centration could reflect multiple causes, such as weakening of mixing in
the upper water column and shift of productivity to subsurface waters
(Grelaud et al., 2012; Marino et al., 2007; Rohling et al., 2006), or
dilution from river-derived terrigenous input (Foucault and Mélieres,
2000; Van Os et al., 1994). Whatever is the cause of absolute coccolith
abundance decrease, it agrees with decrease in carbonate content
recorded in MSN. sapropel layers (Fig. 31), as well as during other
Pliocene sapropels with respect to the interbedded marly layers (i.e.
Foucault and Mélieres, 2000; Van Os et al., 1994; Wehausen and
Brumsack, 2000).

It is out of the scope of the present paper to discuss potential alke-
none producers in the subsurface waters, however we mention that
Pseudoemiliania lacunosa has been indicated as potential alkenone pro-
ducer during the Zanclean-Piacenzian sapropels of the eastern Medi-
terranean (Athanasiou et al., 2017). Indeed, the taxon increases in our
sapropel layers when also C3; increases (Fig. 3e,g), which may imply,
although not necessarily demonstrate, a contribution of this taxon to
alkenone production in the studied interval. It may also be considered
that for late Pliocene records (Bolton et al., 2010a), i. e. prior to the
dominance of the relatively well-understood modern alkenone-
synthesizing coccolithophores, the Cs; alkenone accumulation has
been suggested to track productivity not only of the alkenone-
synthesizing coccolithophores, but also of a wider phytoplankton com-
munity. In addition, the role of non-calcifying haptophyte cannot be
discounted (Conte et al., 1994; Malinverno et al., 2008; Marlowe et al.,
1984; Versteegh et al., 2001; Volkman et al., 1989). The observed de-
creases of total coccolith abundance concomitant with increases of Csy
within sapropel layers, may support this last interpretation, although it
is noteworthy that the total calcareous nannofossil concentration de-
scribes fluctuation in the carbonate liths, not necessary in the coccoli-
thophore organic matter.

The overall reconstructed scenario supports precessional changes in
nutricline depth leading to the development of a productive deep
chlorophyll maximum in the lower photic zone during sapropel forma-
tion. This is line with evidence of enhanced stratification and the
development of a productive lower photic zone observed in the eastern
Mediterranean Pliocene sapropels, based mainly on the increase of
F. profunda within sapropels (Athanasiou et al., 2017; Skampa et al.,
2024), thus implying a similar mechanism between eastern and central
Mediterranean during Pliocene sapropel formation. On the other hand,
the absence of F. profunda in the Pliocene sapropels from southwest
Sicily (Plancq et al., 2015) is not supported by our data, since the taxon
occurs all through the section with relative abundance up to 16 %
(Supplementary-S2, Table I). The reconstructing setting is also in anal-
ogy with mechanism invoked for more recent sapropels (Cascella et al.,
2021; Castradori, 1993; Giunta et al., 2006; Grelaud et al., 2012;
Incarbona and Di Stefano, 2019; Maiorano et al., 2019; Triantaphyllou
et al.,, 2009), in relation to enhanced monsoon freshwater discharge
during insolation maxima. The contribution of thermohaline stratifica-
tion of the water column may have also played a role, particularly
during sapropel A5 where the highest SST values are recorded (Fig. 4c).
During A5, geochemical proxies (Fasone et al., 2024) indicate the
occurrence of an euxinic environment at the seafloor, thus suggesting
that increased organic matter preservation induced by strong column

water stratification cannot be excluded.

4.3. SST variability and Mediterranean response to intensification of
NHG

The first high-resolution alkenone derived Sea Surface Temperature
(SST) record (°C), obtained for the MSN¢ through the Plio-Pleistocene
transition, is presented in Fig. 4c and compared with additional sur-
face water proxies. The reconstructed SST values range between ~22
and ~28 °C (Supplementary-S2, Table III), with average values of
~26 °C, between MIS G4 and G1, and ~25 °C from MIS 104 up to the
onset of MIS 99. The average values obtained in the lower portion of the
record are the same obtained in the eastern Mediterranean during the
warm Pliocene (Athanasiou et al., 2017). On the other hand, they are
significantly warmer if compared to modern SST in central Mediterra-
nean (~19 °C) (see red dashed line in Fig. 4c).

The general trends of the new high-resolution record obtained at
MSN; are consistent with the available lower resolution composite
Mediterranean SST (°C) record (Herbert et al., 2015, 2018) (Fig. 5b),
with a slight discrepancy in MIS 100 and likely related to the indepen-
dent age models. However, considering the composite and much longer
stratigraphic record (3.5-1.5 Ma) presented in Herbert et al. (2015,
2018), some misidentification of lithological cycle within MIS 100 in the
previous papers cannot be excluded. Two distinct SST patterns occur
through time in MSNs From MIS G4 to Gl, the glacial-interglacial
variability is rather weak in terms of SSTs shifts, with changes of
~2-2.5 °C, reflecting the limited global ice volume at that time (Lisiecki
and Raymo, 2005). The magnitude of SST shifts (~4-5 °C) increases
during the glacials MIS 104 and MIS 100 and is in accordance with the
heaviest %0 peaks and the concurrent increase of the polar species
N. atlantica (Fig. 4e). The overall data agree with the identification of a
first distinct polar water influence in the central Mediterranean
(Addante et al., 2024) and in the mid-latitudes of the North Atlantic
Ocean (Naafs et al.,, 2010; Hennissen et al., 2014), related to the
southward migration of the Subarctic Front, starting from about 2.6 Ma.
Indeed, the progressive amplitude increase in SST shifts from MIS 104
(Fig. 5b) well matches the high-resolution temperature records from
IODP Site U1313 (Bolton et al., 2018) (Fig. 5¢) and from the northern-
most IODP Site U1314 (Hayashi et al., 2020; Naafs et al., 2020) (Fig. 5d-
e), further supporting that the alkenone record of MNS¢ captures signals
linked to North Atlantic climate variability. The range of SST values
recorded at MSN (Fig. 5b) is similar to a recently obtained alkenone-
based SST pattern in the Mandorlo section (Fig. 5f) in Monte San Nic-
ola area by Zanola et al. (2024b). However, the latter pattern differs
from MSNs and earlierMediterranean and Atlantic SST patterns as
shown in Fig. 5, mainly in the stratigraphic position of the first evidence
of severe SST cooling observed during the weak glacial MIS 102 (Zanola
et al., 2024b). Indeed, from different records available for this time
window, the evidence of a first cooling is clearly associated with MIS
104 (Fig. 5b-e), while MIS 102 is found to be a weak glacial in terms of
surface water temperature. This is particularly clear looking at the high-
resolution record at IODP Site U1313 (Bolton et al., 2018) and MSN.¢
(this study) and is also supported by the heaviest oxygen isotope records
observed in Mandorlo section during MIS 104 and 100, rather than
during MIS 102 (Fig. 2 in Zanola et al., 2024b). Through the investigated
interval, MIS 102 is also known to be the only glacial lacking IRD
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(Fig. 6g), as discussed below. We do not have a definitive explanation for
this discrepancy, although we point out that further anomalies can be
noted in the alkenone record obtained in the Mandorlo section and
specifically in the Csy pattern (Supplementary), suggesting that the
chronology and/or sapropel location of the Mandorlo section require to
be revised, with the possibility the large cooling placed at ~2570 ka by
Zanola et al. (2024b) be more appropriately correlated to MIS 104.
The marked change in the climate state from MIS 104 is also coeval

to the evidence of strengthening in the winter monsoon over the Chinese
Loess Plateau (An, 1990; Liu and Ding, 1998; Sun et al., 2006, 2010; Ao,
2023). This is very clear from the comparison with the high-resolution
Late Pliocene - Early Pleistocene mean grain size pattern from central
Chinese Loess Plateau (Ao et al., 2024) (Fig. 4g). It shows winter
monsoonal strengthening within L33, occurring during MIS 104, and
contemporaneous with our first marked temperature change through
the MSN¢s. This is in relation with a concomitant change in the
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atmospheric state as well, and specifically with increased dust transport
capacity through stronger Asian Winter Monsoon winds under colder
conditions across the iNHG (Xiao et al., 1995; Sun et al., 2006, 2010;
Ujvari et al., 2016). These data provide an extensive chronological
correlation between Chinese terrestrial record and the Gelasian GSSP
marine section.

Within this climate transition, the glacial MIS 102 appears to be a
weak glacial, showing a continuous SST warm plateau (Fig. 4c), with
values comparable to the previous interglacials. It is a period of lower
obliquity minimum coupled with summer insolation maximum, sup-
pressed seasonality in SST records (Hennissen et al., 2015), and absence
of IRD in the North Atlantic (e.g. Kleiven et al., 2002; Bailey et al., 2012;
Naafs et al., 2013; Hayashi et al., 2020). Evidence of more stable surface
waters during MIS 102 also comes from the planktonic foraminifer
Globorotalia crassaformis (Fig. 4f), having higher percentages with
respect to all other glacial phases and even comparable with those
observed during interglacials, sustaining the occurrence of a stable
water column and the development of a permanent pycnocline (Cléroux
et al., 2013; Feucher et al., 2016).

A very good agreement occurs between the pattern of SST (°C) and

10

the nannofossil assemblage variability described by PClnanno (Fig. 4c-
d), suggesting that surface water temperature was an important factor
influencing calcareous nannofossils. However, several oscillations in the
PClnanno and in 880 records occur across (MIS) G4 to 103 especially
during sapropel layers, without significant coeval variations in the SST.
This evidence sustains the important role of precession- related surface
water stratification on the nannofossil assemblages during sapropel
formation, as mentioned above.

4.4. Millennial-scale variability in the central Mediterranean at the PPt

Evidence of sub-orbital events during glacials occur in our proxies
within MIS 104 and MIS 100 (Fig. 6). Indeed, a single increase of the
subpolar species N. atlantica within MIS 104, as well as repeated peaks of
the taxon during MIS 100 (Fig. 6¢), provide evidence of episodic sub-
polar influxes into the central Mediterranean (Zachariasse et al., 1990;
Lourens et al., 1992, 1996; Becker et al., 2005; Addante et al., 2024).
These events also match with brief coolings traced by PClnanno
(Fig. 6d), SST decreases (Fig. 6e) and shifts of oxygen isotopes to heavier
values (Fig. 6a). A single event is observed within MIS 104, while several



M. Addante et al.

8000+

IRD (grains/g) .
IODP Site U1314

Global and Planetary Change 249 (2025) 104788

4000+
g
0 IRD t
inpu
Quartz/Calcite (10°) .
|ODP Site U1313 e to the North Atlantic
-------- Quatemary - ~s=sasdpgeasasasidsnnisas  NEOGANIE SceasRiskssaasEnay
‘99 100 101 102 103 104 G1 G2 G3 G4 |
SST (°C)
MSN type-section
This study
1 PC1nanno
Cool and =1
mixed water

20
16

1
N. atlantica %

Summer
insolation
65° N (W/m?)

-3

Subpolar
influx

ﬁmoc.mues (%0)
MSN type-section
Addante et al. (2024)

L2 and this study
-3
i-cycle ﬁ E § g ﬁ § §
) 2 < © 9
GSSP» < < < <
I 1 I | I 1 I |l 1 I 1 | I I 1 I
2510 2530 2550 2570 2590 2610 2630 2650 2670 2690
Age (ka)

Fig. 6. Stadial events recorded at MSN,, based on alkenone SST and calcareous plankton. a) 5'%0G. puitoides record at MSNi.; green thick line indicates 3-points

running average; b) summer insolation 65°N and obliquity curves (Laskar et al.,

2004); c) relative abundance of N. atlantica; d) temporal distribution of

PC1 hanno- Thick blue line represents 3-points running average; e) Alkenone-based SST (°C); f) Quartz/Calcite ratio as proxy of Ice Rafted Debris (Naafs et al., 2013) at

IODP Site U1313; g) Ice Rafted Debris events at IODP Site U1314 (Hayashi et al.

, 2020). Light blue bands represent stadial events within MIS 104 and 100. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

millennial-scale oscillations, recalling MIS 100.6, 100.4 and 100.2
(Becker et al., 2005) are recorded within MIS 100. The latter is also
characterized by an early and full glacial phase, in agreement with the
climate variability recorded by Becker et al. (2005), nearby the MSN.
With respect to the early phase, the full glacial interval experienced
heaviest oxygen isotopes (Fig. 6a), higher subpolar influx (Fig. 6¢) and
lowest SST (Fig. 6e).

Although a widespread millennial-scale deposition of IRD is docu-
mented since MIS G6 in the Nordic Seas and subpolar North Atlantic
Ocean (Maslin et al., 1998; Jansen et al., 2000; Kleiven et al., 2002;
Bailey et al., 2013; Hayashi et al., 2020; Naafs et al., 2020), it was only
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during severe glacials, such as MIS 104 and 100, that increased input of
silicate minerals, deriving from ice-rafting debris (quartz/calcite ratio in
Fig. 6f) occurred at the mid-latitudes (Bolton et al., 2018; Naafs et al.,
2012, 2013, 2020), which, based on present results, extended subpolar
influence to the central Mediterranean as well. The occurrence of single
(during MIS 104) and multiple (during MIS 100) events is also
remarkably similar to the pattern of the high-resolution IRD record from
subpolar North Atlantic sediments at Site U1314 (Hayashi et al., 2020)
(Fig. 6g).

Millennial-scale oscillations, comparable to the Dansgaard-Oeschger
(D-0) cycles, have been recorded in a sedimentary record nearby the
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MSN¢s, by Becker et al. (2005) during MIS 100 as reflecting winter
surface cooling and by Zanola et al. (2024b) as related to potential
multiple climate interactions. In MSN¢¢ the comparison with oceanic
records (Fig. 6f-g) seems to suggest that millennial-scale climate vari-
ability is related to North Atlantic IRD events and occurred at least since
MIS 104. However, further studies are required to investigate this topic
in much more detail.

5. Concluding remarks

An integrated high-resolution record based on biomarkers, plank-
tonic oxygen isotopes, calcareous plankton, CaCOs content and
chromatic variations of sediments is reconstructed at the Gelasian
stratotype section (Monte San Nicola - Sicily) at the PPt. The new
data provide evidence of climate variability in the interval extending
from MIS G4 to the onset of MIS 99 (2.7-2.5 Ma).

Column water dynamic at the MSN at the PPt reflects low- and
high-latitude climate forcing.

North African aridity/humidity variability affected water column
dynamic in the central Mediterranean, and this is well described by
the nannofossil assemblage through enhanced wind strength/
increased runoff on orbital scale, in phase with eastern Mediterra-
nean variability.

Southward migration of the Subarctic Front occurred from MIS 104,
when prominent SST decreases and the occurrence of polar taxa in
the central Mediterranean responds to intensification of Northern
Hemisphere glaciation. This is coeval with intensification of mid-
latitude IRD deposition in North Atlantic and with strengthening of
the winter monsoon over the Chinese loess plateau.
Millennial-scale stadial oscillations are a clear feature of the studied
interval during MIS 100 and MIS 104. They trace periodic subpolar
influxes in the central Mediterranean, concomitant with the mid-
latitudes and subpolar IRD events.

The present results underline the stratigraphic and paleoclimate
relevance of both the MSN and of the GSSP itself, strengthening
their global scale correlation potential.
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