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A B S T R A C T

Mineralogical, geochemical and stable isotope (δ18O, δ13C) data from Marine Isotope Stages (MIS) G4 to 103 are 
here presented. The studied interval includes the sapropelic cluster A (A2-A5) from the Gelasian GSSP type- 
section, outcropping at Monte San Nicola (Sicily, Italy). The studied section exhibits a good response of the 
δ18O measured on the bulk carbonate to the Earth’s astronomical parameters. The sapropelic red/brown layers 
(A2- A5) are alternated to grey marls and this cyclicity is clearly evident by the difference in colour, organic 
matter content, redox-sensitive elements and runoff indicators, tied to the precession/insolation cycles. Further, 
the obliquity signal is well evident in paleoproductivity indicators and mineralogical composition, driven by 
glacial-interglacial cycles. The obtained dataset has allowed the reconstruction of the paleoenvironmental 
conditions during marls/sapropels deposition, which appears to be influenced by the precessional forcing that 
induced strong changes in the marine water circulation. This scenario is also integrated by an original paleo
geographic model including the presence of a high topographic structure in SE Sicily that limited water ex
changes between the Ionian and Central Mediterranean Seas during sea level drawdowns, caused by glacial 
phases, triggered by obliquity minima.

1. Introduction

The Gelasian GSSP was proposed at the Monte San Nicola type- 
section (MSNt-s) by Rio et al. (1998), between the villages of Gela and 
Butera (Sicily, Italy). It was placed at the top of the sapropel “Nicola 
bed”, equivalent to the A5 sapropel (Hilgen, 1991a) and corresponds to 
the insolation cycle i-250 within Marine Isotopic Stage (MIS) 103. As 
firstly described by Channell et al. (1992), the Gelasian GSSP almost 
coincides with the Gauss/Matuyama reversal and it was defined as the 
third stage of the Pliocene (Rio et al., 1994). The importance of the 
Monte San Nicola GSSP was further emphasized in 2010 when the base 
of the Pleistocene/Quaternary was shifted from the top of the Gelasian 
to its base (Gibbard and Head, 2010; Gibbard et al., 2010). Thus, the 
Gelasian GSSP represents the boundary between Pliocene-Pleistocene 
Series and Neogene-Quaternary Systems.

From a global climatic perspective, the Gelasian GSSP falls within a 
period of continental reorganization due to the progressive closure of 
the Panama Isthmus (Haug and Tiedemann, 1998; Haug et al., 2001; 
Schmidt, 2007) that influenced the global oceanic and atmospheric 
circulation. In particular, the Panama Isthmus starting the uplift during 
the Miocene (i.e. Schmidt, 2007) with a progressive closure developed in 
several steps during the Pliocene, completing its closure between 3 and 
2.5 Ma (Haug and Tiedemann, 1998; O’Dea et al., 2016). The presence 
of the Isthmus strengthened the North Atlantic thermohaline circula
tion, bringing moisture to the Arctic polar region, allowing the forma
tion of North Atlantic Deep Water and establishing the Arctic ice caps 
with glacial-interglacial cycles (Bartoli et al., 2005).

In particular, from 2.75 to 2.57 Ma the obliquity-driven glacial pe
riods intensified, with a significant expansion of the Arctic ice caps but 
only from MIS 100 the sea level significantly dropped, becoming similar 
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to that recorded during the Pleistocene glaciations, even if with different 
estimations (Jakob et al., 2020; Miller et al., 2020). This interval is 
characterized by cyclic alternation of sapropels/marls as described in 
the eastern Mediterranean Sea ODP boreholes (Kidd et al., 1978; Emeis 
et al., 1996; Grant et al., 2017, 2022) and in Mediterranean land out
crops (Hilgen, 1991a; Rio et al., 1994; Lourens et al., 1996; Castradori 
et al., 1998; Caruso, 2004; Cita et al., 2008; Beltran et al., 2021).

In the central Mediterranean Sea, the formation of sapropels started 
at 3.08 Ma (Hilgen, 1991a; Lourens et al., 1996; Caruso, 2004). It is 
linked to increasing temperature and rainfall due to monsoon activity in 
northern Africa and is precessionally controlled (Rossignol-Strick et al., 
1982; Rossignol-Strick, 1983), as also evidenced by lower δ18O values 
(Rohling, 1994; Rohling et al., 2015) and higher temperatures (Herbert 
et al., 2015). According to Hilgen (1991a), sapropel mid points coincide 
with precessional minima/insolation maxima, during which the differ
ence in insolation, between summer and winter, was maximized, leading 
to an expansion of the Intertropical Convergence Zone (ITCZ) northward 
(Larrasoaña et al., 2013). During these warm-humid periods (preces
sional minima), the Mediterranean circulation underwent a drastic 
change, with the formation of warmer extensive surface freshwater in 
the uppermost part of the sea water column, characterized by negative 
excursions in the δ18O values (Rossignol-Strick et al., 1982; 

Vergnaud-Grazzini, 1985), that prevented the formation of more 
oxygenated bottom water (Emeis et al., 2000, 2003). This configuration 
predisposed the eastern-central Mediterranean basin to the formation of 
deep hypoxic/anoxic environments, with the consequent better preser
vation of organic matter at the seabed, a process that led to the forma
tion of sapropelic levels. Other authors (Schrader and Matherne, 1981; 
Thunell and Williams, 1982; Henrichs and Reeburgh, 1987) suggest that 
sea bottom anoxia resulted from increases productivity due to the influx 
of nutrients during Green Sahara periods, through rivers that discharged 
into the southern Mediterranean basin.

Until today, only four high-resolution studies have been conducted 
on the Gelasian GSSP type-section (Channell et al., 1992; Sprovieri, 
1993; Radmacher et al., 2023; Addante et al., 2024), essentially focused 
on calcareous plankton assemblages and stable oxygen isotopes whilst 
other studies have been performed in the coeval interval at the “Man
dorlo” section, outcropping 400 m west from the GSSP type section 
(Becker et al., 2005; Capraro et al., 2022; Zanola et al., 2024). Further, 
although less recently, Becker et al. (2005) performed a high-resolution 
study on δ18O benthic foraminiferal record in the interval between MIS 
101–99 underlining the usefulness of the MSNt-s for detailed paleocli
matic and paleoenvironmental studies.

Despite the high importance of the Gelasian GSSP, and its great 

Fig. 1. A) Schematic structural framework of Sicily, modified from Gasparo Morticelli et al. (2015); B) Regional geological-structural map of Sicily modified from 
Lentini and Carbone (2014) and Gasparo Morticelli et al. (2015). MSNt-s: Monte San Nicola type-section.
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potential as reference section for the Lower Quaternary interval, no 
detailed geochemical-mineralogical studies have been performed in the 
type-section. The aim of this work is to characterize the paleoclimate 
and paleoenvironmental history of the Central-Southern Mediterranean 
during the deposition of the sapropel cluster A sensu Hilgen (1991a), 
between 2.75 and 2.58 Ma, corresponding to MIS G4-103. In particular, 
three are the main goals of this study: (i) to evaluate the effects of the 
orbital forcing on the oxygen and carbon isotopes measured on the bulk 
carbonate, also evaluating the possible effect of diagenesis on the 
MSNt-p; (ii) to reconstruct the depositional conditions in terms of vari
ations in surface productivity, continental inputs, redox conditions at 
the seafloor and organic carbon preservation; (iii) to provide new in
sights into the paleoceanographic context of this sector of the Mediter
ranean Sea by the proposal of an original palaeogeographic model.

2. Geological and stratigraphic context

The MSNt-s crops out in central-southern Sicily, between the villages 
of Gela and Butera and it is located in the Caltanissetta Basin, a Neogene 
structure positioned between the front of the Sicilian-Maghrebian 
Apennine chain and the Hyblean foreland (Catalano et al., 2013) 
(Fig. 1A). During the Plio-Pleistocene this structure represented a fore
deep basin, overlying the Gela Nappe (Ogniben, 1969), an allochtho
nous unit thrust above the deformed units of the Cretaceous/Paleogene 
(Amerillo Fm.) and the Numidian Flysch (Lentini and Carbone, 2014; 
Gasparo Morticelli et al., 2015) (Fig. 1B). Presently, the relief of Monte 
San Nicola is encompassed within the Gela Thrust system, characterized 
by deep Pleistocene active thrusts during the late Gelasian and early 
Calabrian. Along the southern slope of MSN, the sedimentary succession 
is well exposed with a continuous sequence from Lower Pliocene to 
Lower Pleistocene (Fig. 2A). The Trubi Fm., Zanclean/Piacenzian in age, 
is here 36 m thick and it is constituted by the classical quadruplet, 
precessionally controlled, made by whitish calcareous marls alternated 
to grey/beige marly limestones (Hilgen, 1991a). Sediments of Trubi Fm. 
Are rich in calcareous microfossils (coccolithophorids and foraminifera), 
deposited in a bathyal environment between 700 and 1000 m depth 

(Sgarrella et al., 1997). Upwards the sequence continues with 125 m of 
grey/brownish marls alternated to reddish/black clays and marly clays 
(sapropels), belonging to the Monte Narbone Fm. (Hilgen, 1991b) 
(Fig. 2B). These sediments were deposited at the bathymetry comprising 
200–700 m depth, during the late Piacenzian and Calabrian (Caruso, 
2004; Sprovieri et al., 2006). The badlands of the southern slope of the 
Monte Narbone Fm. host four sapropelic clusters (O, A, B, and C) already 
described by Hilgen (1991a) (Fig. 2). This formation includes the entire 
Gelasian Stage and its GSSP, placed at the top of sapropel A5. Upwards 
the Monte Narbone Fm. becomes richer in silt and sand and the topmost 
part of the outcrop is characterized by 15 m of yellowish calcarenites 
belonging to the Agrigento Fm. (Calabrian), rich in molluscs and sedi
mented in outer and inner shelf environments, between 20 and 200 m. 
Some particular layers are crossed laminated, deposited in very shallow 
water at bathymetries less than 30 m. The whole section lies on 
discordance, with a tectonic thrust, over the Numidian Flysch. This 
latter unit is constituted of brownish silty-clays and siltstones lower 
Miocene in age.

3. Materials and methods

3.1. Sampling and age model

The studied interval is the same published by Addante et al. (2024). 
It is represented by a ~9 m thick continuous and undisturbed section 
belonging to the Monte Narbone Fm. (Fig. 2). The sampled interval 
mainly consists of massive whitish marls (average thickness of ~135 
cm) alternating with grey marly clays and darker clays (average thick
ness of ~31 cm), here considered as sapropels A2 to A5. In this study, 44 
samples already studied by Addante et al. (2024) were selected, with a 
sampling resolution ranging from 5 to 50 cm.

The A5 sapropel represents the last layer of cluster A related to i- 
cycle 250, called Nicola bed (Nb). The Gelasian GSSP, placed at the top 
of Nb, is 17.5 cm above the sapropel mid-point, astronomically dated at 
2.588 Ma by Lourens et al. (1996), as also reported by Capraro et al. 
(2022). Thus, according to Lourens et al. (2004) the Pleistocene started 

Fig. 2. A) Field view of the Monte San Nicola badlands hosting the Gelasian GSSP (orange circle); dotted yellow line: sampling section; B) Chrono- and lithos
tratigraphy of the Monte San Nicola section showing the sapropelitic clusters O, A, B, and C (also reported in A) and their correlation with the precession and 
eccentricity curves from Laskar et al. (2004).
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at ~2.58 Ma. Recently, Addante et al. (2024) did not consider a 3-kyr 
time lag for the astronomical tuning of the sapropels, thus the Nb 
mid-point was dated at 2.905 Ma. In this work the age model proposed 
by Addante et al. (2024) was adopted, thus the studied section spans the 
interval from 2.694 to 2.582 Ma and all the data presented below are 
reported with respect to the age.

3.2. Colour analysis

Colour analysis was conducted on the pressed, powdered samples 
under a standardized artificial light source at 6000 K. Due to minimal 
chromatic variation, a digital approach through image acquisition under 
controlled parameters was preferred to the use of standard Munsell 
charts.

The colour of each sample was determined through digital analysis of 
the data, utilizing a high-resolution photo (4000 × 3000 pixels). The 
RGB (Red, Green, and Blue) value of each sample was then defined on a 
uniform area of 50 × 50 pixels. In addition, the obtained colour was 
converted to greyscale by averaging the intensity values of the RGB 
components. According to the RGB colour model, the greyscale value 
falls within the range of 0–255, where 0 (R = 0, G = 0, B = 0) corre
sponds to black and 255 corresponds to white, with intermediate values 
representing shades of grey, darker as they approach 0.

3.3. Mineralogical analysis

Bulk mineralogy was determined at the DiSTeM (University of 
Palermo) by powder X-ray diffraction (XRD) using a Philips PW141373 
diffractometer with a Cu Kα radiation filtered by a monochromator 
crystal and a 3◦2θ/minute scanning speed. Qualitative interpretation of 
the diffractograms were performed with the support of the HighScore 
Plus v3.0e software utilizing the Crystallography Open Database v2014 
(COD_OCT 2014; Gražulis et al., 2009). Semi-quantitative estimation 
was carried out using the area method.

3.4. Stable oxygen and carbon isotopes

Carbon and oxygen stable isotope composition were determined on 
the bulk samples at the DiSTeM (University of Palermo) using a Thermo 
Scientific Delta V Advantage mass spectrometer. CO2 was obtained by 
the classical H3PO4–CaCO3 reaction method, at 50 ◦C, coupled to an 
automated carbonate preparation device (Thermo Scientific GasBench 
II). The isotopic compositions are expressed in δ‰ units relative to the 
international V-PDB standard, using the international standard NBS19 
(δ18OV-PDB = − 2.20‰ and δ13CV-PDB = 1.95‰) measured every 20 
samples, and an internal reference standard (Carrara marble MAB, 
δ18OV-PDB = − 2.43‰ and δ13CV-PDB = 2.43‰), analyzed every 10 sam
ples. The latter was also used to calculate the measurement repeatability 
(σ), which was found to be < 0.1‰ for both carbon and oxygen.

3.5. Total organic carbon

A quantitative and qualitative study of the organic matter content 
was performed using a Rock–Eval 6 Turbo apparatus (Vinci Technolo
gies) at the Institut des Sciences de la Terre de Paris (UMR7193/Sor
bonne Université). The Total Organic Carbon (TOC) was obtained by 
means of Rock-Eval thermal analysis, on around 65 mg of powdered 
samples, following the method described by Lafargue et al. (1998) and 
Behar et al. (2001). TOC content is expressed as weight percentage (wt 
%), with precision of ±0.1%. The type of kerogen was estimated using 
the Hydrogen Index (HI, in mgHC/gTOC) standard parameter, whereas 
the thermal maturation of the organic matter was assessed using the 
Tmax parameter expressed in ◦C (Baudin, 2024).

3.6. Geochemical elements

Geochemical analysis were performed at the ActLabsLtd (Ancaster, 
ON, Canada) measuring major, minor, and trace elements. After a 4 Acid 
“Near Total” Digestion, a part of the elements (Al, P, Ti, Co, Ni, Cu, Zn, 
and Pb) were determined by ICP/OES, the others (Mg, K, Ca, Mn, Fe, V, 
Cr, As, Rb, Zr, Ba, Th, and U) by ICP/MS. The preparation procedure 
(more details on https://actlabs.com/geochemistry/exploration-ge 
ochemistry/4-acid-near-total-digestion/) does not allow measuring Si 
directly using ICP, for this reason the concentrations of Si were obtained 
by difference to 100% subtracting all other major element concentra
tions and the LOI (measured at 1000 ◦C) (Liu et al., 2009).

Quality control of the analysis was conducted by measuring a blank 
every 40 samples, an internal control every 20 samples, and analyzing 8 
certified standards. The precision was calculated based on duplicate 
analyses and expressed in terms of Relative Standard Deviation (RSD), 
with RSD <2% for Mg, Al, K, Ca, Mn, Fe, and for Co, Zn, Ba, Th, and U; 
RSD ranging between 2 and 5% for P, V, Ni, Cu, Rb, Zr, and Pb, and 
between 5 and 10% for Ti, Cr, and As.

4. Results

4.1. Lithological log and organic carbon characterization

The lithological log, as defined by Addante et al. (2024), has here 
been integrated with the calcium carbonate content determined by 
Rock-Eval analysis, together with the chromatic variation determined 
on the studied samples also converted into grayscale (Fig. 3). Further, 
the lithological log is integrated with TOC content whose characteriza
tion in terms of hydrogen indexes (HI) is summarized in Table 1. In the 
MSNt-s, the colour well distinguishes the boundaries of light 
marly-clayey levels from darker and reddish-brown marly beds, here 
considered as sapropels. The sapropels are sometimes characterized by 
higher content of organic matter and variable lamination. In particular, 
TOC percentages oscillate between 0.16 and 0.4% with the highest value 
coinciding with the A5 sapropel (Nb). On the contrary, marly-clayey 
levels are characterized by organic carbon content between 0.08 and 
0.12% with HI averagely higher in the marls levels with respect to the 
sapropels (132 against 109 mgHC/gTOC), while no variations in Tmax 
with respect to the lithology are documented slightly fluctuating around 
a value of 392 ◦C (Table 1).

Following Hilgen (1991b), the term “sapropel” was adopted for all 
the darker and reddish-brown silty-marly beds belonging to sapropelic 
cluster A, even though the TOC content is lower than the sapropel 
threshold of 2% as defined by Kidd et al. (1978).

4.2. Mineralogy

The mineralogy of the analyzed samples is summarized in Table 1
and the profile along the section of the main phases are reported in 
Fig. 3. Calcite cyclically oscillates showing strong variations between 
marls and sapropels, being more abundant in the marls with values 
between 45 and 70%, and reaching minima values, between 20 and 
40%, in the sapropels. Unlike calcite, quartz exhibits large cyclical 
variations (Fig. 3), increasing in the sapropels with an average value of 
11%, up to 16% in the upper part of sapropel A5 (2.590 Ma), and lower 
concentrations in the marls (mean values of 8%). Similarly, clay min
erals display large and well-defined oscillations between marls and 
sapropels, being more abundant in sapropels and less in marls (Fig. 3). 
Regarding the accessory mineral phases (Table 1), dolomite is markedly 
more abundant in the marls and is always present in sapropels except in 
the A5 sapropel while feldspars show the highest abundances in sapro
pels although the maximum value (17%) was recorded in a marly level 
between sapropels A4/5 and A5 (2.605 Ma).
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4.3. Stable isotope geochemistry

In Fig. 3, bulk oxygen and carbon stable isotopes are plotted. The 
δ18Obulk values range from − 1.70 to 1.72‰, with a mean value of 
− 0.05‰ in sapropels and 1.29‰ in marls, respectively. Oxygen isotope 
fluctuations closely follow the alternations between sapropels and 
marls, exhibiting strong excursions towards lower values in sapropels. 
The trend is quite similar to δ18OG. bulloides even though this latter shows 

more marked oscillations above all into the marls.
The δ13Cbulk values range from − 1.74 to − 0.04‰, with a mean of 

− 0.57‰ in sapropels and − 0.38‰ in marls. The carbon isotope fluctu
ations weakly follow the lithology in the interval A2‒A4/5, with 
decreasing values in the sapropels and showing lower ratios in A4 and 
A5 sapropels, the latter characterizing by the lowest values (− 1.74‰). 
In particular, δ13Cbulk exhibits a clear decrease from A4/5 to A5.

4.4. Elemental geochemistry

The behaviour of major, minor, and trace elements was investigated 
by normalizing their concentrations to aluminum. The results are pre
sented in Figs. 4 and 5. The normalization to a conservative element is a 
common practice that helps to mitigate the so-called “closed-sum effect” 
(Rollinson, 2014) and the choice of aluminum as conservative element is 
driven by its minimal disturbance from biological, diagenetic, and redox 
processes (Löwemark et al., 2011). For these reasons, it is particularly 
suitable for normalizing elements in sedimentary environments where 
fictitious oscillations may occur due to variations in carbonates and 
organic matter.

An overview of the mean values, together with the variation ranges, 
of the geochemical proxies is reported in Table 1.

4.4.1. Paleoproductivity proxies
Similarly to the calcite, the Ca/Al ratio (Fig. 4) closely follows the 

lithological signal, decreasing in sapropels and increasing in marls. It is 
worth to note that the values are higher in the marls between sapropels 
A2–A3 and A4–A4/5, reaching a median value of 4.4 and 3.8 respec
tively, while they are lower between sapropel A3–A4 and A4/5–A5, 
reaching a median value of 3.6 and 3. The maximum value of 5.2 is 
reached in the marls between A2 and A3, between 2.673 and 2.664 Ma, 
whereas the minimum value of 1.1 is reached in the mid-point of sap
ropel A5 (2.593–2.590 Ma).

Phosphorus is an essential element for the trophic chain and being 
included among the nutrient elements it is associated with the organic 
matter, mainly in phytoplankton remains (Tribovillard et al., 2006). 
P/Al shows a similar trend to Ca/Al ratio and follows the lithological 
signal with the highest values into marls and the lowest in the sapropels. 
The values are higher in the marl levels between sapropels A2–A3 and 

Fig. 3. Variations over time of the all proxies investigated in this study. Lithological log: modified by Addante et al. (2024) with the integration of the calcium 
carbonate equivalent percentage measured by Rock-Eval analysis; background: RGB colour of samples determined as described in section 3.2; A2 to A5: sapropels 
investigated in the MSNt-s.

Table 1 
Average value and variation range of the minerals abundance and geochemical 
proxies determined in marls and sapropels at the MSNt-s.

Sapropels Marls

Mean Min Max Mean Min Max

Grey scale 178 161 188 ​ 197 185 207
CaCO3 eq (%) 30.64 19.91 44.57 ​ 46.61 38.82 53.65
TOC (%) 0.18 0.1 0.35 ​ 0.10 0.07 0.16
HI (mgHC/ 

gTOC)
109 88 153 ​ 132 100 178

Tmax (◦C) 395 383 427 ​ 389 381 410
Calcite (%) 33 22 43 ​ 47 37 65
Quartz (%) 11 8 16 ​ 8 6 10
Clay Min. (%) 46 38 58 ​ 34 18 43
Dolomite (%) 3 0 5 ​ 5 2 9
Feldspar (%) 7 0 12 ​ 6 0 17
δ18Obulk (‰) − 0.05 − 1.70 0.86 ​ 1.24 0.64 1.72
δ13Cbulk (‰) − 0.57 − 1.74 − 0.14 ​ − 0.39 − 0.86 − 0.04
Si/Al 3.01 2.75 3.36 ​ 3.12 2.71 3.34
P/Al 0.008 0.007 0.010 ​ 0.012 0.008 0.018
K/Al 0.29 0.27 0.31 ​ 0.27 0.20 0.30
Ca/Al 1.96 1.11 3.28 ​ 3.76 2.28 5.21
Ti/Al 0.04 0.03 0.05 ​ 0.05 0.04 0.05
Mn/Al 0.012 0.007 0.028 ​ 0.014 0.010 0.019
Fe/Al 0.56 0.48 0.75 ​ 0.51 0.40 0.60
Co/Al *104 4.16 1.69 8.39 ​ 1.91 1.20 2.99
Ni/Al *104 8.83 6.76 11.31 ​ 6.54 5.11 8.67
Cu/Al *104 4.81 3.81 7.64 ​ 3.95 3.24 5.39
Zn/Al *104 13.05 11.44 14.42 ​ 11.52 9.76 13.57
Rb/Al *104 15.06 13.33 16.36 ​ 13.83 10.30 15.13
Zr/Al *104 11.01 7.27 12.96 ​ 12.78 10.78 14.25
Ba/Al *104 38.52 20.80 84.82 ​ 41.36 28.92 110.28
U/Al *104 0.81 0.53 1.71 ​ 0.60 0.41 0.84
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A4–A4/5, reaching a median value of 0.013, while they are lower be
tween sapropels A3–A4 and A4/5–A5, reaching a median value of 0.011. 
The maximum value of 0.018 is reached in the marly layer between 
sapropels A4/5–A5, while the minimum value of 0.0071 is reached 
within sapropel A4/5. Barium, like phosphorus, is a constituent of the 
organic matter being commonly associated with the biological activity 
(e.g. Dymond et al., 1992). Throughout the MSNt-s, Ba/Al ratio is 
characterized by two sharp peaks, rispectivelly above the sapropels A2 
and A3 and a wide increase in the marls between the sapropels A4 and 
A4/5 (up to 110) (Fig. 3).

4.4.2. Continental input indicators
Silicium in pelagic sediments can be mainly related to silicates 

(quartz, feldspars, clay minerals) from continental inputs and/or 

increased productivity associated with diatoms and radiolarians shells. 
Throughout the studied section, the Si/Al shows a general decreasing 
trend upward in the section not clearly correlated with the lithological 
variations (Fig. 3). Minimum value of 2.7 is reached in a marl just below 
the sapropel A4 and the maximum within the sapropel A4/5.

Titanium and zirconium are elements associated with inputs of 
Saharan eolian dust as they are contained in heavy minerals such as 
zircon, titanite, and rutile (Wehausen and Brumsack, 2000; Scheuvens 
et al., 2013; Martinez-Ruiz et al., 2015). In the MSNt-s, variations in the 
Ti/Al and Zr/Al ratios (Fig. 3) follow the lithological variations, 
decreasing in the sapropels and increasing in the marls. Ti/Al reach 
minimum values of 0.028, 0.030 and 0.029 within the sapropels A2, A4 
and A5, respectively. The same levels are characterized by the minimum 
values of Zr/Al 7.2, 8.6 and 8.4 (*10− 4), respectively.

Fig. 4. Variations over time of the bulk oxygen and carbon stable isotope ratios and TOC (profiles in black) at the MSNt-s. Figure also reports: the δ18O measured on 
the G. bulloides from Addante et al. (2024) in the same samples (blue profile); the curves of obliquity (blue) and insolation at 65◦N (red) from Laskar et al. (2004); the 
Marine Isotopic Stages (MIS G4 to 103); the δ18O of the ‘benthic stack LR04’ from Lisiecki and Raymo (2005) and the ‘Prob-LR04-stack’ from Ahn et al. (2017); the 
relative sea level variations from Jakob et al. (2020) and Miller et al. (2020). Lithological log, colour background and A2 to A5 as in Fig. 3.

Fig. 5. Variations over time of the proxies discussed in section 5.2. Lithological log, colour background, A2 to A5 and astronomical curves as in Fig. 3.
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On the contrary, potassium and rubidium are elements associated 
with continental runoff as they are contained in illite and feldspars 
(Wehausen and Brumsack, 2000; Martinez-Ruiz et al., 2015). 
Throughout the studied succession, variations in the K/Al and Rb/Al 
ratios are related to the lithology with higher values in the sapropels 
(Fig. 3). Both ratios reach the maximum value in the sapropel A4 (0.31 
for K/Al and 16.35*10− 4 for Rb/Al), and are characterized by a sharp 
decrease to values of 0.19 (for K/Al) and 10.3*10− 4 (for Rb/Al) in the 
marls between the sapropels A4/5 and A5.

4.4.3. Redox-sensitive elements
The major element involved in the redox reactions are iron and 

manganese due to their ability to assume different oxidation numbers. In 
the MSNt-s, the Fe/Al profile shown in Fig. 3 exhibits a significant in
crease in the ratio in the sapropels A4/5 and A5, reaching values of 0.75 
and 0.71. The increases are modest in the sapropels A3 and A4 and 
essentially negligible in A2. The Mn/Al ratio (Fig. 3) is moderately 
higher in the marls between sapropels A2–A3 and A4–A4/5 (average 
value of 0.016 and 0.015, respectively), while it is lower in the 
remaining marly levels (mean value of 0.014; Table 1). Two sharp peaks 
are recorded inside the sapropel A4 and at the top of the sapropel A2 
(0.028 and 0.021, respectively).

As for the trace elements, the Ni/Al, Cu/Al, and Zn/Al ratios show a 
similar trend (Fig. 3) increasing in sapropels with respect to the marly 
levels. The Cu/Al ratio reach the maximum value of 7.63 inside the 
sapropel A5. The Ni/Al and Zn/Al instead reach their maximum value, 
of 11.3 and 14.4 respectively, inside the sapropel A4/5.

Other elements sensitive to redox conditions but associated with the 
terrigenous fraction are uranium and cobalt. The depth profile of the U/ 
Al ratio (Fig. 3) increase in the sapropels with the exception of the 
sapropel A2. In particular, the sapropel A5 is characterized by a U/Al 
ratio (1.7) more than double of the value recorded in the other sapro
pelic levels. The sapropels are best marked by the Co/Al ratio (Fig. 3) 
with maximum values in the sapropels A4/5 and A5 (8.39 and 8.30, 
respectively).

5. Discussion

5.1. Bulk isotope stratigraphy and orbital forcing

In order to evaluate the possible influence of a diagenetic component 
that may have altered the original signal, the δ18Obulk have been 
compared with the δ18OG. bulloides recently published by Addante et al. 
(2024) (Fig. 4).

The two profiles are well correlated and the bulk isotopic signal has 
better adherence to grey intensity compared to δ18OG. bulloides reported by 
Addante et al. (2024). The perfect overlap of the isotopic ratios obtained 
on the two different matrices demonstrates the absence of carbonate 
cement precipitation, which in the case of burial diagenesis or late 
interaction with meteoric waters would have resulted in a shift of the 
δ18O towards lighter values in the bulk sample (i.e. Dickson and Cole
man, 1990). Irrelevant thermal diagenesis is also testified by low Tmax 
values, on average, <395 ◦C and always lower than 427 ◦C (Table 1).

The similarity in values also suggests that the isotopic signal recor
ded by the bulk samples is predominantly representative of the photic 
zone. This is in agreement with Beltran et al. (2007) who, studying the 
interval between 3.01 and 2.91 Ma at the Punta Piccola section (Pia
cenzian GSSP, Sicily), found that the δ18Obulk was predominantly 
composed of calcareous nannofossils and planktonic foraminifera, with 
small differences between marls and sapropels. This also supports the 
use of calcite amount and Ca/Al ratio as proxies for paleoproductivity 
(see paragraph 5.2).

The reliability of oxygen isotopes and calcareous plankton assem
blages, allowed Addante et al. (2024) to apply the orbital tuning pro
posed by Hilgen (1991a) and the comparison with other reference 
curves (Grant et al., 2022; Bolton et al., 2010). Among these, the 

obliquity and insolation curves (Laskar et al., 2004), and the ‘LR04 
stack’ (Lisiecki and Raymo, 2005; Ahn et al., 2017), are reported in 
Fig. 4 in correlation with the MSNt-s isotope curves. The not perfect 
alignment of the LR04 stack with the MSNt-s curves depends on the time 
lag applied and the age model proposed. Fig. 4 also reports the sea level 
curves proposed by Jakob et al. (2020) and Miller et al. (2020) in which 
the large fluctuations during the MIS G4, G2 and 104 are strongly 
correlated with those of the LR04 stack. This is despite the fact that the 
two sea level curves show differences greater than 40 m. This correlation 
highlights that, at global level, the obliquity forcing controls the bottom 
waters and the sea level variations. Conversely, in the Mediterranean 
Sea surface temperatures and circulation patterns (see paragraph 5.3) 
are mainly influenced by the precession/insolation cycles, as also 
already described by Grant et al. (2022) and Addante et al. (2024). 
Obviously, the obliquity signal also interferes with insolation by 
amplifying its effects when it is in phase, and mitigating the same when 
it is opposite. In particular, at the MSNt-s heavier δ18O values are 
documented in the MIS 104, G2, and G4 in correspondence with 
obliquity minima (Fig. 4). In addition, the isotopic signal is also strongly 
influenced by the insolation with the lowest δ18O values coinciding with 
the highest TOC contents. At last, lithology, chromatic variations and 
TOC are exclusively controlled by insolation, with darker colours and 
higher organic content correlating with insolation maxima. As for the 
depth profile of δ13Cbulk over time, it shows a weak cyclical trend, with a 
slight lowering of δ13C occurred in all sapropels with the exception of 
sapropel A3, where no significant variations have been recorded. 
Conversely, a strong excursion towards lower values (~− 0.8‰) co
incides with the A5 12C enrichments, also characterizing the underlying 
marls deposited during MIS 104. A similar decrease was measured in 
δ13CUvigerina spp by Zanola et al. (2024) from the nearby “Mandorlo” 
section. It testifies an organic carbon contribution probably related to 
the local currents dynamic as better illustrated in paragraph 5.3.

5.2. Paleoenvironmental reconstruction

In order to define the paleoenvironmental conditions during the 
deposition of the studied interval, a reduced number of geochemical 
proxies has been selected and reported with respect to the obliquity and 
insolation curves (Laskar et al., 2004) (Fig. 5).

According to Beltran et al. (2007), who link carbonate content to 
foraminifera and coccolith remains, and as confirmed by Addante et al. 
(2024), in the studied section the Ca/Al ratio (likewise the CaCO3 and 
calcite content) assumes the role of a paleoproductivity indicator. At the 
same time, the organic matter decomposition produces the enrichment 
of the bottom water in phosphorus (and in other nutrient elements) 
which passes into solution in the form of PO4

3− . The upwelling of these 
nutrient-rich bottom waters (mainly the LIW, see paragraph 5.3) further 
promotes the surface productivity and, depending on the conditions, the 
preservation of phosphorus in sediments, being adsorbed on 
oxy-hydroxides or forming authigenic apatite (Tribovillard et al., 2006; 
Scopelliti et al., 2010). As a consequence, phosphorus gives indication 
both on enhanced sea surface fertility and active water column circu
lation. In the MSNt-s, Ca/Al and P/Al show the same trend, with higher 
values in the marly levels, which is also synchronous with that of the 
Hydrogen Index. This is in agreement with the higher H/C ratio char
acterizing the marine organic matter, enriched in lipids and proteins, 
compared to the carbohydrate-rich constituents of land plants. As a 
consequence, an increase in HI indicates periods of enhanced marine 
productivity (Killops and Killops, 2013). More in detail, Fig. 5 shows 
that the productivity follows the insolation curve, only weakly subor
dinate to the influence of obliquity. It increases in the marls but a 
maximum of productivity is recorded when insolation minima coincide 
with obliquity maxima during G1 and G3. Conversely, when insolation 
minima coincide with obliquity minima the productivity is less 
pronounced.

The Ba/Al ratio, commonly used as a reference paleoproductivity 
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indicator, in the MSNt-s shows a different pattern with respect to the 
above considered proxies, and is not comparable with the Ba/Al profile 
from the Eastern Mediterranean ODP Site 967 (Grant et al., 2022). As 
shown in Fig. 3, a clear relation with the lithology is lacking, this ratio 
being characterized by a wide increase in the marls between the sap
ropels A4 and A4/5 and two sharp peaks above the sapropels A2 and A3. 
Enrichments in barium just above anoxic levels are common and well 
known as “barium diagenetic fronts” (van Os et al., 1991, 1994; Torres 
et al., 1996). Barium, in fact, is generally fixed in sediments as barite 
(BaSO4) but this mineral can be used as a final electron acceptor during 
the oxidation of organic matter as anoxic conditions prograde. As a 
result, barium is remobilized to re-precipitate where conditions are 
again oxygenated, forming oxidation fronts at the upper limits of sap
ropelic levels (McManus et al., 1998). For this reason the applicability of 
barium as paleoproductivity proxy is generally limited to oceanic set
tings characterized by well oxygenated bottom water (Pirrung et al., 
2008; Schoepfer et al., 2015; Cutmore et al., 2023).

In the MSNt-s, productivity variations are clearly related to the 
fluctuations in the continental inputs. In particular, as mentioned in 
section 4.4, titanium and zirconium are associated with eolian dust in
puts, while potassium and rubidium to continental runoff. During humid 
periods, heavy minerals such as zircon, titanite and rutile, very resistant 
to alteration, tend to deposit in low-energy river stretches, forming 
fluvial placer deposits. During arid periods, their transport is tied to 
eolian contribution, constituting the Saharan eolian dust that is depos
ited in basins adjacent to northern Africa (Grant et al., 2022). 
Conversely, potassium and rubidium, mainly contained in illite and 
feldspars, increase during humid periods as also documented in different 
coeval sections (Punta Piccola, Monte Singa, and Vrica) and at ODP Site 
964 A (Leg 160) (Foucault and Mélières, 2000). To summarize the 
antagonism between the riverine and eolian contribution the Rb/Zr ratio 
has been reported in Fig. 5. The high productivity marl levels are 
characterized by decrease in Rb/Zr ratio, corresponding to insolation 
minima and deposited during cold and arid periods, whilst higher values 
occur in sapropels during insolation maxima and deposited in warm/
humid periods. The increases in runoff inputs during the deposition of 
the sapropels is also confirmed by lower δ18O values (Fig. 4) and higher 
percentages in clay minerals (Fig. 5).

Quartz shows an anomalous trend with an increase upwards from A4 
to A5 and peaks in the sapropels. Although quartz is a mineral associated 
with eolian dust (Foucault and Mélières, 2000) in the MSNt-s it increases 
during the insolation maxima related to more humid conditions and 
increased runoff. Nevertheless, focussing on the marl levels during MIS 
104 and G2, considered as cool periods and linked to obliquity and 
insolation minima, a smaller decrease in quartz abundance is docu
mented, that may be related to the sea level falls and greater contribu
tion of eolian dust from northern Africa.

The documented increase in freshwater inputs during insolation 
peaks is therefore closely related to the formation of sapropels, as widely 
described (Rossignol-Strick, 1983, Vergnaud-Grazzini, 1985; deMenocal 
and Tierney, 2012; Larrasoaña et al., 2013; Plancq et al., 2015; Grant 
et al., 2017), causing the establishment of a strong water column 
stratification. Actually, all redox-sensitive elements well mark the sap
ropels, but not all in the same way. To well detail the magnitude of 
anoxia among the five investigated sapropels, the “redox ladder” pro
posed by Grundl et al. (2011) and modified by Algeo and Li (2020), in 
which the thresholds for specific redox couples are illustrated (Fig. 6), is 
here considered. In this scale, the upper limit of the suboxic zone is 
defined by the NO3

− /N2 couple and the lower one by the SO4
2− /H2S 

couple. The suboxic zone is further subdivided by the MnO2/Mn2+

couple into a “suboxidized zone” having very low dissolved O2 con
centrations and a “subreduced zone” containing no dissolved O2 or H2S. 
An important reaction relative to the Fe3+/Fe2+ couple characterize the 
upper subreduced zone. Iron, being involved in the reduction reaction at 
lower Eh, passes to the divalent state Fe2+ that, if the conditions become 
euxinic (SO4

2− /H2S transition), binds to the reduced sulfur precipitating 
as pyrite.

In the MSNt-s nickel, as well as copper and zinc, shows clear en
richments in all the sapropels (Fig. 5). These elements besides entering 
into the iron sulfides or forming their own sulfides under euxinic con
ditions, are preserved in sediment also under dysoxic/suboxic condi
tions through the formation of organo-metallic complexes (Morse and 
Luther, 1999). As a consequence, their enrichment does not permit to 
distinguish the extent of the decrease in Eh (Fig. 6).

Conversely, the Fe/Al ratio shows significant enrichments only in the 
sapropels A4/5 and A5, testifying pyrite precipitation and allowing to 

Fig. 6. Redox ladder of the main redox condition proxies modified from Algeo and Li (2020). On the right the deposition redox facies of the studied MSN sapropels 
(see text).
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associate the deposition of these levels to euxinic conditions (Fig. 5). The 
capacity of cobalt to form a sulfide in solid solution with FeS2 accounts 
for the same trend recorded by Co/Al (Tribovillard et al., 2006).

Further detail can be achieved taking into account the complemen
tary geochemical behaviour of iron and manganese. The manganese 
oxides and hydroxides are involved in the oxidation of organic matter in 
the suboxic zone (Fig. 6) resulting in the reduction of Mn4+ to Mn2+

which, being much more soluble, quickly passes in solution causing 
manganese depletion in sediments. It is common that these minerals 
precipitate again when redox conditions return oxidizing, generally near 
or below the redox boundary (chemocline), resulting in manganese- 
enriched levels similar to what above described for the barium 
(Tribovillard et al., 2006). The last mechanism is probably responsible 
for the two sharp peaks recognized in the Mn/Al profile inside the 
sapropel A4 and at the top of the sapropel A2 (Fig. 3).

Given the opposite behaviour of iron and manganese, the Fe/Mn 
ratio (Figs. 5 and 6) may indicate suboxic conditions when moderate 
increases are purely determined by the dissolution of manganese oxy- 
hydroxides, is this the case of sapropels A2, A3, and A4, and euxinic 
conditions when the increases in Fe/Mn values are amplified by the 
precipitation of the iron as pyrite, as well as in sapropel A5 and, 

partially, A4/5.
Actually, only the sapropel A5 seems to exhibit fully euxinic condi

tions as also confirmed by TOC and U/Al profile (Figs. 4 and 5). Both the 
last indicators mark the sapropel A5 with a pronounced positive 
excursion. In particular, regarding the uranium, its preservation in the 
sediments as UO2 is subordinated to the reduction from U6+ to U4+. The 
change in the oxidation state is catalysed by the sulphate-reducing 
bacteria, therefore under euxinic conditions (Fig. 6) (Klinkhammer 
and Palmer, 1991; Brumsack, 2006; Scopelliti et al., 2006; Zhengji, 
2010). The U/Al pattern, coupled with the Fe/Mn and TOC ones, allows 
to discriminate two different degrees of anoxia, subreduced-partially 
euxinic associated with the sapropel A4/5, and fully euxinic character
izing the sapropel A5.

The above fits well with the lithological evidence, documented by 
Radmacher et al. (2023) and Addante et al. (2024), that the sapropel A5 
is the only one showing evident lamination, even if in the lowermost 
part of the Nb.

5.3. Paleogeographic and paleoceanographic reconstruction

The data presented in this study, and the paleoenvironment 

Fig. 7. Sedimentary logs and locations, with respect to the current topographic profile (trace A-A′), of the Manfria, Settefarine, Mineo, Ramacca, and S. Demetrio 
AGIP petroleum wells illustrating the stratigraphic sequences in the studied area (see text).
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conditions characterizing the marl/sapropel couplets above described, 
permit to attempt the reconstruction of the possible paleogeographic 
context within which the MSNt-s was deposited.

The deposition of the Monte Narbone Fm. took place between the 
units of the Sicilian Appenninic-Maghrebian chain and the Hyblean 
foreland (Fig. 1), representing a basin within the Gela foredeep. From a 
tectonic point of view, the paleogeography of the studied area during the 
interval considered was predominantly conditioned by the opening of 
the Vavilov Basin (Vav. Basin) (Savelli and Ligi, 2017) to the 
North-Northwest and the advancement of the European crystalline units 
(Eu units) (Gueguen et al., 1998) towards the South-Southeast. This 
period was also characterized by a transition from predominantly 
thin-skinned to thick-skinned tectonics (Pfiffner, 2006), causing an 
interruption in the movement towards the foreland of the Sicilian chain, 
and a change in the deformation pattern that caused the onset of strong 
uplift in the late Gelasian-early Calabrian (Gasparo Morticelli et al., 

2015). Although the persistent tectonic and volcanic activity of the area 
makes difficult estimating the exact position of the MSNt-s deposition 
areas, the identification of some structural units are documented by a 
series of seismic profiles and reconstructions from well-core data (Torelli 
et al., 1998) (Fig. 7). Structures such as the Ramacca-San Demetrio high 
were submerged elevated zones that separated the deep Ionian basin 
from the internal basin, located just in front of the chain. Further, the 
geological maps (Lentini et al., 2009, 2010; Carbone et al., 2011) show 
the presence of Pliocene-Pleistocene lithologies typical of a transition 
system between fluvial and inner/outer shelf, mainly composed by 
silty-clays and sands with mollusc fauna typical for shallow waters.

Based on these premises, a paleogeographic model during the Plio- 
Pleistocene transition is here presented, in which four structural units 
can be described (Fig. 8). The first one consists of a wide continental 
shelf characterized by predominantly Mesozoic-Cenozoic carbonate 
rocks more than 2000 m thick, known as Hyblean-Maltese platform 

Fig. 8. Paleogeographic and paleocirculation reconstruction of the studied area referred to 2.6 Ma. White thin dashed lines: current geography; EU: European; Ap- 
Mg: Appenninic-Maghrebian; Ge: Gela; Ct: Catania; Hyb-Mlt: Hyblean-Maltese; white arrows: MAW (Modified Atlantic Water); yellow arrows: LIW (Levantine In
termediate Water); black arrows: WMDW and EMDW (Western and Eastern Mediterranean Deep Water, respectively); B-B′ red line: section of profiles represented 
in Fig. 9.
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(Jongsma et al., 1985; Bishop and Debono, 1996; Schmitt et al., 2021) It 
is characterized by some emerged areas with a steep slope to the East in 
the Malta escarpment, while to the South and West, the transition to 
deep zones is more gradual (Torelli et al., 1998). The second one is the 
Sicilian Appenninic-Maghrebian (Ap-Mg) chain located in the 
North-West. It is characterized by numerous emerged areas and several 
thrust-top basins, some of which are deeper than 500 m. During the 
Plio-Pleistocene, those emerged areas were surrounded by a series of 

deltaic systems with drainage also towards the basin hosting the MSNt-s 
(Basilone, 2018; Dominici et al., 2020). The third paleogeographic 
domain is the Pelagian basin in the South-West. It represents a deep 
basin separated from the basin hosting the studied section by a system of 
horsts and grabens (Klett, 2001; Gasparo Morticelli et al., 2015; 
Maiorana et al., 2023). Finally, the Catania (Ct) foredeep, located in the 
North-East. It accounts of an area separated from the Gela (Ge) foredeep 
by a submerged structural high, tectonically active during the early 

Fig. 9. Paleoenvironmental reconstruction at 2.6 Ma of the basin conditions during the deposition of marls and sapropels of the cluster A from the MSNt-s. Three 
paleobathymetric profiles are shown according to the B-B′ section reported in Fig. 8: A) deposition of marly levels related to insolation minima and obliquity maxima 
(MIS G3 and G1); B) deposition of marly levels related to insolation and obliquity minima (MIS G2 and 104); C) deposition of sapropels during periods of insolation 
maxima (see text for details). Lithology of the well-core as in Fig. 7; MAW, LIW and EMDW as in Fig. 8.
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Gelasian, characterized by highly varied sedimentation. The sediments 
that constitute it, appear today to be disturbed by numerous tectonic 
movements characterized by magmatic activity and gravitational phe
nomena (Torelli et al., 1998). Fig. 8 also shows the pattern of currents in 
the Central-Southern Mediterranean, contextualized within the recon
structed paleogeography. The reconstruction of surface, intermediate, 
and deep currents has been made assuming that the Mediterranean 
currents have remained largely unchanged until today (Cutmore et al., 
2023), although with slight differences due to the palaeographic 
conformation of the Caltanissetta foredeep.

The deposition area of the MSNt-s was likely located in the Southwest 
portion of a structural high that separated the Gela foredeep from the 
Catania foredeep. This was determined by the convergence of the 
Sicilian chain front with the Hyblean foreland (Fig. 8). At the same time, 
this structural high can be considered as a sill controlling the water 
exchanges between the two basins and limiting the flow of the Levantine 
Intermediate Water (LIW), in particular during the sea level drops 
triggered by cool periods.

This particular paleogeographic context makes the basin particularly 
susceptible to cyclical orbital variations. During the deposition of marls 
related to insolation minima and obliquity maxima (MIS G3 and G1) the 
LIW flowed across the sill producing a strengthening of the paleo
circulation. This resulted in mixing of the water column with potential 
upwelling of nutrients which added to those transported by the LIW 
from the northeast, producing the rise in paleoproductivity and decrease 
in the deposition of clay minerals hindered by bottom currents (Figs. 5 
and 9A). Paleoproductivity increase was less pronounced during MIS G2 
and 104 linked to insolation and obliquity minima (Fig. 5). This latter 
was probably due to a slowdown of the LIW caused by both lower 
insolation and by the sea level draw down (Fig. 9B) as suggested by the 
correlation with the sea level curves proposed by Jakob et al. (2020) and 
Miller et al. (2020) reported in Fig. 4.

The marls of MIS 104 are also characterized by anomalous lighter 
δ13Cbulk values (Fig. 5), also recorded in the δ13CUvigerina spp by Zanola 
et al. (2024). This excursion may be the result of the contribution of the 
organic carbon recycling from underlying sapropel (A4/5) in response to 
a LIW slowdown. Alternatively, the lighter δ13C values may be due to the 
reinforcement of the Eastern Mediterranean Deep Water (EMDW), 
which caused the passage through the Malta escarpment of “old” and 
stagnant waters, previously trapped in the Ionian abyssal plain, driven 
by “new” and colder bottom waters formed during MIS 104 (Fig. 9B). In 
this scenario, the EMDW became particularly dense during cold periods 
(i.e. MIS 104) and underwent enhanced circulation. This increased 
density would have been a result of lower surface temperatures and 
enhanced salinity due to higher evaporation rates during cold and arid 
climatic phases. The denser water would sink more efficiently, leading 
to stronger bottom currents. As these denser waters accumulated in 
deeper parts of the basin, the hydrostatic pressure would have increased, 
essentially “pushing up” the older, stagnant deep waters that were 
previously isolated in the abyssal plains. This upward displacement, or 
shoaling of the deep water mass, allowed the stagnant deep waters to 
rise higher in the water column. Once these deep waters became shal
lower, they were able to spill over topographic barrier like the Malta 
escarpment, enabling their entry into shallower basins such as in the 
Gela foredeep. This process occurred during periods of strong climatic 
cooling, when enhanced bottom water formation intensifies deep-water 
circulation and redistributes water masses across adjacent basins. Both 
hypotheses’ accounts for slight variations in some redox proxies. Actu
ally, although the marls were formed under oxic condition, MIS G2 and 
104 show moderate increases in the Fe/Mn ratio (Fig. 5), which may also 
indicate reduced paleocirculation and reduced mixing in the sea water 
column (Żarczyński et al., 2019).

On the contrary, during periods of insolation maxima, the northward 
migration of the Intertropical Convergence Zone caused the establish
ment of humid conditions with consequent increase in the continental 
runoff from North Africa and formation of a freshwater surface layer 

(Fig. 9C). These conditions are marked in the MSNt-s by lower values in 
δ18Obulk, and increases in the Rb/Zr ratio and in abundance of clay 
minerals (Figs. 4 and 5). Moreover, the higher abundance of quartz and 
feldspars in the sapropels (Fig. 5 and Table 1) suggests a significant 
contribution from the emerged areas of the Sicilian Appenninic- 
Maghrebian chain and the Hyblean foreland.

The consequent water stratification, and the formation of variable 
dysoxic to euxinic environments, are supported by all the above 
described redox proxies and by the partial dissolution in the sapropels of 
coccoliths in the nannoplankton assemblages, as reported by Addante 
et al. (2024).

In this scenario, the sapropel A5 (Nb; i-250) differs from the others, 
with Fe/Mn and U/Al ratios giving evidence of deposition under fully 
euxinic and water-stagnation conditions. Actually, according to Rad
macher et al. (2023) and Addante et al. (2024), the Nb is the only sap
ropel showing a clear laminations, at least in its lowermost portion.

6. Conclusion

The geochemical and mineralogical data investigated at the MSNt-s 
reveal a depositional system particularly sensitive to global climatic 
variations induced by astronomical forcing during the late Pliocene and 
early Pleistocene.

By comparing our data with an original paleogeographic context, we 
propose a depositional setting subject to terrigenous inputs from the 
surrounding emerged areas and deep water influxes changing in 
response both insolation and obliquity cycles. In particular, runoff and 
anoxia were primarily associated with insolation cycles, whilst paleo
productivity and paleocurrents were linked to obliquity cycles with a 
stronger intensification of deep water influxes and nutrients upwelling 
occurred during periods of obliquity maxima.

According to our scenario, the upwelling processes characterizing 
the marls deposition were developed during the insolation minima but 
with an influence of the obliquity. More in detail, the upwelling current 
were more marked during the obliquity maxima (G1 and G3) when the 
LIW flowed across the sill from the Ionian basin, producing a strength
ening of the paleocirculation. On the contrary, during the obliquity 
minima, and in particular in the cold and arid MIS 104, the EMDW 
became particularly dense strengthening the bottom current. These cold 
denser waters pushed up the older stagnant deep waters accumulated in 
the Ionian basin favouring the crossing of the Malta escarpment. It 
activated a less marked deep water upwelling in the Gela foredeep.

Conversely, during the insolation maxima the increase in the conti
nental runoff produced a strong water stratification, weakening the LIW, 
and causing the sapropels formation. Also the redox conditions at the 
seafloor were not the same during the deposition of the sapropels A2‒ 
A5. In fact, anoxic conditions were gradually more restricted passing 
from the sapropels A2, A3 and A4, deposited under suboxic conditions, 
to the sapropels A4/5 and A5 characterized by deposition under sub
reduced and euxinic conditions, respectivelly. Actually, the develop
ment of fully euxinic environments only characterize the sapropel A5 
(Nb).
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