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f Dipartimento di Scienze Pure e Applicate, Università degli Studi di Urbino, Via Ca’ Le Suore 2-4, 61029, Urbino, Italy 
g Istituto Nazionale di Geofisica e Vulcanologia (INGV), Via di Vigna Murata 605, 00143, Roma, Italy 
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A B S T R A C T   

The Piacenzian – Gelasian transition is a time of profound changes in the Earth’s climatic regime, epitomized by 
the definitive establishment of large ice caps in the Northern Hemisphere and the beginning of the “ice ages” at 
ca. 2.6 Ma. This event is sharply documented in δ18O records globally by a prominent triplet of severe glacial 
events (MIS 100, 98 and 96) that approximate the base of the Gelasian Stage. We have reconstructed a multi- 
species planktic and benthic foraminiferal δ18O and δ13C record from the Monte San Nicola section (Sicily) 
across the Piacenzian/Gelasian boundary, with the purpose of better constraining in time the main marker 
criteria for recognition of the Gelasian GSSP (Global Boundary Stratotype Section and Point) and investigating in 
detail the paleoclimatic and paleoceanographic response of the central Mediterranean to the definitive onset of 
the Northern Hemisphere Glaciation. Our results confirm the reliability and usability of the criteria originally 
proposed for defining the Gelasian GSSP, and significantly improve their chronology and chronostratigraphic 
positioning. Beyond an obvious alternation of obliquity-driven glacial-interglacial cycles, our isotopic record 
unraveled a pervasive climate variability in the suborbital time domain, the origin of which is still ambiguous. 
Altogether data presented in this paper provide the first high resolution isotopic records shedding new light both 
on the stratigraphic and paleoclimatic evolution of the Central Mediterranean area at the beginning of the 
Northern Hemisphere Glaciation.   

1. Introduction 

The Quaternary System underwent a profound revision, after its 
formal subdivision into Subseries, the ratification of the Lower/Middle 
Pleistocene boundary and, most importantly, the lowering of the Plio
cene/Pleistocene boundary to the base of the Gelasian Stage (ca. 2.588 
Ma) (Gibbard et al., 2010; Head et al., 2021). The Gelasian, originally 

defined as the third (Upper) Stage of the Pliocene Series above the 
Piacenzian (Rio et al., 1998), currently serves as the basal chro
nostratigraphic unit of both the Pleistocene Series and the Quaternary 
System (Gibbard et al., 2010). In the wake of these changes, the scien
tific relevance of the events around the Piacenzian/Gelasian boundary is 
growing fast, and the previously overlooked Monte San Nicola section 
(southern Sicily), where the Gelasian GSSP is located, is becoming even 
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more notorious within the Quaternary scholarly community. 
The Piacenzian–Gelasian transition marks the switch from “Cool

house” to “Icehouse” climate states (Westerhold et al., 2020), a key 
event in the climatic evolution of the Cenozoic. Specifically, the “warm” 
(>2–3 ◦C than pre-industrial) mid-Piacenzian interval (ca. 3.3–3.1 Ma) 
(McClymont et al., 2020; Seki et al., 2010) was followed by a phase of 
intensifying Northern Hemisphere Glaciation that, beginning from 
glacial Marine Isotopic Stage (MIS) 100, culminated with the definitive 
establishment of large Northern Hemisphere Ice Sheets and the periodic 
deposition of ice-rafted detritus (IRD) in the North Atlantic (Jakob et al., 
2020; Rohling et al., 2014). Not by chance, MIS 100 is traditionally 
recognized as marker of the “beginning of the ice ages” (Shackleton 
et al., 1984). Long-term changes in the strength of the Atlantic Meridi
onal Overturning Circulation (AMOC) and the closure of the Central 
American Seaway have been proposed as the main drivers of this cli
matic breakthrough (Bartoli et al., 2005; Hayashi et al., 2020a,b). 
Nonetheless, the underlying mechanisms and regional responses to this 
event in the Mediterranean area are still debated and poorly docu
mented, in spite of the rich stratigraphic record straddling the interval of 
relevance and the plenty of information found within (e.g., Zijderveld 
et al., 1991; Pasini and Colalongo, 1997; Capraro et al., 2011). 

The present work is aimed at characterizing the paleoclimatic and 
paleoceanographic evolution of the central Mediterranean in the inter
val across the Piacenzian/Gelasian (current Pliocene/Pleistocene) 
boundary. In addition, it is intended to yield refined information on the 
chronostratigraphic position and age of key markers of the Gelasian 
GSSP in its type-area (Rio et al., 1998). Namely, these are the “Nicola 
bed” (i.e. MPRS A5, i-cycle 250; Fig. 1), a prominent sapropel layer that 
provides physical reference for the Piacenzian/Gelasian boundary 
(Verhallen, 1987; Zijderveld et al., 1991; Hilgen, 1991); the Gauss/
Matuyama geomagnetic reversal, which closely approximate the base of 
the Gelasian Stage (Channell et al., 1992); the Top of calcareous nan
nofossils Discoaster pentaradiatus, representing the most convenient 
event for the biostratigraphic correlation of the boundary (Raffi et al., 
2006; Rio et al., 1994). 

2. Material 

The study area is in the western sector of Monte San Nicola badlands, 
ca. 10 km north of Gela, Southern Sicily (Italy; Fig. 1a). The local stra
tigraphy consists in a stack of deep-marine, cyclically organized muds 
that contain four sapropel clusters (O, A, B, C; Verhallen, 1987; Zijder
veld et al., 1991), the uppermost sapropel of cluster A (MPRS A5, the 
notorious “Nicola bed”) being the lithological marker of Gelasian GSSP 
(Rio et al., 1998). We focused our investigation on the lower part of the 
“Mandorlo” section of Capraro et al. (2022), which is characterized by a 
better exposure, ease of access and stratigraphic continuity with respect 
to the historical “Type” section of Channell et al. (1992), where the 
Gelasian GSSP has been defined (Rio et al., 1998). As previously 
demonstrated by Becker et al. (2005) for the MIS 100 interval in a 
stratigraphic profile close to the Mandorlo section, the succession of 
relevance is perfectly suited for high-resolution paleoclimatic and 
paleoceanographic studies. 

We reconstructed a low-resolution isotopic record for C. pachyderma 
and G. ruber in the interval between − 745 cm (slightly above sapropel 
A1) and +475 cm (lower part of the gray clayey band separating sap
ropel clusters A and B) using the samples presented in Capraro et al. 
(2022), which were collected every 33 cm. The high-resolution isotopic 
record for Uvigerina spp was obtained from a set of 200 samples, 
collected along the very same profile every 5 cm, in the interval between 
− 300 cm (= top of sapropel A4) and +700 cm (= just above the dark 
clayey layer associated to i-cycle 242). For the sake of consistency, the 
top of the Nicola bed was established as the stratigraphic reference 
(zero) level for both records. Prominent physical stratigraphic markers 
above and below the boundary ensure correlation between the datasets, 
which however proved to overlap almost perfectly with no need for 

further calibration. 

3. Methods 

3.1. Stable isotopes 

Stable isotope analyses for G. ruber and C. pachyderma were carried 
out on 30 and 27 samples, respectively (Fig. 2; Table 1). For Uvigerina 
spp, 193 data points have been generated out of the 200 investigated 
samples, because 7 specimens from within sapropel A5 were barren of 
suitable benthic meiofauna. 

Regarding Uvigerina spp, 15 specimens per sample were treated 
before the isotopic analysis according to the classical foraminiferal tests 
cleaning protocol (Shackleton et al., 1995). Foraminifer tests were 
gently crushed in glass vials, soaked in H2O2 (3%) for 30 min, soaked in 
acetone within an ultrasound bath for 30 s, and finally dried in oven at 
50 ◦C for 12 h. Measurements were carried out at the mass spectrometer 
laboratory of the Department of Geosciences of the University of Padova 
by means of a Thermo Scientific Delta V Advantage mass spectrometer 
linked to an automated continuous flow Gas Bench II. Samples acidifi
cation was performed at 70 ◦C. An internal standard for quality control 
(marble from the contact aureola of the Monzoni intrusive complex, the 
Dolomites, with δ18O = − 10.44 and δ13C = 0.68) was measured every 
ca. 30 samples; a second standard for calibration (Carrara marble with 
δ18O = − 1.15 and δ13C = 2.58) was measured at least every 7 samples. 
The isotopic composition of the standards is periodically tested against 
international standards. The external error, derived by repeated mea
sures of the quality control standard, is better than 0.05 ‰ and better 
than 0.10 ‰, respectively for δ13C and δ18O. All the isotopic data are 
given as per mil (‰) relative to the VPDB standard. 

Analyses for G. ruber and C. pachyderma (10–15 foraminifer tests per 
species/sample) were performed at the IAS-CNR (Capo Granitola) 
isotope geochemistry laboratory by means of a ThermoElectron Delta V 
mass spectrometer coupled to an automated continuous flow carbonate 
preparation GasBenchII device (Spötl and Vennemann, 2003). Samples 
acidification was performed at 50 ◦C. An internal standard (Carrara 
Marble with δ18O = − 2.43 vs. VPDB and δ13C = 2.43 vs. VPDB) was run 
every 6 samples. Given the small number of samples, a sample of NBS19 
international standard was only measured at the beginning of the 
analysis. Standard deviations of carbon and oxygen isotope measures 
were estimated at 0.06 and 0.1 ‰, respectively. All isotope data are 
reported in per mil (‰) relative to the VPDB standard. 

3.2. Spectral analysis 

The analysis of non-stationary (frequency changes with time) and 
non-linear signals was performed by applying the Ensemble Empirical 
Mode Decomposition algorithm (EEMD) by (Wu and Huang, 2009). The 
EEMD is an adaptive noise-assisted data analysis method that improves 
the ordinary Empirical Mode Decomposition (EMD) by (Huang et al., 
1998). Decomposition provides a powerful method to investigate the 
different processes behind a given time series data and separates short 
time-scale events from a general trend. This technique is based on the 
assumption that any complicated signal can be decomposed into a finite, 
often small, number of components defined as “Intrinsic Mode Func
tions” (IMFs) (Huang et al., 1998). Each IMF represents an embedded 
characteristic simple oscillation on a separated timescale. IMF compo
nents were analyzed with “REDFIT” and Wavelet transform (WT). All 
data were detrended prior to running the spectral analysis, subtracting a 
linear regression line from the analyzed data. All analyses were carried 
out with R (version 4.1.3) using the Rlibeemd (Luukko et al., 2016), 
dplR (Bunn, 2010), and Biwavelet (Liu et al., 2007) packages. 
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Fig. 1. A) Position of the Monte San Nicola area (red box) within the Caltanissetta sedimentary Basin (Sicily). B) Sapropel clusters O and A (upper Piacenzian) in the 
badlands close to the Mandorlo section. Yellow asterisks indicate the “Nicola bed” (sapropel A5), physical reference for the Piacenzian/Gelasian boundary. The 
tripartite gray band (gb in figure) at the change of slope above the “Nicola bed” contains the MIS 100 – MIS 96 interval. C) Essential stratigraphic information for the 
Mandorlo section (modified from Capraro et al., 2022). Left: magnetostratigraphy of section. R: Reunion; M: Matuyama. Right: lithological log; legend is reported 
above. Individual sapropel layers of clusters A, B and C are labeled in blue. Purple stars: episodic influxes of left-coiled Neogloboquadrina atlantica, deemed as 
correlative to MIS 100, 98 and 96 (see Becker et al., 2005). D) Blow-up of the stratigraphic interval of relevance for this study. Left: chronostratigraphic, lithological, 
and magnetostratigraphic logs (same as above). Right: the δ18O record for Uvigerina spp, with indication of glacial (blue) and interglacial (red) MISs. Light blue bands 
indicate glacial intervals. Purple stars as above. Green lines: stratigraphic position of the biohorizons identified within the interval of relevance (see Capraro et al., 
2022). Tc: Top common. The thin orange line marks the Piacenzian/Gelasian boundary. The dashed line indicates the position of the Gauss/Matuyama geomagnetic 
reversal as defined by Capraro et al. (2022). 
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4. Results and discussion 

4.1. Oxygen isotope stratigraphy and chronology 

In our multi-species δ18O record, the major isotopic events known to 
occur in the interval ~2.7–2.5 Ma are unambiguously depicted (Fig. 2). 
In particular, the high-resolution record of Uvigerina spp clearly de
lineates the obliquity-driven δ18O oscillations between MIS G1 and MIS 
99, as reported by Lisiecki and Raymo (2005). Both the “Nicola bed” 
(sapropel A5: 0.25 – 0 m) and the Gauss/Matuyama geomagnetic 
reversal, as defined by Capraro et al. (2022) at +0.3 m, fall unequivo
cally in the lower part of full MIS 103 (Fig. 2), in agreement with the 
Mediterranean deep-sea and open ocean records (Emeis et al., 2000; 

Grant et al., 2017; Laj and Channell, 2007, 2015; Lourens et al., 1996). 
The age model was assessed by linear interpolation among 9 tie- 

points (Table 1) identified as distinctive peaks in the δ18O stratigraphy 
and/or sapropel layers. The LR04 benthic stack (Lisiecki and Raymo, 
2005) was employed as target curve in defining the ages for MIS 99, 100, 
102 and 104. Ages for sapropel layers A5, A4/5, A4, A3 and A2 were 
imported from astronomically calibrated eastern Mediterranean 
deep-sea records (Emeis et al., 2000; Lourens et al., 1996). Alignment of 
our multi-species δ18O record to the LR04 benthic stack, as well as the 
position of sapropel layers, is shown in Fig. 2. In the studied segment, 
sediment accumulation rates oscillate on average around 7 cm/kyr, in 
general agreement with previous estimates obtained for the lower part 
of the Mandorlo section (Capraro et al., 2022) and other central 

Fig. 2. The multi-species δ18O record reconstructed for this work presented in time, according to our age model, and its correlation to other significant records. Left: 
essential chronostratigraphic information on the studied record, with indication of sapropel position. (A) High-resolution δ18O record for Uvigerina spp (blue). (B) 
δ18O record for G. ruber (red) compared to (C) the precession curve (sea green) of Laskar et al. (2004). (D) δ18O record for C. pachyderma (dark green). (E) The LR04 
benthic δ18O stack (black) of Lisiecki and Raymo (2005). (F) The Ba/Al ratio measured at ODP Site 967 (brown) by Grant et al. (2017). (G) The δ18O record for 
G. ruber at ODP 967 site (orange) by Kroon et al. (1998). (H) The composite PP-MSN Alkenone-derived Mediterranean SST record (purple) of Herbert et al., (2015), 
2016; PP = Punta Piccola, MSN = Monte San Nicola. (I) The relative sea level (RSL) curve for the North Atlantic (open circles) by Jakob et al. (2020). All isotope data 
are reported in per mil (‰) relative to the VPDB standard. The thicker gray bands indicate glacial periods (MIS G2, 104, 102, 100), while the thinner ones highlight 
the cluster A sapropels occurrences (A5, A4/5, A4, A3, A2). 
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Mediterranean deep-sea successions (Capraro et al., 2011; Incarbona 
et al., 2009; Toucanne et al., 2012) (Table 1). The depth/age plot shows 
a R2 = 0.996 value for the polynomial best fit (Fig. 3). 

MIS 100 was a period of massive ice accumulation rates in the 
Northern Hemisphere and severe decrease in the global (eustatic) sea 
level (Jakob et al., 2020; Rohling et al., 2014) (Fig. 2). According to the 
paleotemperature reconstructions of Herbert et al. (2016, 2015) for the 
Monte San Nicola – Punta Piccola composite section, the MIS 100 
glaciation caused a ~4 ◦C decrease in the central Mediterranean SSTs (i. 
e., from ~23 ◦C in MIS 104 to ~19 ◦C in MIS 100). In the Mandorlo 
section, in agreement with most δ18O records globally (Lisiecki and 
Raymo, 2005), MIS 100 provides a sharp isotopic signature as it includes 
the highest δ18O values of the whole study record for both 
C. pachyderma, G. ruber and Uvigerina spp (Fig. 2). The MIS 100 interval 
contains the Top of D. pentaradiatus, arguably the most reliable and 
convenient biohorizon for approximating the base of the Gelasian Stage 
(Channell et al., 1992; Rio et al., 1998), that in the Mandorlo section was 
constrained by Capraro et al. (2022) at ~4.6 m above the Nicola bed 
(Fig. 2), with an estimated age of ~2.512 Ma, in line with previous as
tronomical estimates obtained in Sicily and the eastern Mediterranean 
(Hilgen, 1991; Lourens et al., 1996; Raffi et al., 2006; Sprovieri et al., 

1998). Data presented in this paper allowed establishing a new inter
polated age for the Gauss/Matuyama reversal (as defined in Capraro 
et al., 2022) of 2.585 ± 0.006 Ma, consistent with the widely accepted 
2.581–2.587 Ma estimates (Cande and Kent, 1995; Lourens et al., 1996; 
Ohno et al., 2012). 

All the Mediterranean Precession-Related Sapropel layers (MPRS) of 
cluster A fall as expected in our benthic isotope stratigraphy, with the 
exception of sapropel A1 that was not considered in Capraro et al. 
(2022) (Fig. 2). Namely, A2 and A3 occur at the onset and the end of MIS 
G3 respectively, A4 and A4/5 at the onset and end of MIS G1 respec
tively, A5 (the “Nicola bed”) in MIS 103. Individual sapropel layers 
correspond to low δ18O values of the surface-dwelling G. ruber, pointing 
to conditions of strong stratification of the water column with warm, 
low-salinity waters atop (Kroon et al., 1998). These conditions are in 
keeping with the well-established scenario of increased 
monsoon-related freshwater runoff from the coasts of North Africa 
during periods of insolation maxima (i.e., precession minima) and sap
ropel deposition in the eastern Mediterranean (Amies et al., 2019; 
Rohling et al., 2002, 2004a,b, 2015). Consequently, the two records 
oscillate out of phase in correspondence to the sapropel layers of cluster 
A, when the precession-related climate forcing over the Mediterranean 
intensified and eventually took over the background glacioeustatic 
(obliquity-driven) signal (Fig. 2). However, the mismatch of G. ruber and 
Uvigerina spp δ18O curves may be an artefact due to different resolution 
and in any case may reflect the different habitats of the two species, 
respectively dependent on the evaporation versus runoff and precipita
tion balance and on deepwater and seafloor dynamics (Di Donato et al., 
2022; Incarbona and Sprovieri, 2020; Rohling et al., 2004a,b). 

4.2. Suborbital climate variability 

Becker et al. (2005) analyzed the fine-scale anatomy of the strati
graphic interval between MIS 101 and MIS 99 in a profile adjacent to the 
Mandorlo section, to discover that the MIS 100 glacial was characterized 
by a pervasive suborbital climatic variability (in the 4–8 kyr time 
domain) in the benthic δ18O record. We have broadened the investiga
tion to the interval between the MIS G2/MIS G1 transition and the 

Table 1 
Main chronostratigraphic tie-points (MIS and MPRS) employed to assess the age- 
depth plot reported in Fig. 3, together with estimated sediment accumulation 
rates, resolution in kyrs (per 5 cm) and references, respectively. Our tuning error 
is comparable to the uncertainty of LR04 stack (adopted target curve for the 
tuning) which was estimated to be 0.006 Ma for the time interval between 3 and 
1 Ma (Lisiecki and Raymo, 2005).  

Tie-point Level 
(cm) 

Age 
(ka) 

Sed. 
rate 
(cm/ 
kyr) 

Resolution in 
kyr (x 5 cm) 

References 

MIS 99 600 2507.5   LR04 benthic 
stack (Lisiecki 
and Raymo, 
2005)    

10.4 0.479  
MIS 100 365 2530   LR04 benthic 

stack (Lisiecki 
and Raymo, 
2005)    

5.4 0.921  
MIS 102 175 2565   LR04 benthic 

stack (Lisiecki 
and Raymo, 
2005)    

7.6 0.657  
Nicola bed 

(A5) 
(midst 
MIS 103) 

0 2588   (Emeis et al., 
2000; Lourens 
et al., 1996)    

8.7 0.574  
MIS 104 − 170 2607.5   LR04 benthic 

stack (Lisiecki 
and Raymo, 
2005)    

5.7 0.875  
A4/5 (end 

MIS G1) 
− 190 2611   (Emeis et al., 

2000; Lourens 
et al., 1996)    

5.2 0.955  
A4 (onset 

MIS G1) 
− 300 2632   (Emeis et al., 

2000; Lourens 
et al., 1996)    

5.5 0.912  
A3 (end 

MIS G3) 
− 442.5 2658   (Emeis et al., 

2000; Lourens 
et al., 1996)    

8.1 0.618  
A2 (onset 

MIS G3) 
− 612.5 2679   (Emeis et al., 

2000; Lourens 
et al., 1996)  

Fig. 3. Age-depth plot based on the major chronostratigraphic events recog
nized in the lower part of the Mandorlo section. The orthogonal polynomial 
regression line equation and the R-squared coefficient are explicitly reported. 
Corresponding ages and levels in the local stratigraphy are reported in Table 1. 
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uppermost part of MIS 99 with a resolution of one sample every 5 cm (i. 
e., ~750 yr on average), slightly looser than that attained by Becker 
et al. (2005) (i.e. one sample every 3 cm, that is ~430 yr average) but 
still adequate to unveil the possible presence of suborbital signals 
within. Evidence of a strong short-term variability was found across a 
large part of our Uvigerina spp δ18O record (Fig. 4A). Spectral analysis 
indicates that such oscillations abide to a 4–6 kyr periodicity, significant 
at the 95% confidence level (Fig. 5A). Wavelet analysis (Fig. 5B) con
firms that this signal is strong throughout the 2540-2500 ka (MIS 100) 
interval, but also from 2630 to 2590 ka (MIS G1 – MIS 104). 

By analogy with the interpretations proposed to explain the high- 
frequency climatic fluctuations found in the late Pleistocene and Holo
cene (i.e., the Dangsaard-Oeschger and Bond cycles; Cacho et al., 2000; 
Moreno et al., 2005), one may speculate that the millennial-scale os
cillations found in the Mandorlo section might have been driven by the 
dynamics of the Atlantic Ocean. Indeed, a tight relationship is believed 
to have occurred between the changes in the strength of the Atlantic 
Meridional Overturning Circulation (AMOC) and the short-term climate 
variability in the Mediterranean across the last glacial cycles (Cacho 
et al., 2000; Moreno et al., 2005; Sprovieri et al., 2012), according to 
mechanisms that may also be inferred for the MIS 100 and MIS 104 
glacials. Our data show that millennial scale variability is a pervasive 
characteristic of our record and a ~5 kyr-periodicity is also manifest 
within interglacial MIS G1 (Fig. 4B–5B). Interglacial climate instability 
at the suborbital scale is well documented for the Holocene and MIS 5 
(Incarbona et al., 2008; Martrat et al., 2014; Mayewski et al., 2004; 
Oppo et al., 2001; Sprovieri et al., 2006; Tzedakis et al., 2018), and 
recently the relative sea-level reconstruction of Jakob et al. (2020) for 

the North Atlantic provides evidence of a strong high-frequency inter
glacial variability across the Piacenzian-Gelasian transition as well 
(Fig. 4D). Regarding another possible origin of the 5 kyr cycle at Monte 
San Nicola, wavelet analyses (Fig. 5) indicate that the strength of the 
suborbital signal varies in phase with the ca. 20-kyr precessional 
cyclicity (peaks ~2630 ka, i.e. i-cycle 254, A4, G2/G1 transition; at 
~2600 ka, i.e. i-cycle 252, A4/5, MIS 104; at ~2530, i.e. onset MIS 100 
and at ~2510 ka, i.e. end MIS 100 2530, 2600, and 2630 ka), thus 
suggesting that the observed millennial-scale climate variability during 
the time interval analyzed in this study may primarily respond to 
low-latitude processes. Regardless, the underlying mechanism for the 
strong suborbital signal found within our record remain ambiguous in 
the lack of independent auxiliary data, and this topic falls beyond the 
scope of this paper. 

5. Conclusions 

The planktonic and benthic foraminifera δ18O and δ13C records 
reconstructed for the Mandorlo section across the Piacenzian/Gelasian 
boundary unraveled a long-term, obliquity-driven glacial-interglacial 
variability that is fully consistent with the open ocean records glob
ally. Superimposed is a high-frequency cyclicity in the ca. 5-kyr time 
domain, which is especially manifest during two (MIS 104 and MIS 100) 
of the three glacial periods found within our study interval. Yet, inter
glacial MIS G1 and glacial MIS 104 contains evidence of a fully com
parable suborbital cyclicity, the origin of which remain ambiguous. 
Although we speculate that the dynamics of Atlantic Ocean and/or the 
orbital precession may play a critical role in this regard, further studies 

Fig. 4. (A), (B) The high-resolution δ18O (blue) and δ13C (light green) records for Uvigerina spp, respectively, compared to other crucial Mediterranean and open 
ocean records. On the bottom: chronology of the studied record and indication of glacial/interglacial periods (MISs). (C) The Alkenone-derived Mediterranean SST 
reconstruction (purple curve) of Herbert et al. (2015, 2016). (D) The relative sea level (RSL) curve for the North Atlantic (black) by Jakob et al. (2020). The thicker 
gray bands highlight glacial periods (MIS 104, 102 and 100) while the thinner gray bands point out the sapropels occurrences (A5, A4/5 and A4). 
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will be needed to shed new light on the issue. 
On top of these results, we also confirmed and refined the chronology 

of the bio-magnetostratigraphic events identified by Capraro et al. 
(2022) around the Piacenzian/Gelasian boundary. Specifically, for the 
very first time in the Monte San Nicola section it is demonstrated that 
both the “Nicola bed” (sapropel A5) and the Gauss/Matuyama 
geomagnetic reversal occur in the midst of interglacial MIS 103, in 
keeping with open-ocean reference records. These results both confirm 
the reliability of this succession as the type-area for the Gelasian GSSP 
and emphasize its aptness to serve as a reference for high-resolution 
paleoclimatic and paleoceanographic studies in the upper Piacenzian 
to lower Calabrian interval. 
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Sierro, F.J., 2005. Links between marine and atmospheric processes oscillating on a 
millennial time-scale. A multi-proxy study of the last 50,000yr from the Alboran Sea 
(Western Mediterranean Sea). Quat. Sci. Rev. 24, 1623–1636. https://doi.org/ 
10.1016/j.quascirev.2004.06.018. 

Ohno, M., Hayashi, T., Komatsu, F., Murakami, F., Zhao, M., Guyodo, Y., Acton, G., 
Evans, H.F., Kanamatsu, T., 2012. A detailed paleomagnetic record between 2.1 and 
2.75 Ma at IODP site U1314 in the North Atlantic: geomagnetic excursions and the 
Gauss-Matuyama transition. Geochem. Geophys. Geosystems 13. https://doi.org/ 
10.1029/2012GC004080. 

Oppo, D.W., Keigwin, L.D., McManus, J.F., Cullen, J.L., 2001. Persistent suborbital 
climate variability in marine isotope stage 5 and termination II. Paleoceanography 
16, 280–292. https://doi.org/10.1029/2000PA000527. 

Pasini, G., Colalongo, M.L., 1997. The pliocene–Pleistocene boundary-stratotype at 
Vrica, Italy. In: Van Couvering, J.A. (Ed.), The Pleistocene Boundary and the 
Beginning of the Quaternary. Cambridge University Press, pp. 15–45. 
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Sprovieri, R., 2012. Centennial- to millennial-scale climate oscillations in the 
Central-Eastern Mediterranean Sea between 20,000 and 70,000 years ago: evidence 
from a high-resolution geochemical and micropaleontological record. Quat. Sci. Rev. 
46, 126–135. https://doi.org/10.1016/j.quascirev.2012.05.005. 

Sprovieri, R., Di Stefano, E., Howell, M., Sakamoto, T., Di Stefano, A., Marino, M., 1998. 
Integrated calcareous plankton biostratigraphy and cyclostratigraphy at Site 964. 
Proc. Ocean Drill. Progr. Sci. Results. 

Sprovieri, R., Stefano, E.D., Incarbona, A., Oppo, D.W., 2006. Suborbital climate 
variability during Marine Isotopic Stage 5 in the central Mediterranean basin: 
evidence from calcareous plankton record. Quat. Sci. Rev. 25, 2332–2342. https:// 
doi.org/10.1016/j.quascirev.2006.01.035. 

Toucanne, S., Jouet, G., Ducassou, E., Bassetti, M.-A., Dennielou, B., Minto’o, C.M.A., 
Lahmi, M., Touyet, N., Charlier, K., Lericolais, G., Mulder, T., 2012. A 130,000-year 
record of Levantine Intermediate water flow variability in the Corsica trough, 
western Mediterranean sea. Quat. Sci. Rev. 33, 55–73. https://doi.org/10.1016/j. 
quascirev.2011.11.020. 

Tzedakis, P.C., Drysdale, R.N., Margari, V., Skinner, L.C., Menviel, L., Rhodes, R.H., 
Taschetto, A.S., Hodell, D.A., Crowhurst, S.J., Hellstrom, J.C., Fallick, A.E., 
Grimalt, J.O., McManus, J.F., Martrat, B., Mokeddem, Z., Parrenin, F., Regattieri, E., 
Roe, K., Zanchetta, G., 2018. Enhanced climate instability in the North Atlantic and 
southern Europe during the last interglacial. Nat. Commun. 9, 4235. https://doi.org/ 
10.1038/s41467-018-06683-3. 

Verhallen, P.J.J.M., 1987. Early development of Bulimina marginata in relation to 
paleoenvironmental changes in the Mediterranean. Proc. K. Akad. Voor Wet. 

E. Zanola et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/S0031-0182(00)00059-6
https://doi.org/10.1016/S0031-0182(00)00059-6
https://doi.org/10.1002/jqs.1338
https://doi.org/10.1016/j.quascirev.2017.07.005
https://doi.org/10.1038/s43247-020-00023-4
https://doi.org/10.1038/s43247-020-00023-4
https://doi.org/10.1038/s43247-020-00023-4
https://doi.org/10.1038/s43247-020-00023-4
https://doi.org/10.18814/epiiugs/2020/020084
https://doi.org/10.18814/epiiugs/2020/020084
https://doi.org/10.1038/ngeo2813
https://doi.org/10.1016/j.epsl.2014.10.006
https://doi.org/10.1016/0012-821X(91)90206-W
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1029/2020PA004009
https://doi.org/10.2307/1484315
https://doi.org/10.2307/1484315
https://doi.org/10.1029/2007PA001581
https://doi.org/10.1029/2007PA001581
https://doi.org/10.1073/pnas.2004209117
https://doi.org/10.2973/odp.proc.sr.160.071.1998
https://doi.org/10.1016/B978-0-444-53802-4.00104-4
https://doi.org/10.1016/B978-044452748-6.00095-X
https://doi.org/10.1016/B978-044452748-6.00095-X
http://refhub.elsevier.com/S0277-3791(23)00517-6/optF6BnbjT90m
http://refhub.elsevier.com/S0277-3791(23)00517-6/optF6BnbjT90m
http://refhub.elsevier.com/S0277-3791(23)00517-6/optF6BnbjT90m
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1175/2007JTECHO511.1
https://doi.org/10.1029/96PA01125
https://doi.org/10.1007/s00180-015-0603-9
https://doi.org/10.1016/j.quascirev.2014.06.016
https://doi.org/10.1016/j.quascirev.2014.06.016
https://doi.org/10.1016/j.yqres.2004.07.001
https://doi.org/10.1016/j.yqres.2004.07.001
https://doi.org/10.5194/cp-16-1599-2020
https://doi.org/10.1016/j.quascirev.2004.06.018
https://doi.org/10.1016/j.quascirev.2004.06.018
https://doi.org/10.1029/2012GC004080
https://doi.org/10.1029/2012GC004080
https://doi.org/10.1029/2000PA000527
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref38
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref38
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref38
https://doi.org/10.1016/j.quascirev.2006.07.007
https://doi.org/10.1016/j.quascirev.2006.07.007
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref40
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref40
https://doi.org/10.18814/epiiugs/1998/v21i2/002
https://doi.org/10.1016/S0012-821X(02)00775-6
https://doi.org/10.1038/nature02859
https://doi.org/10.1016/S0377-8398(03)00068-9
https://doi.org/10.1038/nature13230
https://doi.org/10.1016/j.earscirev.2015.01.008
https://doi.org/10.1016/j.epsl.2010.01.037
https://doi.org/10.1038/307620a0
https://doi.org/10.1038/307620a0
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref49
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref49
https://doi.org/10.1002/rcm.1010
https://doi.org/10.1016/j.quascirev.2012.05.005
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref52
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref52
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref52
https://doi.org/10.1016/j.quascirev.2006.01.035
https://doi.org/10.1016/j.quascirev.2006.01.035
https://doi.org/10.1016/j.quascirev.2011.11.020
https://doi.org/10.1016/j.quascirev.2011.11.020
https://doi.org/10.1038/s41467-018-06683-3
https://doi.org/10.1038/s41467-018-06683-3
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref56
http://refhub.elsevier.com/S0277-3791(23)00517-6/sref56


Quaternary Science Reviews 324 (2024) 108469

9

Westerhold, T., Marwan, N., Drury, A.J., Liebrand, D., Agnini, C., Anagnostou, E., 
Barnet, J.S.K., Bohaty, S.M., De Vleeschouwer, D., Florindo, F., Frederichs, T., 
Hodell, D.A., Holbourn, A.E., Kroon, D., Lauretano, V., Littler, K., Lourens, L.J., 
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