
Holocene palaeoclimatic evolution in the North Ionian Basin of the 
Mediterranean Sea: A multiproxy approach

L. Bronzo a,b,c,*, A. Cascella b, S. Bonomo b,d, C. Morigi c, I. Cacho e, G. Margaritelli f, J. Frigola e,  
L.D. Pena e, F. Lirer g
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A B S T R A C T

We analyse the ND14Mbis gravity core obtained from the North Ionian Basin using a multi-proxy approach 
(calcareous nannofossils, planktonic foraminifera, geochemistry, X-ray fluorescence), to improve knowledge of 
Holocene palaeoclimatic and palaeoceanographic evolution. Wavelet analysis of the cold water coccolith species 
group (Emiliania huxleyi > 4 μm and Gephyrocapsa muellerae) reveals a 1.6 ky periodicity, which closely matches 
the 1.5 ky North Atlantic Bond cycles. On shorter timescales, our high-resolution analysis allows the identifi
cation of major climatic events, including the latter part of the African Humid Period (10–5.4 ky BP) and the 
deposition of the Sapropel 1 interval (S1, 10–6.6 ky BP), as well as the Pre-Roman (4.1–2 ky BP), Roman (2–1.5 
ky BP) and Post-Roman (1.5–0 ky BP) periods. During the African Humid Period, the S1 interval is clearly marked 
by the distribution of Florisphaera profunda, Syracosphaera pulchra, Braarudosphaera bigelowii and warm water 
taxa (Calciosolenia sp., Discosphaera tubifera, Oolithotus fragilis, Rhabdosphaera clavigera, Umbilicosphaera sp. and 
Umbellosphaera tenuis), reworked coccoliths and XRF signals. Our findings show that S1 anoxic bottom-water 
conditions were interrupted during two short spells of climate cooling that coincide with the 8.2 and 7.4 ky 
BP climate events. Drier conditions developed at the end of the African Humid Period, with intermittent humid 
intervals. These episodes were likely governed by the negative shifts of the North Atlantic Oscillation system, 
whose influence progressively intensified after 4.2 ky BP, as reflected by the oscillations in holococcolith 
abundance and K/Al curves.

1. Introduction

Thanks to its unique geographic position, the Mediterranean region 
plays an excellent role for investigating rapid climate variability during 
the Holocene. Being located in a transitional zone between North Afri
can and European climates, it is influenced by the interplay of several 
atmospheric systems, including tropical circulation cells (Azores high- 
pressure centre) and mid-latitude westerlies and cyclogenesis (Icelan
dic low-pressure centre) (Bolle, 2003; Tzedakis et al., 2009). Mediter
ranean precipitation patterns are strongly impacted by the interaction 
between these atmospheric systems, but also by the oscillatory 

phenomena acting from seasonal to decadal scales, such as the North 
Atlantic Oscillation (NAO) system, the variability of the African 
monsoon and global-scale climatic fluctuations such as El Niño Southern 
Oscillation (Wanner et al., 2001; Kalimeris et al., 2017 and references 
therein).

The Holocene (Walker et al., 2009) climatic variability in the Med
iterranean has been extensively studied, revealing a complex nature 
driven by oscillations from centennial to millennial timescales (O’Brien 
et al., 1995; Rohling et al., 1995, 2009; Wanner et al., 2011). This period 
has been punctuated by several quasi-periodic rapid climatic changes 
(Mayewski et al., 2004) and modifications in hydrological features via 
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freshwater inputs and/or enhanced evaporation that have been docu
mented in different marine and continental archives (e.g. Rossignol- 
Strick et al., 1982; Rohling, 1994; Rohling and De Rijk, 1999; Duplessy 
et al., 2005; Finné et al., 2019 and references therein).

Globally, external factors such as solar irradiance oscillations (e.g. 
Van Geel et al., 1999; DeMenocal et al., 2000; Vonmoos et al., 2006; 
Shindell et al., 2020) and volcanic activity (e.g. Shindell et al., 2003; 
Wagner and Zorita, 2005; Kobashi et al., 2017), along with oceanic- 
triggered internal factors (e.g. Broecker, 2001; Debret et al., 2007, 
2009; Sorrel et al., 2012), have been recognised as some of the main 
forcings of natural climate variability over the past 11.7 ky BP (e.g. rapid 
climate changes) (Mayewski et al., 2004). The overall Holocene Medi
terranean climate variability passed through three main phases: a humid 
phase from the Early Holocene until 7.7 ky BP (Middle Holocene), an 
intermediate transitional period (Middle Holocene) from 7.7 to 5.5 ky 
BP, and arid conditions (Middle to Late Holocene) developed from 5.5 
ky BP onwards (Magny et al., 2002, 2013; De Beaulieu et al., 2005; 
Frigola et al., 2007; Tzedakis et al., 2007; Sadori et al., 2008; Jalut et al., 
2009; Vanniére et al., 2011; Siani et al., 2013). The first two phases 
correspond to the African Humid Period constrained approximately 
between 11.7 and 5.5 ky BP (Jolly et al., 1998; DeMenocal et al., 2000; 
Skonieczny et al., 2015) when an insolation-driven northward shift of 
the African tropical rain belt led to the formation of Sapropel 1 (S1) 
anoxic layer in the Eastern Mediterranean between approximately c.a. 
10 and 6 cal. ky BP (e.g. Ritchie et al., 1985; Gasse, 2000; De Lange et al., 
2008; Hennekam et al., 2014). This general pattern is superimposed on 
the timing of Holocene shorter climate change events (e.g. O’Brien et al., 
1995; Bond et al., 2001; Rohling et al., 2002; Mayewski et al., 2004
among others). In particular, the 1.5 ky cycle of climate variability 
recognised in the North Atlantic region by Bond et al. (2001), has been 
addressed to major millennial scale warm/cold and humid/arid climate 
shifts in the Mediterranean and European regions (Desprat et al., 2013; 
Magny et al., 2013; Margaritelli et al., 2016; Di Rita et al., 2019). Over 
the last c.a. 5 ky BP, the recent literature highlighted that such short- 
term climate oscillations were documented in the Mediterranean, and 
could be chronologically correlated with the major archaeological sub
divisions (Roberts et al., 2011; Lirer et al., 2014, 2019; Cisneros et al., 
2016; Margaritelli et al., 2016, 2018, 2020) namely the Bronze Age, Iron 
Age, Roman Period, Late Antique Little Ice Age, Medieval Climate 
Anomaly and Little Ice Age.

The study of calcareous nannofossil assemblages has been proven to 
be a valuable tool for reconstructing Holocene paleoclimatic events in 
the Mediterranean Basin (e.g. Negri and Giunta, 2001; Sprovieri et al., 
2003; Triantaphyllou et al., 2016; Cascella et al., 2019). The ecological 
preferences of living coccolithophores allow for investigating paleocli
matic changes, including vertical water column dynamics, sea surface 
temperature and total solar irradiance variations (Flores et al., 1997; 
Ausín et al., 2015; Incarbona et al., 2023). Furthermore, calcareous 
nannofossils redeposited in younger layers (i.e. reworked coccoliths) 
offer insights into sediment transport (e.g. Negri et al., 1999; Ferreira 
et al., 2008) and can be used to reconstruct regional-scale runoff and 
precipitation changes (e.g. Bonomo et al., 2014, 2016).

To contribute to a better understanding of Holocene paleoclimate 
changes in the Central Mediterranean area, this work presents new data 
from the sediment core ND14Mbis collected in the North Ionian Basin. 
We employed a multiproxy approach combining micropaleontological 
and geochemical analyses (including isotopic and XRF core scanner 
data) to investigate the causes of paleoclimatic variability on millennial 
to secular timescales. The newly generated dataset includes calcareous 
nannofossil assemblages and δ18OGlobigerinoides ruber white signal covering 
from 6 ky BP to the top of the core, along with δ13CG. ruber white isotopic 
data and XRF-derived elemental ratios (Ca/Al, K/Al) for the entire 
studied interval. These results were integrated with previously pub
lished datasets, including planktic foraminifera (Checa et al., 2020), 
calcareous nannofossil abundances (Cascella et al., 2021), XRF Mn/Al 
and δ18OG. ruber white isotopic signal (Checa et al., 2020) from the base of 

the studied interval up to 6 ky BP. Lastly, we provided wavelet analysis 
to investigate the principal periodicities documented in selected 
calcareous nannofossil group, aiming to understand if the Holocene 
climate system over the North Ionian Sea is linked to well-known 
regional to global cyclicities.

1.1. Modern oceanographic setting

The study site is located in a strategic area in which the water mass 
exchange between Western and Eastern Mediterranean basins, as well as 
between Adriatic and Ionian Seas, affects the water column at several 
depths (Fig. 1). From the Western Mediterranean Sea, the relatively 
fresher (c.a. 38.5 ‰) and cold surface Modified Atlantic Water (MAW) 
(core depth 100–200 m bsl) (Fig. 1a) crosses the Sicilian Channel into 
the Ionian Basin, occasionally branching northward into the Southern 
Adriatic Sea (Civitarese et al., 2010; Gacic et al., 2010). From the 
Eastern Mediterranean Sea, the warmer, saltier (c.a. 39 ‰) and deeper 
(c.a. 200–600 m bsl) Levantine Intermediate Water (LIW) (Fig. 1a) en
ters the Adriatic Sea through the Otranto Strait, where it mixes with cold 
and less saline waters formed by the winter cooling of North Adriatic 
shelf waters (Özsoy et al., 1989). This interaction results in the forma
tion of the Adriatic Deep Water (ADW), which outflows through the 
Otranto Strait into the Northern Ionian Sea, settling below the LIW 
(Figs. 1a, c) and forming one of the principal components of the Eastern 
Mediterranean deep water (Manca et al., 2003; Theocharis et al., 2014). 
In the Adriatic Sea, shallow low-salinity waters form as a result of the Po 
River discharge (Özsoy et al., 1989). These fresher waters are trans
ported southward by the Western Adriatic Current (WAC) into the 
Northern Ionian Sea, where they flow above the saltier MAW layer 
(Figs. 1a, c) (Turchetto et al., 2007; Bignami et al., 2007). The WAC is 
characterised by marked seasonality, with significantly stronger flow 
during the winter months (Milligan and Cattaneo, 2007).

The water mass dynamics in the Northern Ionian Sea are further 
affected by the Northern Ionian Gyre (NIG), which undergoes quasi- 
decadal reversals between cyclonic and anticyclonic modes (Lavigne 
et al., 2018). These shifts significantly impact the chemical and physical 
properties of the water column. In particular, during NIG cyclonic mode 
the influx of saltier and warmer LIW into the Southern Adriatic Basin 
promotes deep convection and the formation of denser ADW. 
Conversely, during anticyclonic NIG mode, the inflow of fresher and 
colder MAW into the Southern Adriatic Basin fosters the formation of 
lower-density ADW (Civitarese et al., 2010). This variability has been 
linked to pressure and wind-driven patterns over the Ionian Basin 
(Molcard et al., 2002; Pinardi et al., 2015) or by the ADW formation 
phases, known as the Adriatic Ionian Bimodal Oscillating System (BiOS) 
(Borzelli et al., 2009; Civitarese et al., 2010). From an ecological 
perspective, the NIG oscillations regulate the nutricline position, leading 
to two distinct trophic regimes. During NIG cyclonic regime more 
eutrophic conditions develop characterised by a deeper nutricline and 
by the occurrence of nutrient-rich waters, favouring phytoplankton 
bloom during spring. Conversely, during anticyclonic NIG phase more 
oligotrophic conditions develop with a shallower nutricline and recycled 
nutrients, preventing a prominent phytoplankton bloom (Civitarese 
et al., 2010; Lavigne et al., 2018).

2. Material and methods

2.1. Sediment core

The ND14Mbis gravity core was recovered at a water depth of 655 m 
in the northeastern part of the Ionian Sea (39◦35′53,94”N, 
18◦47′40,48″E) (Fig. 1a) during the NEXTDATA2014 oceanographic 
cruise aboard the CNR R/V Urania. The total length of the core (332 cm) 
is characterised by greyish hemipelagic sediments. Two dark layers of 11 
and 5 cm, interbedded by a light interval of 5 cm, highlight the occur
rence of the organic matter enriched Sapropel 1 (S1) layer between 105 
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and 126 cm below the seafloor (bsf), already studied by Checa et al. 
(2020) and Cascella et al. (2021) (Fig. 2). In this work we have focussed 
on the stratigraphic interval between 0 and 132 cm bsf carrying a 1 cm 
resolution analysis. We adopted the Bayesian age model of Checa et al. 
(2020) (Fig. 2) based on ten radiocarbon (14C) accelerated mass spec
trometry (AMS) measurements and we studied the interval constrained 
between 0 and 10 ky BP.

2.2. Stable isotopes

δ18O and δ13C ratios were assessed on the planktonic foraminifera 
Globigerinoides ruber sensu stricto white variety at the University of 
Barcelona (CCiT-UB). For the δ18OG. ruber white and δ13CG. ruber white, the 
analysis involved selecting 10 and 15 specimens from the >150 μm 
fraction, with a resolution of 1 cm, as detailed by Checa et al. (2020). 

Fig. 1. a) Location of the ND14Mbis (yellow dot), NDT-6-2016 (green triangle) (Trias-Navarro et al., 2021), SW104-ND11 (orange triangle) (Margaritelli et al., 2020) 
and MP50PC (grey triangle) (Filippidi et al., 2016) sediment cores. The bathymetric map of the study area is overlayed with the main surface, intermediate, and deep 
circulation patterns. LIW: Levantine Intermediate Water, WAC: Western Adriatic Current, ADW: Adriatic Deep Water with its accumulation cell, MAW: Modified 
Atlantic Water. NIG: North Ionian Gyre, continuous lines represent the cyclonic circulation mode, dashed lines represent the anticyclonic mode of the BiOS: Bimodal 
Oscillating System (Civitarese et al., 2010). The blue arrow in North Eastern Italy evidences the Po River mouth. The grey crosses highlight a few sites where CTD 
profiles were acquired during the NEXTDATA 2014 cruise. b) Scatter plot of ND14Mbis station reporting Depth (0–650 m) against the CTD data (Temperature, 
Fluorescence, Salinity). c) Depth profile of water mass circulation on a transect acquired during NEXTDATA 2014 cruise in the SSE-NNW direction. On the Z-axis, the 
salinity value is plotted. The measurement logs are evidenced (dark vertical lines), and the ND14Mbis station is shown. (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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The estimated external reproducibility was <0.05 ‰ and < 0.03 ‰ for 
δ18OG. ruber white and δ13CG. ruber white, respectively. While Checa et al. 
(2020) previously analysed the δ18OG. ruber white dataset for the interval 
between 11.5 and 6 ky BP, this study presents new δ18OG. ruber white re
sults from the upper portion (6–0 ky BP). The δ13CG. ruber white data is 
newly presented here for the studied interval (10–0 ky BP).

2.3. Calcareous nannofossil assemblages

Calcareous nannofossil investigation was carried out on every cen
timetre of the ND14Mbis studied core, providing a temporal resolution 
of ca. 75 years per sample, according to the age model of Checa et al. 
(2020). Unprocessed sediments were prepared as smear slides (Bown, 
1998) and observed at the transmitted light microscope at x1250 
magnification. The relative abundance of in situ specimens expressed as 
percentages, was calculated over a total of 500 coccoliths per sample 
(average 6 fields of view) which allows a probability greater than 99 % 
of encountering a taxon whose abundance in the population is <1 % 
(Crow et al., 1960; Rio et al., 1990). Contemporarily, the abundance of 
reworked coccoliths (“reworked” hereafter) was evaluated, where their 
percentages were calculated from the sum of the in situ plus reworked. 
In general, the identification of the species follows the taxonomic 
criteria of Young et al. (2003) and Jordan et al. (2004). As for the 
identification of Emiliania huxleyi large (>4 μm) morphotype, we follow 
Flores et al. (2010). According to their ecological and morphological 
affinities, some taxa were grouped as follows: warm water group 
including Calciosolenia sp., Discosphaera tubifera, Oolithotus fragilis, 
Rhabdosphaera clavigera, Umbilicosphaera sp. and Umbellosphaera tenuis; 
cold water group including E. huxleyi large and Gephyrocapsa muellerae; 
the holococcoliths group comprises haploid lifecycle phases of Calci
discus leptoporus (C. leptoporus subsp. quadriperforatus HOL), Heli
cosphaera carteri (H. carteri catilliferus type, H. carteri HOL confusus type) 
and Syracosphaera pulchra (S. pulchra HOL oblonga type, S. pulchra HOL 
pirus type) taxa; lastly, the placoliths group includes E. huxleyi < 4 μm 
and E. huxleyi large, G. muellerae, G. oceanica, G. caribbeanica and small 
Gephyrocapsa (<3 μm) (Incarbona et al., 2010; Di Stefano and 

Incarbona, 2004; Bonomo et al., 2021).

2.4. Cluster analysis

Considering the ecological preferences of the counted calcareous 
nannofossil taxa, stratigraphic constrained cluster analysis was per
formed on the total associations of in situ species, excluding reworked 
specimens. To eliminate redundant data and ensure good-quality clus
ters, the abundances of singular species were normalised by subtracting 
the mean and dividing by the standard deviation. With this approach, 
the abundances of the singular species contribute equally to the analysis, 
preventing any single taxon with very high or low values from domi
nating the clustering process (Wu et al., 2007). The analysis was con
ducted with the R software (version 4.0.1) using the “rioja” package 
(Juggins, 2015 – version 1.0–5).

2.5. Spectral analysis

The Ensemble Empirical Mode Decomposition algorithm (EEMD) 
(Wu and Huang, 2011) was used to examine the cold water calcareous 
nannofossil group signal to highlight possible non-linear and non- 
stationary frequency changes over time. The EEMD is an adaptive 
noise-assisted data analysis method that enhances the Empirical Mode 
Decomposition (EMD) by Huang et al. (1998).

This algorithm facilitates the dissection of a given time series data, 
identifying and separating short time-scale events from a prevalent 
trend. The underlying principle of this robust investigative approach 
relies on the assumption that any intricate signal can be broken down 
into a finite, often small, number of components referred to as “Intrinsic 
Mode Functions” (IMFs) (Huang et al., 1998). Each IMF can emphasise 
the inherent characteristics of simple oscillation occurring on a distinct 
timescale. For IMF components analysis, the “REDFIT “and Cross- 
wavelet Transform (XWT) methods were applied, involving the linear 
detrending of all data before analysis. The analyses were conducted 
using R (version 4.0.1) along with the Rlibeemd (Luukko et al., 2016), 
drip (Bunn, 2010) and WaveletComp (Roesch and Schmidbauer, 2018) 
packages.

2.6. X-Ray Fluorescence (XRF)

Bulk elemental geochemical parameters were used to understand 
some aspects of climatically driven variations in sediment composition. 
The acquisition of sediment data was pursued through the Avaatech XRF 
core scanner at the CORELAB laboratory of the University of Barcelona. 
For detailed information, including the variations in barium (Ba)/ 
aluminium (Al), sulfur (S)/Al, and manganese (Mn)/Al geochemical 
ratios between 11.5 and 6 ky BP, see Checa et al. (2020). In this study, 
we focussed instead on the geochemical elemental ratios calcium (Ca)/ 
titanium (Ti) and potassium (K)/Al for the interval between 10 and 0 ky 
BP.

In particular, the Ca/Ti ratio was considered to evaluate the degree 
of carbonate dilution in the analysed record (Rincón-Martínez et al., 
2010). The Ca is conventionally interpreted as a measure of biogenic 
production (e.g. Cheshire et al., 2005; Solignac et al., 2011), while Ti is a 
proxy of terrigenous input. In the nearby Apulian margin, where sedi
ments enriched in carbonates are depleted in clay minerals, the Ca/Ti 
ratio becomes a valuable proxy for tracing fluctuations in the relative 
abundance of marine biogenic carbonate and terrestrial input (e.g. 
Richter et al., 2006; Rothwell and Rack, 2006; Goudeau et al., 2015). 
The K/Al ratio was taken into account as a supplementary proxy for 
detrital riverine discharge, as K serves as an indicator of illite supply in 
sediments from Northern Mediterranean regions (Frigola et al., 2008; 
Nieto-Moreno et al., 2011; Martinez-Ruiz et al., 2015), it was normalised 
to Al in order to minimise the dilution effect (Calvert and Pedersen, 
2007). All the ratios were calculated and expressed on a logarithmic 
scale (Weltje and Tjanllingii, 2008).

Fig. 2. High-resolution digital image, age model and sediment rates of the core 
ND14Mbis (from Checa et al., 2020). Age-depth correspondence is marked with 
the dark line, with crosses indicating the location of radiocarbon-dated samples; 
the light grey cloud represents age uncertainties (sigma 2). S1: Sapropel 1 (a, i – 
interruption, b phases).
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3. Ecological preferences of calcareous nannofossil taxa and 
groups

In the Mediterranean area, the species constituting the placoliths 
group are considered r-strategy taxa capable of responding quickly to 
changes in trophic and environmental conditions. They are generally 
more abundant in temperate-cold mixed surface waters but also live in 
stable and stratified waters (Knappertsbusch, 1993; Ziveri and Thunell, 
2000). Instead, the E. huxleyi larger morphotype prefers cold water 
masses, sensibly reducing its abundance at the onset of the Holocene in 
the Mediterranean Sea (Colmenero-Hidalgo et al., 2002, 2004; Flores 
et al., 2010). Nevertheless, it has been recorded in the Western 
(Incarbona et al., 2023) and Central (Ferraro et al., 2018) Mediterranean 
marine sediments during this interval. Gephyrocapsa muellerae is another 
indicator of cold-water conditions as it was related to glacial periods in 
the Mediterranean Sea (Amore et al., 2004; Bazzicalupo et al., 2022). 
These two species, herein grouped in the cold water group, are also both 
associated with cold and fresher waters (e.g. Argenio et al., 2024 and 
references therein).

The warm water group consists of k-strategist taxa with a tropical/ 
sub-tropical affinity, preferring warm and oligotrophic surface waters 
(Okada and McIntyre, 1977; Flores et al., 1999; Triantaphyllou et al., 
2004; Dimiza et al., 2008; Oviedo et al., 2015; Bonomo et al., 2021). 
Similarly, holococcoliths show a preference for warm, oligotrophic 
stratified surface waters (Kleijne, 1991; Oviedo et al., 2015; D’Amario 
et al., 2017), exhibiting uniform behaviour despite belonging to 
different species (Oviedo et al., 2015). On the other hand, their rela
tively high abundance in the sediments has been used as a proxy of 
bottom-sea ventilation during cold periods (Roth and Coulbourn, 1982; 
Cascella et al., 2021; Incarbona et al., 2022).

The taxa Florisphaera profunda, Gladiolithus flabellatus and Algir
osphaera robusta thrive under lower light conditions and high nutrient 
fluxes in the proximity of the thermocline base (Knappertsbusch, 1993; 
Malinverno et al., 2003; Triantaphyllou et al., 2004). Florisphaera pro
funda, which generally is the most abundant species of the lower photic 
taxa, has been widely used to monitor past changes in nutricline-depth 
and induced changes in surface coccolith productivity (Ausín et al., 
2015; Tangunan et al., 2017; Incarbona et al., 2023). Considering the 
living coccolithophore communities of the Central Mediterranean, 
F. profunda is linked with deep (~75 to 200 m), relatively salty waters 
and a developed Deep Chlorophyll Maximum (DCM) (Bonomo et al., 
2021). In the fossil marine archives, its relative abundance is higher in 
concomitance with the development of deep nutricline, responding to 
conditions of stable, stratified, oligotrophic surface waters during 
warmer climatic intervals (Triantaphyllou et al., 2009; Incarbona et al., 
2010; Oviedo et al., 2015; Athanasiou et al., 2017; Bonomo et al., 2021; 
Skampa et al., 2024 and references therein).

Preferring conditions in which a DCM occurs, the species Syr
acosphaera pulchra shows relatively higher abundances within oligo
trophic stratified waters (Ziveri and Thunell, 2000; Ziveri et al., 2004; 
Triantaphyllou et al., 2004; Bonomo et al., 2017; Crudeli et al., 2023). 
Particularly, this taxon is indicative of warmer surface waters and low 
salinity conditions, being locally associated with intervals characterised 
by precipitation maxima (Flores et al., 1997; Colmenero-Hidalgo et al., 
2004; Ziveri et al., 2004; Dimiza et al., 2008, 2015; Malinverno et al., 
2009, 2014; Karatsolis et al., 2017; Skampa et al., 2020). The taxon 
Braarudosphaera bigelowii has been also considered as an indicator of low 
salinity and high turbidity conditions associated with the release of 
riverine material (Bukry, 1973; Roth, 1994; Negri et al., 1999; Negri and 
Giunta, 2001; Principato et al., 2003; Triantaphyllou et al., 2004) and in 
the same core has been used to highlight the development of S1 condi
tions within the water column (Cascella et al., 2021).

4. Results

4.1. Calcareous nannofossils assemblages

In this section, we will present the distribution of the most significant 
taxa that were used for the paleoclimatic and paleoceanographic 
reconstruction of the last 10 ky at the study site (Fig. 3). Calcareous 
nannofossils are abundant and well preserved throughout the core. The 
placoliths group dominated the entire assemblage with mean values of c. 
a. 70 % (supplementary material). The taxon F. profunda is well repre
sented in the assemblage. Its abundance decreases from the highest 
values at the onset of the S1 (29 %) until c.a. 7.5 ky BP, then it stabilises 

Fig. 3. Downcore variations of the discussed calcareous nannofossil taxa (%) 
plotted versus age for the ND14Mbis. Thicker lines represent the 3-point 
running average. The cluster dendrogram is also plotted against age. The 
dark straight line highlights the main break (clusters 1 and 2). Dashed red and 
blue lines represent subcluster groups (from A to G red dendrograms) and the 
secondary subdivisions (blue dendrograms). WWG: Warm Water Group, CWG: 
Cold Water Group. The grey bands represent the Sapropel 1 layer (S1 - a, b 
divisions), according to Checa et al. (2020) and Cascella et al. (2021). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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around 11.45 % and increases again from c.a. 0.6 ky BP (Fig. 3). Other 
species, such as C. leptoporus, H. carteri, and Syracosphaera mediterranea, 
as well as those considered individually within both warm water (i.e., 
U. tenuis, D. tubifera, O. fragilis) and cold water (G. muellerae, E. huxleyi 
large) groups, are characterised by lower mean abundances (< 5 %) 
(supplementary material). Syracosphaera pulchra (Fig. 3) shows mini
mum average abundances (c.a. 1 %) within the S1 interval. From 7.7 ky 
BP, abundance fluctuations are recorded around mean values of 1.7 %, 
and finally, an increasing trend is recorded from c.a. 3 ky BP, peaking at 
c.a. 0.3 ky BP (4.7 %). Braarudosphaera bigelowii shows relatively higher 
values between 10 and 5.5 ky BP, reaching its maximum (0.9 %) at c.a. 
7.6 ky BP. Afterwards, it decreases prominently, displaying low abun
dances towards the top of the core, almost disappearing (Fig. 3).

The holococcoliths show their lowest occurrence in the S1 layers, 
with a significant peak during the interruption phase (S1i, Fig. 3). From 
the end of S1, the curve follows a generally increasing trend, reaching 
their highest abundance (5.8 %) at the top of the core. The warm water 
group shows mean values of c.a. 4 % (Fig. 3). From the maximum (10.2 
%) at the bottom of the study record (10.4 ky BP), the curve follows a 
decreasing trend until c.a. 3.5 ky BP. Afterwards, the values increase 
again, oscillating around a mean of 5 %. The cold water group displays 
abundances <2 % with an average value of 0.3 %. More abundant values 
are displayed between 7 ky BP and 4 ky BP, reaching two peaks at c.a. 
5.3 ky BP (1.3 %) and at c.a. 4.5 ky BP (1.7 %).

4.2. Clusters

The clustering evidence two major groups (1 and 2) developing from 
the main dendrogram which breaks at c.a. 4.1 ky BP (Fig. 3). This 
principal subdivision highlights a general modification in the calcareous 
nannofossil assemblages due to a sharp reduction of the species 
E. huxleyi large and G. muellerae (supplementary material). Group 1 is 
characterised by four subgroups, which define the intervals from the 
bottom of the core to 9 ky BP (cluster A), 9 to 6.8 ky BP (cluster B), 6.8 to 
5.4 (Cluster C), and 5.4 to 4.1 ky BP (cluster D). Group 2 is subdivided 
into three subgroups from 4.1 to 2.2 ky BP (cluster E), 2.2 to 0.9 ky BP 
(cluster F) and lastly, from 0.9 ky BP until the top of the core (cluster G). 
In general, clusters A and B are characterised by higher values of 
F. profunda and B. bigelowii and lower abundances of S. pulchra and 
holococcoliths, highlighting the principal features of the S1 interval 
(Checa et al., 2020; Cascella et al., 2021). In particular, the two sub
clusters centred at c.a. 9.8 ky BP and 7.7 ky BP for clusters A and B 
respectively (Fig. 3), evidence the onset and the end of the S1 layer 
according to the time intervals described for the same core by Checa 
et al. (2020) and Cascella et al. (2021).

4.3. Reworked coccoliths and XRF

The relative abundance of reworked coccoliths displays some pecu
liar oscillations throughout the interval, of which the most remarkable 
ones are located in the S1 layer. In particular, within the S1 episode, 
reworked relative peaks are centred at 9.6 ky BP (30.6 %), 8.6 ky BP 
(28.5 %) and 7.7 ky BP (31.6 %), alternated by relative minima of about 
19 % centred at 9.1 ky BP and 8.1 ky BP (Fig. 4). Reworked maximum 
(31.6 %) is reached at the end of S1 (7.7 ky BP). Afterwards, the curve 
sharply drops to a relative minimum (8.2 %) at 6.2 ky BP (Fig. 4). Be
tween 6.2 and 2.3 ky BP, the reworked trend slightly decreases, dis
playing mean abundances of 11.6 %. Lastly, from 2.3 ky BP up to the top 
of the core, the values increase again from 4.5 % to 15 % (Fig. 4).

XRF elemental ratios evidence several fluctuations. In particular, the 
K/Al ratio generally shows decreasing values from 10 to c.a. 2.3 ky BP, 
increasing towards the top of the core. However, the curve displays 
several high amplitude fluctuations superimposed on the general trend 
(Fig. 4). High values are observed at around 10–7.7 ky BP, 6.8–5.5 ky 
BP, 4.2–3.5 ky BP, 3–2.3 ky BP and lastly from 1.2 ky BP until the upper 
part of the core (Fig. 4). The Ca/Ti ratio instead, shows a progressive 

decreasing pattern characterised by four intervals of lower values be
tween 7 and 6 ky BP, 4.3–3.9 ky BP, 2.7–2.3 ky BP and 0.5–0 ky BP, and 
slightly increased ratio between 2.3 and 0.5 ky BP (Fig. 4).

4.4. Stable isotopes

The δ13CG. ruber white exhibits lighter isotopic ratios between 10 and 
6.3 ky BP (Fig. 5), with values fluctuating around 0.2 ‰. Notably, a shift 
towards heavier values (1 ‰) around 7.4 ky BP and another towards 
lighter values (− 0.32 ‰) around 6.4 ky BP occur. From 6.3 ky BP on
ward, the values stabilise around 1.2 ‰, showing some minor fluctua
tions. The curve drops again at c.a. 2.7 ky BP (0.9 ‰), with isotopic 
ratios shifting around 1 ‰ until 1.8 ky BP, where lower values are 
reached once again (0.4 ‰). Towards the top of the core, the ratio os
cillates around 0.8 ‰ and slightly negative values (− 0.1 ‰) are 
observed at 0 ky BP (Fig. 5).

Lower δ18OG. ruber white values (c.a. 0.1 ‰) were recorded between 10 

Fig. 4. Reworked relative abundance (%), logarithmic Ca/Ti and K/Al ratios 
are plotted versus age for ND14Mbis core. Smoothed trends are represented by 
orthogonal polynomial interpolations with a 7th-degree for the reworked curve, 
10th-degree for the K/Al ratio, and 9th-degree for the Ca/Ti ratio.

Fig. 5. Isotopic data of δ13CG.ruber white and δ18OG.ruber white of core ND14Mbis 
plotted against age ky BP.
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and 6.5 ky BP. However, heavier values are observed around 8.5 ky BP, 
where the isotopic ratio registers 0.7 ‰ (Fig. 5). Around 6.4 ky BP, the 
heaviest ratio is shown, with the curve dropping towards 1.4 ‰. After
wards, the δ18OG. ruber white settles around 0.5 ‰, reaching heavier ratios 
at c.a. 4.5, 2.5, 2 and 0.5 ky BP. Between 6.3 ky BP and the top of the 
record, the lowest value (0.3 ‰) is recorded at c.a. 1.8 ky BP (Fig. 5).

4.5. Spectral analysis

The EEMD analysis carried out on the calcareous nannofossil cold 
water group revealed six IMF components. Among them, only the IMF3 
component recorded a significant periodicity (Fig. 6) (supplementary 
material), while the other components recorded mainly noise (IMF1, 4, 5 
and 6) and/or an unclear signal (IMF 2) (supplementary material). The 
component IMF3 and power spectral analysis, performed in the time 
domain, revealed prominent peaks at 1.6, 1.2 and 1.04 ky, above the 90 
and 95 % Interval of Confidence (IC) (Fig. 6b). In particular, the wavelet 
analysis (Fig. 6b) indicates that the periodicity associated with 1.6 ky is 
clearly present on the studied record between 10 and 2.3 ky BP and 
becomes gradually weaker towards the top of the core (Fig. 6c).

5. Discussions: paleoenvironmental reconstruction in the North 
Ionian Sea

The dataset obtained from the ND14Mbis record was integrated with 
literature data (e.g., Bond et al., 2001; Lambeck et al., 2014; Smith et al., 
2016; Checa et al., 2020) (Figs. 7, 8) to provide a detailed reconstruction 
of paleoclimatic events documented in the sedimentary archive. These 
events chronologically correspond to those described in Rohling et al. 
(2002) from 10 ky BP to c.a. 5 ky BP and Margaritelli et al. (2016) for the 
last five millennia. Since the S1 interval has been thoroughly investi
gated by Checa et al. (2020) and Cascella et al. (2021), the discussion 
will primarily focus on the period between 7.7 and 0 ky BP, with 
particular attention to the termination of the S1 episode.

Furthermore, following the approach proposed by Bonomo et al. 
(2016) and Cascella et al. (2019), variations in reworked coccoliths and 
calcareous nannofossil abundances were discussed along with the NAO 
index (Smith et al., 2016) and compared with XRF values (reversed Ca/ 

Ti trend, K/Al) (Fig. 7). In general, the NAO-like oscillatory system is 
suggested to have influenced the Mediterranean climate, at least over 
the past six millennia (Fletcher et al., 2013), modulating long-term 
trends in temperature and precipitation across the Italian peninsula (e. 
g., Cascella et al., 2019, and references therein). In the Central Medi
terranean, positive NAO conditions are associated with colder and drier 
winters, while negative NAO phases correspond to warmer and wetter 
winters (López-Moreno et al., 2011; Benito et al., 2015). This mecha
nism has been primarily attributed to variations in the intensity and 
direction of the westerlies and the related hydroclimatic cycle of the 
Mediterranean (Marshall et al., 2002; Giraudi, 2011; Fletcher et al., 
2013). In particular, under negative NAO conditions, a weakened 
westerly flow causes Atlantic winter storm tracks to converge over 
Central-Western Europe, resulting in maximum winter rainfall (e.g. 
Zielhofer et al., 2017).

In general, NAO fluctuations to some extent have also been suggested 
to have influenced the development of the North Atlantic Bond events 
(Margaritelli et al., 2016 and references therein), which also in Europe 
and the Mediterranean areas have been detected with 1.5 ky cyclicities 
characterised by shifts between warm/cold and humid/arid climatic 
conditions (Desprat et al., 2013; Magny et al., 2013; Margaritelli et al., 
2016). This aspect was investigated by conducting a spectral analysis on 
the cold water group IMF3 signal, which revealed a 1.6 ky periodicity. 
The results were then compared with the Hematite-Stained Grains 
(HSG) curve (Bond et al., 2001), showing oscillations comparable to the 
1.5 ky Bond cyclicities. Overall, the climate at the study site over the 
past 10 ky appears to have been dominated by oscillations between 
warmer and cooler/drier conditions, investigating such fluctuations in 
relation to underlying oscillatory climatic mechanisms.

5.1. African humid period (10–5.4 ky BP)

The most recent African Humid Period (11.7–5.5 ky BP) (Skonieczny 
et al., 2015) was associated with increased precipitation in Northern and 
Western Africa due to a northward migration of the tropical rain belt, 
which led to a stronger West African Monsoon, linked to changes in solar 
irradiance and albedo feedback (e.g. Jolly et al., 1998; DeMenocal et al., 
2000; Burrough and Thomas., 2013; Skonieczny et al., 2015), also 
driving increased moisture import towards the Mediterranean basin 
(Vermeersch, 2008). The stronger precipitation in Northern and Western 
Africa enhanced Nile River discharge leading to changes in sediment 
patterns (e.g. Muhs, 2013) and increased marine food web productivity 
in the Mediterranean Sea, driving the deposition of S1 layer between c.a. 
10 and 6 ky BP (Rohling et al., 2015; Casford et al., 2002, 2003; De 
Lange et al., 2008; Geraga et al., 2008; Triantaphyllou et al., 2009, 2014, 
2016; Siani et al., 2010; Filippidi et al., 2016; Tesi et al., 2017; Filippidi 
and De Lange, 2019). In the studied ND14Mbis record, the S1, with its 
internal subdivisions (S1a, S1i, S1b), was identified and analysed by 
Checa et al. (2020) and Cascella et al. (2021) through planktonic fora
minifer, calcareous nannofossil quantitative investigation and XRF 
proxy records. During the S1a phase (10–9 ky BP) (Fig. 8), planktonic 
foraminifera and calcareous nannofossils documented water column 
stratification and strong reduction of bottom water ventilation, linked to 
warm and oligotrophic conditions (Checa et al., 2020; Cascella et al., 
2021) and associated with enhanced continental runoff (Cascella et al., 
2021). The S1a phase is followed upwards by a short time interval 
(interruption of S1 - S1i phase, 9–8.2 ky BP, Fig. 8) during which a brief 
production of colder waters caused mixing of the stratified water column 
and re-ventilation of the deep dysoxic waters (Checa et al., 2020). A 
third phase, similar to S1a developed (S1b, 8.2–7.7 ky BP, Fig. 8), 
characterised by warm and oligotrophic conditions (Checa et al., 2020), 
but with less productivity and weaker water column stratification that 
caused less dysoxic deep waters. The Mn marker layer recorded in the 
studied core at c.a. 7.7 ky BP (Fig. 8) geochemically identifies the demise 
of the S1 layer (Checa et al., 2020), indicating the re‑oxygenation of 
dysoxic bottom waters (e.g., Martinez-Ruiz et al., 2000; Meier et al., 

Fig. 6. Cold water group (CWG) signal analysis displayed in the time domain. 
In (a) is shown the comparison between the IMF3 and the abundance of CWG 
(%). The IMF3 periodogram (b) and continuous wavelet transform power 
spectrum (c) are displayed. In the periodogram (b), significant periodicity and 
relative values (expressed in ky) are reported, with the red and blue lines 
representing the 95 % and 90 % confidence levels, respectively. The black lines 
in (c) represent the 90 % confidence level. (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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2004).
Nevertheless, the temporal framework of Cluster B, together with 

fluctuations in planktonic foraminifera and δ18OG. ruber white values 
(Fig. 8), suggests that sapropel-like conditions persisted until at least 6.8 
ky BP, well beyond the end of the visible dark layer at 7.7 ky BP (Checa 
et al., 2020), as sustained by micropaleontological evidence. In partic
ular, the calcareous planktonic assemblages suggest the renovation of 
sapropel-like conditions after a brief episode of climate cooling in the 
Eastern Mediterranean (Filippidi et al., 2016). Cool and mixing water 
conditions developed from 7.7 ky BP to 7.3 ky BP (Fig. 8). These features 
are evidenced by the increase of the calcareous nannofossils cold water 
group (CWG and IMF3 curves) and by heavier values in the δ18OG. ruber 

white signal (Fig. 8), associated with maxima abundances in planktonic 
foraminifera Globorotalia scitula, G. inflata and Neogloboquadrina 
incompta, indicating a well-developed thick and cold mixed layer (Pujol 
and Vergnaud Grazzini, 1995) (Fig. 8). Comparable conditions were 
observed in the planktic foraminifera assemblages in NDT-6-2016 core 
(Fig. 1a), where also a strong seasonality was indicated by high values of 
both G. inflata (winter mixing) and G. ruber (summer stratification). 
Such features have been linked to reduced water exchange at the Sicily 
Strait, sustained by the persistence of Eastern Mediterranean stagnation, 
the concomitant weakening of the eastward flow of Atlantic waters and 
the development of slightly cooler conditions (Trias-Navarro et al., 
2021). Chronologically, the development of this new cool water condi
tion coincides with the occurrence of the so-called “7.4 ky” cold event 
(Fig. 8) (e.g., Fletcher et al., 2010) and Bond Event 5 (Fig. 7). During this 
interval a decline in riverine runoff is recorded at our study site, as 
indicated by the decreasing trend in the reworked coccolith curve, 
associated with a shift in Ca/Ti and K/Al signatures (Fig. 8). These 
environmental conditions are well aligned with the millennial-scale 
variability of Nile River flooding linked to monsoon weakening due to 
reduced solar output (Finkel and Nichiizumi, 1997; Solanki et al., 2004). 
Prominent intervals of monsoon weakening were described from 

Levantine basin sediments around 9.3–8.8, 8.5–7.8 and 7.3–6.8 ky BP 
(Hennekam et al., 2014) and between 7.9 and 7.3 ky BP by Tri
antaphyllou et al. (2009), being also recorded in Central Mediterranean 
sediment records (Giunta et al., 2003; Sangiorgi et al., 2003; Filippidi 
et al., 2016; Incarbona and Sprovieri, 2020). During these short events, 
outbursts of cold northerly air masses reached the Mediterranean basin 
from Eastern European and Siberian sources (e.g. Rohling, 2000; Geraga 
et al., 2005; Gogou et al., 2007; Marino et al., 2009). Within this 
framework, a brief episode of partial reoxygenation of bottom waters, 
detected in an Adriatic-influenced sediment core, along with the more 
prominent resumption of deep water formation in the Aegean Sea, 
contributed to the formation of Mn-marker layers (Filippidi et al., 2016). 
Similarly, this process has also led to the formation of the Mn-marker 
layer at the studied core (Fig. 8) (Checa et al., 2020). According to our 
calcareous plankton data, we suggest a similitude with the S1i inter
ruption event (8.2 ky BP, Checa et al., 2020; Cascella et al., 2021) 
(Fig. 8), also in agreement with Filippidi et al. (2016).

After the aforesaid cold and dry spell, relatively warmer and more 
stratified waters re-established between 7.3 and 6.6 ky BP, as evidenced 
by: i) the very low values of the calcareous nannofossil cold water group, 
the increasing trend of S. pulchra, the last peak of B. bigelowii and the 
slight increase of F. profunda values and ii) lighter values in the 
δ18OG. ruber white, the increase in abundance of planktonic foraminifera 
warm water taxa (G. ruber white, G. quadrilobatus, Orbulina universa, 
from Checa et al., 2020) and the decrease in cold water ones (G. scitula, 
N. incompta) (Fig. 8). Nevertheless, G. inflata values remained relatively 
high (Fig. 8), indicating a gradual transition towards weaker stratifica
tion, likely associated with the development of a DCM, as also suggested 
by the slightly higher F. profunda values (Fig. 8). This pattern further 
implies the persistence of weak mixing conditions during winter (Trias- 
Navarro et al., 2021, and references therein). Such oscillations were also 
accompanied by higher release of continental material signals at the site 
as suggested by a small increment in the reworked coccoliths, in the K/ 

Fig. 7. Downcore variations of selected coccolith taxa (%, 3 points running average) are plotted versus age (ky BP, Before Current Era – BCE and Current Era – CE) 
for ND14Mbis core. The cold water group IMF3 is shown with the numbers of Bond events (6 to 0) associated with those of the Hematite Stained Grain (HSG %) curve 
by Bond et al. (2001). The cluster dendrogram and its subdivisions (A to G) are displayed and limited by the continuous and dashed lines: dark for the main 
dendrogram subdivision and red and blue for the subclusters. Coccolith abundance is compared with δ18OG.ruber white and δ13CG.ruber white stable isotopes, XRF (Ca/Ti 
curve reversed, and K/Al) data. The climatic episodes EBA: Early Bronze Age, BA: Bronze Age, LBA: Late Bronze Age, IA: Iron Age, RP: Roman Period, LALIA: Late 
Antique Little Ice Age are based on Margaritelli et al. (2016, 2020). The North Atlantic Oscillation (NAO) reconstruction based on the Cueva de Asiul stalagmite δ18O 
isotopic dataset (Smith et al., 2016) is displayed. The light blue bands represent the NAO negative prominent oscillations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Focus on the African Humid Period interval (10–5.4 ky BP), including S1a, S1i, and Sib subdivisions described by Checa et al. (2020) and Cascella et al. 
(2021) and the S1c subdivision discussed in this work. Calcareous nannofossil relative abundances (%, bulk and 3 points running average – thicker line), planktic 
foraminifera data and the Mn/Al curve from Checa et al. (2020), isotopic (δ18OG.ruber white, δ13CG.ruber white), and XRF data (Ca/Ti reversed curve, K/Al) are plotted 
against age. The cluster subdivision (A to D) is also highlighted with red dashed lines representing major cluster subdivisions and blue dashed lines representing 
secondary subdivisions. The cold water group (CWG) IMF3 curve is also plotted with indications of Bond events (6 to 4) (Bond et al., 2001). Darker grey bands 
represent stratification intervals, lighter grey bands indicate sapropel interruption intervals, and the blue band highlights enhanced Adriatic Deep Water outflow. 
(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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Al signal and by the shift in δ13CG. ruber white curve towards positive 
values. Generally, the values of planktic foraminifera carbon stable 
isotope δ13C can be affected by various factors, such as the air-sea ex
change of CO2, photosynthesis-remineralisation cycle, surface water 
stratification (Rohling and Cooke, 1999), species-specific vital effects, 
symbiont activity (Spero, 1992), calcification depths in the mixed sur
face layer and thermocline (Mulitza et al., 1999), among others. How
ever, in enclosed basins like the Mediterranean Sea, δ13C-based habitat 
reconstructions of planktic foraminifera may be biased by inputs of river 
runoff leading to decreased δ13C values in epipelagic taxa and potential 
habitat changes (Rohling et al., 2004, 2015; Hennekam et al., 2014; Le 
Houedec et al., 2020). Considering the boundary conditions, the oscil
lations towards lower δ13CG. ruber white values in the studied record have 
been interpreted as an indication of the release of terrestrial organic 
matter via river runoff, notably 13C-depleted (e.g. Mackensen and 
Schmiedl, 2019 and references therein).

These findings allowed us to propose a further subdivision of the S1 
episode in the study area. Therefore, the S1c interval has been defined 
between 7.3 and 6.6 ky BP (Fig. 8), coeval with the final phase of the 
intermediate depth S1b (7.3–6.6 ky BP) described by Filippidi et al. 
(2016). This final phase was likely driven by the persistence of suboxic 
conditions, which sustained the prolonged development of S1 at the site, 
as observed in the Adriatic-influenced MP50PC sediment record 
(Filippidi et al., 2016). Differently, the intensified deep-water produc
tion in the Aegean Sea led to the formation of a more oxic S1 interval, as 
recorded in the KN3 sediment record (Filippidi et al., 2016). Nonethe
less, these findings support the characterisation of a basin-wide frame
work of the S1 interval at intermediate depths under the influence of 
deep-water formation sites (Filippidi et al., 2016). The time interval 
between 6.8 and 5.4 ky BP (cluster C) covers the transition towards the 
demise of the African Humid Period influence (e.g. Filippidi and De 
Lange, 2019) (Fig. 8). Between 6.6 and 6.3 ky BP, the δ18OG. ruber white 
sharp shift towards heavier values (Fig. 8) evidences the resumption of 
ADW formation (Piva et al., 2008; Marino et al., 2009; Siani et al., 2013; 
Filippidi and De Lange, 2019; Incarbona and Sprovieri, 2020). Under 
such conditions, the F. profunda lower values, the progressively 
increasing trend of the calcareous nannofossil cold water group and 
peaks of planktonic foraminifera G. scitula associated with the presence 
of G. inflata and N. incompta, suggest the development of cold and maybe 
mixed waters (e.g. Pujol and Vergnaud Grazzini, 1995; Sprovieri et al., 
2003; Rohling et al., 2004; Di Donato et al., 2019). Cool conditions have 
also been observed in the geochemical records from the North Ionian Sea 
(Filippidi and De Lange, 2019) and from the South Adriatic Sea (Siani 
et al., 2013) during the same interval. This phenomenon has been 
related to a long-term period of severe winter outbreaks of cold and dry 
northeast winds (Rohling et al., 2002), which drove the resumption of 
ADW formation (Piva et al., 2008; Marino et al., 2009; Siani et al., 2013; 
Filippidi and De Lange, 2019). Noteworthy is the strengthened contri
bution of Eastern Mediterranean deep waters recorded in the 
NDT-6-2016 core (Western Sicily Channel) (Fig. 1a) between 7 and 6 ky 
BP. This has been attributed to convection processes in the deep water 
formation cells of the Adriatic and Aegean Seas following the termina
tion of the stagnant conditions that characterised S1 formation in the 
Central and Eastern Mediterranean (Trias-Navarro et al., 2023).

After the end of S1c, the abrupt shift of the K/Al curve towards 
higher values (Fig. 7) may be due to a Po riverine system’s more 
prominent signature at the study site. This signal emerged following the 
maximum marine transgression after c.a. 7 ky BP and gradually 
decreased as a response to sea level stabilisation and concurrent 
reduction of glacier retreat episodes in Central Alps (e.g. Rossi and 
Vaiani, 2008; Siani et al., 2013; Amorosi et al., 2019). This general 
framework is also sustained by the δ13CG. ruber white that shows a sharp 
value drop recorded during the same short interval (6.6–6.3 ky BP) 
indicating the release of nutrient-rich waters, likely associated with 
enhanced riverine runoff (e.g. Mackensen and Schmiedl, 2019 and ref
erences therein) (Fig. 8). The calcareous nannofossil taxon S. pulchra 

responded promptly to the release of higher nutrient concentrations 
(Ziveri and Thunell, 2000; Ziveri et al., 2004; Triantaphyllou et al., 
2004; Crudeli et al., 2023; Bonomo et al., 2017), despite the transition 
towards a cooler climate. However, its values along those of B. bigelowii 
decrease towards the end of cluster C (Fig. 8), mirroring the reducing 
trends of freshwater proxies (Ca/Ti, reworked) and suggesting the 
transition towards drier-cooler climate and/or hydrological modifica
tions (e.g. Piva et al., 2008; Magny et al., 2013). This general framework 
could have been influenced by the southward migration of the Inter 
Tropical Convergence Zone (ITCZ), which drove drier climatic condi
tions over the Mediterranean basin in accordance with the progressive 
onset of the Bond event 4 and the corresponding development of a 
slightly negative NAO index (e.g. Lechleitner et al., 2017). In contrast, 
the Eastern Mediterranean experienced wetter conditions since c.a. 6 ky 
BP, which were linked to the formation of the mid-Holocene Sapropel 
layer (Triantaphyllou et al., 2014). A climatic seesaw between the 
Western and Eastern Mediterranean basins has been proposed as the 
main mechanism, likely driven by a reorganisation of large-scale at
mospheric circulation (Roberts et al., 2011). In particular, the south
ward migration of the ITCZ in the tropics could have reinforced the mid- 
Holocene South Asian monsoon activity, albeit weak (Thamban et al., 
2007), leading to the development of wetter conditions in the Aegean 
Sea (Triantaphyllou et al., 2014).

5.2. The 4.2 ky BP event

Between 5.4 and 4.1 ky BP, the general characteristics of calcareous 
nannofossil assemblages underwent changes following the onset of 
Cluster D (Fig. 7). This interval is defined by the development of dry 
conditions, as evidenced by the XRF (Ca/Ti, K/Al) and reworked coc
colith decreased curves, which indicate reduced continental material 
deposition (e.g. Negri et al., 1999; Bonomo et al., 2016) and, conse
quently, lower nutrient inputs (i.e. higher δ13CG. ruber white values) 
(Fig. 7). In the Mediterranean basin, the development of widespread arid 
conditions has been generally observed in marine and continental re
cords soon after the end of the African Humid Period (e.g., Rohling et al., 
2002; Peyron et al., 2011, 2017; Siani et al., 2013; Goudeau et al., 2015). 
In the study record, between 4.7 and 4.3 ky BP, the sharp increase in the 
calcareous nannofossil cold water group abundance, associated with 
reduced continental input, points to the onset of cooler and drier con
ditions (Bond Event 3) (Fig. 7). On the other hand, the δ18OG. ruber white 
signal suggests the development of slightly warmer and wetter condi
tions (Fig. 7). This evidence suggests that the isotopic signal of G. ruber 
at the site could reflect a simultaneous dependence on seasonally driven 
conditions, likely recording summer and/or autumn information (e.g. 
Pujol and Vergnaud Grazzini, 1995; Rigual-Hernández et al., 2012; 
Mallo et al., 2017).

These climatic features chronologically coincide with the so-called 
“4.2 ky event”, consistent with the timeframe reported by Bini et al. 
(2019) and described on average as an interval characterised by 
generally dry and cool conditions in the Central Mediterranean Basin. In 
addition, the development of a harsher climate determined a significant 
decline in the calcareous nannofossil warm water group, holococcoliths, 
and S. pulchra (Fig. 7), pointing to the development of cool and mixed 
water conditions (e.g., Ziveri et al., 2004; Margaritelli et al., 2020; 
Incarbona et al., 2023). Margaritelli et al. (2022) suggested that the 
formation of a winter mixed layer in the Western Mediterranean was 
connected to an atmospheric blocking event during the 4.2 ky event 
(Persoiu et al., 2019), driven by a strengthened Siberian High, which 
likely influenced the structure of the water column further east, 
including the planktonic foraminiferal assemblage composition. The 
comparison of our dataset with the reconstructed NAO index (Smith 
et al., 2016) shows that the identified 4.2 ky episode coincided with a 
positive NAO phase (Fig. 7), corresponding to the “4.2 ky drought” 
described for the Western Mediterranean (Cullen et al., 2000; Morellon 
et al., 2009). In the Aegean Sea, the 4.2 ky cold and dry event also 
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marked the end of the warm and wet conditions interval that persisted 
since c.a. 6 ky BP, defining the onset of more arid conditions in the 
Eastern Mediterranean (Triantaphyllou et al., 2014).

Our findings are in accordance with records from both marine (e.g., 
Giunta et al., 2001; Emeis et al., 2003; Essallami et al., 2007; Margar
itelli et al., 2016) and continental archives in the Central Mediterranean 
(e.g., Leng et al., 2001; Di Rita and Magri, 2009; Peyron et al., 2011, 
2017; Zanchetta et al., 2012), confirming the regional climatic impact of 
this cool event. The end of the 4.2 ky climate event, at our study site, 
marks a major reorganisation in calcareous nannofossil assemblage as 
highlighted by the principal break in the dendrogram of the cluster 
analysis (boundary between cluster D and E) (Fig. 7), due to the sharp 
decline in the abundance of calcareous nannofossil cool species. At the 
same time, the amplification of the holococcoliths and K/Al signals is 
remarkable and, to some extent, appears to be associated with the 
intensification of NAO index, particularly in concomitance with nega
tive oscillations (Fig. 7). In general, this framework aligns well with the 
broader transition of a significant shift in the Holocene climate, char
acterised by the amplification of millennial-scale oscillations (Bini et al., 
2019; Català et al., 2019 and references therein).

5.3. Pre-Roman Period (4.1–2 ky BP)

As suggested by Margaritelli et al. (2020), the Pre-Roman Period, and 
particularly the time interval from ca. 4 ky BP to ca. 2 ky BP, is char
acterised by a long-term warming trend punctuated by an alternation of 
warmest events and short-term cooling ones. In the study record, the 
transition between clusters D and E is characterised by the development 
of warmer and slightly wetter climatic conditions as evidenced by an 
increase in calcareous nannofossil warm water group and holococcoliths 
abundances, and by relatively higher continental runoff, inferred from 
elevated Ca/Ti and K/Al ratios. Comparable conditions were also 
recorded in the calcareous nannofossil dataset in the Northwestern 
Mediterranean (Incarbona et al., 2023). This warm episode can be 
chronologically compared with the warm Early Bronze Age (EBA) 
climate event described in the Sicily Channel through Sea Surface 
Temperature (SST) Mg/CaG. ruber reconstruction (Margaritelli et al., 
2020).

Upwards (lower part of cluster E, 3.9–2.9 ky BP), low reworked 
values, decreasing trends in K/Al and Ca/Ti trends and sudden increase 
of δ13CG. ruber white signal (Fig. 7) suggests the development of a short 
interval characterised by reduced runoff inputs, highlighting arid 
climate conditions, probably related to low Po riverine influence at the 
studied site. Similarly, in the Gulf of Taranto (North Ionian Sea), high 
δ13CG. ruber white values were associated with a lower occurrence of the 
WAC as a consequence of a weakened Po riverine influence during the 
same interval (Goudeau et al., 2015). Finally, arid conditions were also 
documented in pollen records changes of the Southern Mediterranean 
area (Di Rita et al., 2018). Reduced riverine runoff could have affected 
the calcareous nannofossil S. pulchra (e.g. Ziveri et al., 2004; Malinverno 
et al., 2009; Skampa et al., 2020) which shows very low values 
throughout the middle part of the Bronze Age (Fig. 7). This arid climate 
condition occurs during cool climate as documented by the low abun
dance of calcareous nannofossil warm water group and holococcoliths 
(Fig. 7) and persisted throughout the middle part of the Bronze Age 
period (3.9–2.9 ky BP) as also documented in the Sicily Channel 
(Margaritelli et al., 2020).

Between 2.7 and 2.2 ky BP, the resolution of the study record is not 
able to document all the short-term climate changes documented by 
Margaritelli et al. (2020) but the recovery of calcareous nannofossil 
warm water group and holococcoliths, associated with light δ18OG. ruber 

white values (Fig. 7) evidence the development of the prolonged warm 
phase from the Late Bronze Age to the Iron Age.

The decrease in abundance of calcareous nannofossil warm group 
between 2.2 and 2 ky BP allowed us to highlight cool climate conditions 
that chronologically correspond to the “sub-Atlantic” phase, which is 

characterised by cool and rainy winters (Kotthoff et al., 2017; Margar
itelli et al., 2020). The impact of wetter winters during this period could 
be documented by increased holococcoliths values likely due to their 
enhanced preservation within sediments (e.g. Incarbona et al., 2023) 
and by the δ13CG. ruber white ratio transition towards lower values, likely 
linked to the release of nutrient-rich continental runoff (e.g. Mackensen 
and Schmiedl, 2019). As a consequence, S. pulchra responded to the 
higher nutrient input with increased trend (e.g. Skampa et al., 2020; 
Crudeli et al., 2023) (Fig. 7). Similar features were observed in plank
tonic foraminiferal assemblages of the Tyrrhenian basin, where it was 
evidenced a shift towards higher productivity surface waters, stronger 
seasonality, and the increase of continental runoff (Lirer et al., 2014; 
Margaritelli et al., 2016). At our study site, the increasing K/Al and Ca/ 
Ti trends suggest enhanced riverine runoff conditions concomitantly 
with the development of a prominent negative NAO phase (Fig. 7). 
However, the reworked curve does not sustain this evidence as it further 
decreases during this time interval. Between 4 and 2 ky BP, the transi
tion of the Po River delta from a wave-dominated to a river-dominated 
coastal system was described (Amorosi et al., 2019). In this scenario, the 
shifting from coarse-grained to fine-grained sediment accumulation in 
the Po Delta could have trapped a portion of the finer sediment which 
did not reach our study site.

5.4. Roman Period (2–1.5 ky BP)

The Roman Period was generally described as a warm climatic phase 
(Margaritelli et al., 2020, and reference therein) during which we 
recorded an increase in the calcareous nannofossil warm water group 
and the shift towards lighter values of the δ18OG. ruber white signal (Fig. 7). 
In addition, during this period, reduced riverine runoff is documented by 
relatively low reworked abundance and reduced K/Al and Ca/Ti trends 
(Fig. 7). The development of warmer conditions has been also observed 
in the coccolithophore assemblages of the Southern Adriatic Basin 
(Cascella et al., 2019). The peaks of S. pulchra at c.a. 2.1 and 1.6 ky BP 
could be evidence of punctual wetter intervals (e.g. Bonomo et al., 
2017), coinciding with the wet-dry-wet seesaw events of the Dermody 
et al. (2012) models produced for the Central Mediterranean. Further
more, the positive NAO index during this phase (Fig. 7) supports this 
general framework, which is characterised by persistent aridity in the 
Central Mediterranean (e.g. Magny et al., 2013), North Africa and 
Southern Europe (e.g. Margaritelli et al., 2020).

5.5. Post-Roman Period: (1.5–0 ky BP)

The Post-Roman Period is generally characterised by a progressive 
cooling trend, ending with the Little Ice Age (Margaritelli et al., 2018, 
2020; Lirer et al., 2019), and interbedded by short-term climate events. 
In the study record, the general cooling is documented by the progres
sive shift of δ18OG. ruber white towards heavier values, the slightly increase 
in calcareous nannofossil cold water group and lower values of the 
calcareous nannofossil warm water group (mainly between 1.5 and 0.5 
ky BP) (Fig. 7). At the end of the Roman Period, the sharp decrease in the 
calcareous nannofossil warm water group and the progressive shift of 
δ18OG. ruber white signal towards heavier values (Fig. 7) mark the onset of a 
short-time cooling event (1.5–1.35 ky BP) that chronologically corre
sponds to the Late Antique Little Ice Age (LALIA) event as documented in 
the Sicily Channel by Margaritelli et al. (2020).

Upwards, following the general cooling trend from the end of the 
LALIA (1.35 ky BP) to the top of the core, a progressive increase in 
reworked coccoliths is observed, accompanied by rising K/Al values 
(Fig. 7). This pattern may reflect enhanced continental discharge of 
detrital material from the Alps and Northern Apennines (e.g., Magny 
et al., 2013) under a negative NAO phase (Smith et al., 2016) (Fig. 7), 
suggesting the establishment of wetter climatic conditions. Concomi
tantly, higher values of the Ca/Ti ratio can suggest higher release of 
carbonate debris at the study site, resulting from the higher subaerial 
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erosion of the Apulian margin likely linked to anthropogenic defores
tation (e.g. Kaplan et al., 2009). In this context, higher holococcolith 
values (Fig. 7) may indicate deep water production. In the Western 
Mediterranean, increased holococcolith abundance has been observed 
during the negative NAO phases recorded by the Cueva de Asiul spe
leothem (Incarbona et al., 2023). These authors suggested that increased 
North Spain rainfall could have been driven by strengthened and pro
longed westerlies, possibly due to persistent blocking events impacting 
Western Europe, triggering deep water formation and seafloor ventila
tion (Incarbona et al., 2023 and references therein). We suggest that a 
similar mechanism may have influenced our study area, promoting 
seafloor ventilation and holococcolith preservation during this interval. 
Soon after, the shift of δ18OG. ruber white signal towards lighter values 
(Fig. 7) seems to suggest the occurrence of a warm/wet event (1.35–0.6 
ky BP) that we could speculate chronologically corresponds to the Me
dieval Climate Anomaly (MCA) period (Fig. 7).

In the study record, the decrease in abundance of calcareous nan
nofossil warm water taxa and the increase of the cold water ones, defines 
the development of a generally cooler climate (Fig. 7). Similar paleo
environmental and palaeoceanographic features were deduced in the 
last part of the MCA from the study of the calcareous nannofossils of the 
Balearic Sea (1–0.7 ky BP) (Incarbona et al., 2023), planktonic forami
niferal assemblages of the Tyrrhenian Basin during winter months 
(Margaritelli et al., 2016) and of the Menorca Basin during the short- 
term Medieval Cool Event (Margaritelli et al., 2018). In the Central 
Mediterranean, the MCA has been described as formed by two distinct 
phases (Goudeau et al., 2015), where cooler conditions characterised the 
initial part (Medieval Cold Event), while a warmer climate was recorded 
during the second phase (Medieval Warm Event) (Lirer et al., 2014, 
2019; Margaritelli et al., 2016, 2018; Mensing et al., 2016; Cascella 
et al., 2019). Nevertheless, the Medieval cooler phase exhibited a more 
pronounced signature (Margaritelli et al., 2016, 2018; Lirer et al., 2019; 
Lüning et al., 2019). It is thus plausible that at our study site, the warmer 
coccolithophorid assemblages did not fully recover from the LALIA cool 
interval, continuing to exhibit lower values throughout the MCA interval 
(Fig. 7). The cool conditions highlighted by the δ18OG. ruber white heavy 
values, persisted up to c.a. 0.3 ky BP (Fig. 7). In particular, the drop of 
holococcoliths abundance and the slight increase of the cold water group 
are coeval to the Little Ice Age (LIA) event described by Margaritelli 
et al. (2020) and concomitant with the onset of the Bond event 0 (Fig. 7). 
However, despite the development of cooler climatic conditions, the 
warm water group values increased (Fig. 7), likely attesting the transi
tion of the trophic features of the water column from higher to lower 
coccolithophorid productivity conditions (e.g. Triantaphyllou et al., 
2004; Dimiza et al., 2008; Oviedo et al., 2015; Bonomo et al., 2021). A 
similar response of the coccolithophorid community was recorded in the 
Southern Adriatic Sea (Cascella et al., 2019) and in the North Aegean 
Sea (Gogou et al., 2016; Skampa et al., 2019) where the foraminifera 
benthic community also recorded a shift towards oligo-mesotrophic 
conditions (see Dimiza et al., 2020). Also in the Tyrrhenian Sea, a 
transition in nutrient availability in the water column is marked by the 
shift from carnivorous to herbivorous-opportunistic planktonic forami
nifera taxa (Lirer et al., 2014; Margaritelli et al., 2016). The gradual 
increasing trend in K/Al ratio and of reworked abundance, indicate 
enhanced riverine runoff which sustained the relatively high values of 
S. pulchra taxon (e.g. Flores et al., 1997; Colmenero-Hidalgo et al., 2004; 
Dimiza et al., 2008, 2015; Malinverno et al., 2009, 2014) (Fig. 7). At the 
same time, slightly decreasing trend of δ13CG. ruber white values suggest 
the release of nutrient-rich waters likely due to the strengthened WAC 
outflow over the year (Goudeau et al., 2015) during a supposed wetter 
late LIA (e.g. Grove, 2001; Nicault et al., 2008; Grauel et al., 2013). 
Nevertheless, the persistent positive NAO phase reconstructed by Smith 
et al. (2016) (Fig. 7) does not match with the proxies of enhanced 
continental runoff recorded during this interval (Bonomo et al., 2016; 
Cascella et al., 2019). Within this framework, anthropogenic pressure 
during the LIA could have driven higher fluvial discharge (e.g., 

Piccarreta et al., 2011; Wirth et al., 2013; Benito et al., 2015). However, 
NAO reconstructions may be influenced by several factors, such as the 
proxies used, local precipitation patterns, and applied models, among 
others, which could result in discrepancies when comparing some 
events. For instance, during the same interval, negative NAO phases 
have been described by Trouet et al. (2009), Olsen et al. (2012), and 
Faust et al. (2016). Nonetheless, the findings from our study are 
consistent with those of Incarbona et al. (2023) in the Balearic Sea, 
showing enhanced holococcolith preservation during the negative NAO 
phases reconstructed by Smith et al. (2016), and vice versa still sug
gesting a common response between North Iberian and Western-Central 
Mediterranean climatic settings (Fig. 7). After the LIA, the shift in 
δ18OG. ruber white signal towards less positive values evidence a sharp 
transition towards warmer climate conditions (Fig. 7) as suggested by 
Lirer et al. (2019) and Margaritelli et al. (2018). However, the trend 
reverses near at top of the record, pointing to a return to harsher climatic 
conditions and/or the onset of a drier climate. Indeed, the reduced in
fluence of riverine runoff is supported by the lower values of reworked 
material and the K/Al ratio (Fig. 7). Additionally, the shift of δ13CG. ruber 

white towards more positive values indicates a decline in nutrient-rich 
water input, which is reflected in the negative response of S. pulchra 
(Fig. 7).

6. Conclusions

The multiproxy study of the ND14Mbis gravity core based on 
micropaleontological, geochemical and XRF data provided valuable 
information on the climatic events developed in the North Ionian Basin 
during the past 10 ky, where the general climatic configuration 
appeared to be influenced by both North Atlantic and African climatic 
systems. In particular, the 1.6 ky periodicity extrapolated from the cold 
water group IMF3 signal suggested the influence of the North Atlantic 
1.5 ky Bond cycles at the study site.

The oscillations of the calcareous nannofossil assemblage, combined 
with cluster analysis, identified key paleontological and paleoenvir
onmental changes at the study site. In particular, this approach allowed 
us to state that Sapropel 1 deposition at the study site lasted until 6.6 ky 
BP, despite the lack of sedimentary evidence (e.g. oxidised sediments). 
During the S1 event, the dysoxic bottom-water conditions (e.g. Giunta 
et al., 2003; Filippidi and De Lange, 2019) were interrupted during two 
short spells of climate cooling that chronologically correspond with the 
well-known 8.2 and 7.4 ky BP events. After the 7.4 ky BP event, in
dications of weak stratified conditions in the water column developed, 
as highlighted by the relatively higher values of the taxa of F. profunda, 
S. pulchra and B. bigelowii. After the end of S1 (6.6 ky BP), prominent 
mixing conditions were marked by the sharp shift of the δ18OG. ruber white 
towards heavier values evidencing the resumption of Adriatic Deep 
Water formation. Concomitantly, a lower δ13CG. ruber white ratio and 
higher K/Al values pointed to a stronger Po riverine imprint. Under 
these conditions, G. scitula and N. incompta planktonic foraminifera, 
indicative of cool and well-mixed waters, showed increased trends. 
Subsequent freshwater input (reworked coccoliths, S. pulchra, K/Al) and 
nutrient concentrations (δ13CG. ruber white) proxy variations evidenced the 
transition towards drier conditions, marking the end of the African 
Humid Period at our study site (10–5.4 ky BP).

At the 4.2 ky BP threshold, the cluster analysis outcomes, along with 
the calcareous nannofossil configuration, suggest a major reorganisation 
of the climatic system at our study site, likely modulated by a stronger 
influence of the NAO. This transition marked the shift towards stronger 
NAO phases, as recorded in Northern Iberia (Smith et al., 2016). Com
parisons with the calcareous nannofossil assemblage and the XRF 
dataset revealed that NAO oscillations directly affected the hol
ococcolith abundance and K/Al trends, with higher values associated 
with negative NAO phases.

From 4.2 ky BP onwards, calcareous nannofossil distribution regis
tered shorter-lived climatic events within the Pre-Roman (4.1–2 ky BP), 
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Roman (2–1.5 ky BP) and Post-Roman (1.5–0 ky BP) Periods. Particu
larly, the coccolithophorid assemblage registered the cooler climatic 
events more prominently than other proxies at our study site, i.e. 
emphasising the cooler portion of the Medieval Climate Anomaly. 
Finally, during the Little Ice Age (0.5–0.3 ky BP), increased abundances 
of the warm water group suggested a shift towards lower coccolitho
phorid productivity, likely associated with enhanced riverine runoff as 
indicated by reworked coccoliths and XRF elemental data. These con
ditions led to the onset of density-stratified waters, a phenomenon also 
recorded by the coccolithophore assemblages in the Adriatic Basin 
(Cascella et al., 2019) and in the North Aegean Sea (Gogou et al., 2016; 
Skampa et al., 2019) during the same interval.

CRediT authorship contribution statement

L. Bronzo: Writing – review & editing, Writing – original draft, 
Investigation, Formal analysis, Conceptualization. A. Cascella: Writing 
– review & editing, Supervision, Funding acquisition, Conceptualiza
tion. S. Bonomo: Writing – review & editing, Formal analysis. C. 
Morigi: Writing – review & editing, Supervision. I. Cacho: Writing – 
review & editing, Funding acquisition. G. Margaritelli: Writing – re
view & editing. J. Frigola: Writing – review & editing. L.D. Pena: 
Writing – review & editing. F. Lirer: Writing – review & editing, Su
pervision, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We acknowledge the financial support provided by the ERC- 
Consolidator TIMED project (REP-683237), the INGV project 2019 
(Paleoclimate variability during Late Holocene in the Central Mediter
ranean and Balkans: terrestrial and marine archive comparison) and the 
Pegaso PhD grant 2021 provided by Tuscany Region (Italy) through 
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Català, A., Cacho, I., Frigola, J., Pena, L.D., Lirer, F., 2019. Holocene hydrography 
evolution in the Alboran Sea: a multi-record and multi-proxy comparison. Clim. Past 
15, 927–942. https://doi.org/10.5194/cp-15-927-2019.

Checa, H., Margaritelli, G., Pena, L.D., Frigola, J., Cacho, I., Rettori, R., Lirer, F., 2020. 
High resolution paleo-environmental changes during the sapropel 1 in the North 
Ionian Sea, Central Mediterranean. Holocene 30 (11), 1504–1515. https://doi.org/ 
10.1177/0959683620941095.

Cheshire, H., Jü, J., Thurow, J., Nederbragt, A.J., Cheshire, H., Nederbragt, J., 2005. Late 
quaternary climate change record from two long sediment cores from Guaymas 
Basin, Gulf of California. J. Quat. Sci. 20 (5), 457–469. https://doi.org/10.1002/ 
JQS.944.

Cisneros, M., Cacho, I., Frigola, J., Canals, M., Masqué, P., Martrat, B., Casado, M., 
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