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ABSTRACT

Depositional systems accumulating under the combined influence of along-slope currents and downslope
sediment-gravity flows are frequent in several continental margins. Despite being well-documented in terms of
how these opposing depositional processes shape the margin architecture, many aspects related to their inter-
action and distinctive characters of resulting sediment accumulations remain elusive. Here we focus on the Gela
Basin, the foredeep of the Maghrebian fold-and-thrust belt in the Strait of Sicily, where the Levantine Inter-
mediate Water (LIW) and the Modified Atlantic Water (MAW) are confined by margin morphology, which
amplify their velocities. Two sediment cores located on the upper and lower slope of the Gela Basin document the
overlapping of along- and downslope processes since the very last phase of the Last Glacial Maximum (LGM).
Detailed analysis of several proxies including sedimentary structures, sortable silt, geochemical elemental
composition, oxygen and carbon isotopes, ichnofacies and foraminifera assemblages helped to disentangle the
sedimentary imprints of contourites (including variations in bottom-current velocity through time) and down-
slope gravity-driven processes (turbidity currents and mass-transport processes).

The slope experienced exceptionally high sedimentation rates up to 1300 cm kyr~! during the last phase of
LGM and early phase of Heinrich Stadial 1 (HS1), which rapidly decreased before Heinrich Event 1 (< 100 cm
kyr™1). The high accumulation rates were driven by a combination of sediment input from the inner and mid
shelf and lateral advection promoted by strong bottom-currents under the action of the LIW. An abrupt and brief
intensification (+ 7.8 cm™!) of the MAW speed during the early phase of HS1 affected the stability of the
sediment drifts, which were growing since the previous interglacial and contributed to the emplacement of mass-
transport deposits around 17 kyr BP. During the post-glacial sea-level rise pulses, before and during the Heinrich
Event 1, the two sediment cores registered contrasting bottom-current velocities, suggesting a progressive
shoaling of the LIW and modifications at the interface between the LIW and the MAW, in response to the
increased fresh water discharge from the Atlantic. Our findings suggest that sea-level fluctuations can change the
thickness and core-depth of the Central Mediterranean water masses, leading to intervals of enhanced bottom-
current erosion and margin instability along the outer shelf and upper slope.

1. Introduction

Furthermore, numerous studies use their sedimentary record to recon-
struct variations in bottom-current flow strength through time (McCave

Contourite deposits are considered excellent archives for recon-
structing paleoceanographic circulation at regional scale as a key aspect
of climatic variability (e.g., Hernandez-Molina et al., 2014).
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et al., 1995; Toucanne et al., 2012; Miramontes et al., 2016). Bottom
currents can be in fact governed by geostrophic thermohaline circula-
tion and occur with variable intensities that directly influence their
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ability for inducing lateral advection of sediment (Rebesco et al., 2014;
Pellegrini et al., 2016). The signature of contour-currents is relatively
well-preserved where current intensity is high and in areas where sea-
floor morphology generates lateral flow constriction and this often
happens in the upper slope around headlands, volcanic islands, sub-
marine plateaus (Van Rooij et al., 2010; Martorelli et al., 2011; Rovere
et al., 2019).

Along-slope contour currents often occur on continental margins
where also downslope gravity flows are common. Interactions between
contour currents and gravity flows are rarely documented, especially at
the sedimentary and seismic facies level, either because the criteria to
identify them are sometimes ambiguous in interbedded sedimentary
sequences (e.g. Stow and Smillie, 2020) or because gravity flows usually
overprint bottom-current sedimentary structures (Mulder et al., 2008).
On the other hand, contour currents may in part obliterate sedimentary
structures related to turbidity-current deposition through the winnow-
ing of fine grains (e.g. Martin-Chivelet et al., 2008). Therefore, from a
sedimentary standpoint, in dynamic environments where along- and
downslope processes occur simultaneously during strata deposition, it
remains crucial to find diagnostic tools to disentangle strata recording
bottom-current activity from strata emplaced by downslope gravity-
driven processes (e.g. landslides, turbidity currents, wave-enhanced
sediment gravity flows).

Several continental margins dominated by the Atlantic-
Mediterranean thermohaline circulation show the interplay between
along-slope and downslope processes and have been investigated at the
sedimentary body level (Brackenridge et al., 2013; Martorelli et al.,
2016; Miramontes et al., 2016), in flume tank experiments (Miramontes
et al., 2020), but to a lesser extent at the sedimentary facies level
(Beckers et al., 2016). Shallow- and intermediate-water contourites can
more frequently record the interplay with gravity flows process, espe-
cially during sea-level lowstands when sediment flux from land and
downslope transport are usually enhanced (Lee, 2009). In addition, the
upper continental slope and shelf-edge areas are directly affected by sea-
level fluctuations, as the depth range of the wind-driven surface and
intermediate water masses may change as well as their ability to
impinge on the sea floor (Miramontes et al., 2016). However, only a
minor set of studies focus on the small-scale dynamics of locally confined
contourite drifts that develop in response to oceanographic changes such
as the lateral shift and vertical migration of water masses (e.g. Hanebuth
et al., 2015; Petrovic et al., 2019).

In the Mediterranean Sea, the Strait of Sicily is a relatively-shallow
sill separating the much deeper western and eastern basins and repre-
sents a 2-layer gateway for Atlantic and Eastern Mediterranean water
exchange, where surface and intermediate currents are recorded
(Béranger et al., 2004). In the Strait of Sicily, several confined shallow-
water contourite deposits have been identified on the shelf and upper
slope of the Gela Basin (Verdicchio and Trincardi, 2008; Kuhlmann
et al., 2015; Gauchery et al., 2021). Contourites mainly formed by the
action of the Levantine Intermediate Water (LIW) during interglacials
and sea-level highstands when the intensity of the flow is believed to
increase along the eastern slope of the Gela Basin. Contourites forming
on the outer shelf are controlled by the displacing action of the Medi-
terranean Surface Water (MAW) (Gauchery et al., 2021). The presence
of rapidly deposited contourite drift deposits in the upper slope that
concurred to high sediment accumulation rates (250-330 cm/kyr) since
the Last Glacial Maximum (LGM, ~ 19-23 ka) are considered the main
factors conducive to recurrent slope failure with the emplacement of
several mass-transport deposits (MTDs) in the northern Gela Basin
(Minisini and Trincardi, 2009).

This paper presents paleo archives of post-LGM from two sediment
piston cores collected in the upper and lower slope of the southern Gela
Basin along a sediment drift and downslope of two MTDs, generated by
the collapse of the sediment drift itself. Our multi-proxy approach in-
cludes seismic stratigraphy, benthic and planktonic foraminifera as-
semblages, stable isotope geochemistry, geochemical element ratios,
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sortable silt grain size to distinguish between strata recording bottom-
current activity alone and in combination with other sedimentary pro-
cesses (e.g. gravity-driven flows). Diagnostic radiographic images of
sedimentary structures were integrated with the carbon isotopic
fingerprint of plant debris and displaced foraminifera from the shelf to
infer the occurrence of downslope transport. The ichnofacies of bio-
turbating fauna was analysed to understand bottom oxygen conditions
and infer proximity to the bottom-current core.

By reconstructing the depositional history of two sedimentary re-
cords of the Gela Basin, this paper aims to: 1) evaluate proxies and
criteria to disentangling along- vs downslope processes; 2) reconstruct
bottom-current activity during the post-LGM, with particular focus on
the stratigraphically-expanded Heinrich Stadial 1; 3) discuss time in-
tervals and predisposing conditions that lead to the failure of sectors of
the sediment drifts. Overall, the climatic signal stored in the sedimen-
tary records in the form of variability of the paleo-current activity and
intensity enabled us to make inferences on the general Mediterranean
circulation, with reference to the post-LGM sea-level fluctuations.

2. Background
2.1. Geological setting

The Gela Basin is located in the Strait of Sicily and represents the
foredeep of the Maghrebian fold-and-thrust belt, is shaped by the most
recent arcuate front of the Gela Nappe in the north (Argnani, 1987) and
constrained by the 100-150 m deep Malta Plateau in the east (Fig. 1A).
The basin reaches the maximum water depth (wd) of 936 m and is filled
by turbidites, mass-transport (MTD) and contourite deposits of Pliocene-
Quaternary age overlying Messinian evaporites and fine-grained marls
of the early Pliocene Trubi Formation. Sediments are represented by
clays intercalated with thin-bedded fine-grained sands in distal settings
and thicker sand beds on the southern Sicily slope (Ghielmi et al., 2012).

Sedimentary prograding wedges, fed from the north, developed on
top of the Gela Nappe starting from the late Pliocene and extended
eastward, away from the thrust front, fringing the Hyblean Plateau
(Fig. 1B). In the Pleistocene, progradation extended to the south of the
basin with the emplacement of oblique shelf-edge clinothems (Gauchery
et al., 2021). From Pliocene to the Middle Pleistocene Transition (ca.
800 ka), the sediment wedge increased in thickness by 150 m/Myr. In
the last 800 kyr, the margin outbuilding developed a markedly aggra-
dational motif, with sediment accumulation rate reaching 900 m/Myr,
suggesting an overall increase in accommodation on the continental
shelf accompanied by an increased sediment flux along the eastern
margin of the Gela Basin (Gauchery et al., 2021).

Sedimentation rates as low as 11 cm/kyr have been observed for the
last 30 kyr BP in the western Gela Basin at ODP site 963 (Shipboard
Scientific Party, 1996). On the contrary, sediment cores document
accumulation rates up to 200 cm/kyr during the last major interglacial
period before the Holocene (MIS 5, 120 to 70 ka) and 100 cm/kyr in the
last 18 kyr BP (Kuhlmann et al., 2015) in the eastern Gela Basin. To
explain particularly high sedimentation rates during MIS 5 Interglacials
and short-lived relative high stands, Kuhlmann et al. (2015) hypothe-
sized the action of intermittent hyperpycnal flows acting during overall
arid climate in addition to enhanced thermohaline circulation. The hy-
drological regime of Sicilian rivers still reflects one of the most arid
conditions in the Mediterranean with a discharge of Gela River as low as
0.02 km3/yr (Milliman and Farnsworth, 2011; Fig. 1C).

2.2. Oceanographic regime since Last Glacial Maximum

The Mediterranean Sea is connected with the Atlantic Ocean via the
Strait of Gibraltar where the relatively fresher and warmer ocean waters
enter and transform into the Modified Atlantic Water (MAW) (Astraldi
et al., 1999). The MAW flows eastward onto the Eastern Mediterranean
via the Strait of Sicily with a velocity of 15-30 cm s~! between 100 and
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Fig. 1. A) Circulation of the surface (Modified Atlantic Water — MAW), intermediate (Levantine Intermediate Water — LIW) and deep-waters (Western and Eastern
Mediterranean Deep Water — WMDP and EMDW) in the Mediterranean Sea (modified from Astraldi et al., 2001). The black circles indicate the location of the
reference cores used in this study. B) Relief and bathymetric map of the Strait of Sicily area with superimposed the water mass circulation and the general tectonic
framework (modified from Millot, 1999; Millot and Taupier-Letage, 2005). C) Relief and bathymetric map of the Gela Basin highlighting mass-transport deposits:
Twin Slides (Minisini et al., 2007), Southern Gela Basin Slide (SGBS) and Gela Drift Slide (GDS) (Gauchery et al., 2021). White polygons indicate contourite deposits

(Verdicchio and Trincardi, 2008; Gauchery et al., 2021).

200 m wd (Lermusiaux and Robinson, 2001; Millot and Taupier-Letage,
2005; Fig. 1A). The increasing evaporation and temperature from west
to east promote vertical mixing during wintertime and result in the
formation of the Levantine Intermediate Water (LIW) in the Levantine
Basin (Millot and Taupier-Letage, 2005; Fig. 1A). The LIW flows west-
ward via the Strait of Sicily during summer with a velocity of 13 cm s~*
between 200 and 600 m wd (Fig. 1B; Lermusiaux and Robinson, 2001;
Sammari et al., 1999). Both LIW and MAW have likely been active
through the Quaternary but experienced variations in flow direction and
velocity with sea-level fluctuations (Gauchery et al., 2021). Deep waters
form in the Mediterranean due to mixing of cooled surface winter waters
and the LIW in the northern Adriatic Sea (Eastern Mediterranean Deep
Water; Astraldi et al., 2001) and in the Gulf of Lions (Western Medi-
terranean Deep Water; Millot, 1999) (Fig. 1A).

During the LGM, sea level was ~135 m below the modern position
(Lambeck et al., 2014) and the limited amount of freshwater input
through the reduced section of the Gibraltar Gateway contributed to
intensify intermediate and deep-water formation, resulting in stronger

bottom currents in the Mediterranean Sea (Rogerson et al., 2008; Tou-
canne et al., 2012; Miramontes et al., 2016). Well-mixed and ventilated
water masses persisted during Greenland Stadial GS-2a even when
massive iceberg melting at the Heinrich Event 1 (HE1) considerably
reduced the salinity of the surface Mediterranean waters and caused
profound reduction of deep-water formation and thermohaline circula-
tion (Sierro et al., 2005). Indeed, during HE1 strong LIW dynamics
characterized the Western (Jiménez-Espejo et al., 2015) and Central
Mediterranean (Toucanne et al., 2012), while circulation was sluggish in
the Eastern Mediterranean mostly due to reduced water exchange across
the Strait of Sicily (Cornuault et al., 2018).

At the last glacial/interglacial transition during Greenland Intersta-
dial 1 (GI-1) about 15 ka, a drastic reduction of the ventilation and
velocity of the LIW was documented in the Corsica Trough (Toucanne
et al., 2012), coinciding with warmer climate (i.e. Bglling-Allersd
period) and large eustatic sea-level rise (i.e. Meltwater Pulse 1A,
Deschamps et al., 2012). Moreover, the onset of the African Humid
Period (AHP) at 14.8 kyr BP, when gradually increasing Northern



T. Gauchery et al.

Hemisphere summer insolation drove the intensification and northward
migration of the African monsoon (see Shanahan et al., 2015 and ref-
erences therein), promoted continental runoff from North Africa into the
Mediterranean Sea (see Rohling et al., 2015 for a complete review). The
excess of freshwater input during pluvial maxima of the AHP acted as an
additional forcing to the system and drastically changed the circulation
pattern in the Central and Eastern Mediterranean (Toucanne et al.,
2012; Revel et al., 2015), probably through a partial inhibition of the
vertical mixing (Schmied] et al., 2010).

The intense and short cooling period known as Greenland Stadial 1
(GS-1) was characterized by a decrease in the Atlantic surface temper-
atures and salinity depletion due to fast southward shift of the polar
front (Cacho et al., 2001). In the Mediterranean Sea, the arid climatic
conditions favoured a more intense LIW circulation associated with
lower oxygenation and higher productivity (Toucanne et al., 2012;
Jiménez-Espejo et al., 2015).

The transition to warmer conditions (10.8 to 6.8 ka, Cacho et al.,
2001), coupled with enhanced Nile runoff, which led to deposition of
Sapropel S1 (Rohling et al., 2015), significantly slowed down the LIW
dynamics in the Western (Jiménez-Espejo et al., 2015; Dubois-Dauphin
et al., 2017) and Eastern Mediterranean (Toucanne et al., 2012; Tesi
et al., 2017), with reduced water exchange at the Strait of Sicily (Cor-
nuault et al., 2018).

2.3. Contourite-derived mass-transport deposits

Contourite deposits are widespread along the shelf-edge and upper
slope (~ 200 m wd) of the northern (Verdicchio and Trincardi, 2008)
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and southern (Gauchery et al., 2021) Gela Basin as well as over the
shallow-water area of the Malta Plateau (~135 m wd, Fig. 1C) south of
Sicily (Gauchery et al., 2021). Given the water depth of their occurrence,
these contourite deposits reflect the action of intermediate waters (LIW,
Verdicchio and Trincardi, 2008) and surface circulation (MAW,
Gauchery et al., 2021).

In the northern Gela Basin multi-stage and stacked mass-transport
deposits (MTDs) have been recorded since 87 kyr BP with ~10 kyr re-
turn frequency and involve contourites and clinothem deposits (Kuhl-
mann et al., 2017). During LGM, small-scale landslide deposits that are
not discernible in seismic reflection profiles are revealed by the presence
of displaced foraminifera (Kuhlmann et al., 2017). The uppermost of
these minor stacked mudflow deposits occurred about 8.5 kyr BP and
displaced the postglacial rapidly deposited units of the sediment drifts
(Minisini and Trincardi, 2009). On top of the mudflow, the Twin Slides
(Minisini et al., 2007) are the youngest MTD in the region and occurred
in the late Holocene (Fig. 1C).

The contourite deposits located in the upper slope of the southern
Gela Basin are composed of fine-grained sediment with well-developed
sediment drifts and moats and their most recent phase of growth
occurred during MIS 5 and late MIS 2 (Gauchery et al., 2021). The
presence of erosional surfaces downcutting the upper slope combined
with oversteepening caused by high sediment accumulation rates fav-
oured the emplacement of the South Gela Basin Slide (SGBS) and the
Gela Drift Slide (GDS). These two events reflect changes in sediment
supply and dispersal by bottom-currents mainly due to sea-level fluc-
tuations orbitally-controlled by climatic cycles paced at 100 kyr
(Gauchery et al., 2021; Fig. 1C).
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Fig. 2. A) 2D and B) 3D bathymetric map with location of cores MS75 and MS72 (white stars). The black line indicates the sub-bottom seismic reflection profile
shown in C; the red line outlines a contour-parallel moat located upslope of the mass-transport deposits Southern Gela Basin Slide (SGBS) and Gela Drift Slide (GDS).
C) Sub-bottom seismic reflection profile showing the location of cores MS75 and MS72. (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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3. Materials, methods and approach
3.1. Methods

3.1.1. Hydroacoustic data

Bathymetric maps were obtained from a compilation of a 1/16 x 1/
16 arc minutes resolution EMODnet (EMODnet Bathymetry Consortium,
2016) with swath bathymetry data collected with a 50 kHz Reson Sea-
bat® 8160 on board RV Urania in 2006 during the CORSARO survey
(Fig. 2).

The sub-bottom seismic reflection profiles (Fig. 2C) were collected
using a Teledyne Benthos CHIRP-III system on board RV Urania in 2006
during the MAKROS campaign. The transducer is composed of a 16 hull-
mounted array with a sweep-modulated frequency of 2-20 kHz outgoing
signal and 4 kW power per-channel enabling a vertical resolution of 0.5
m and shallow penetration (< 100 m).

3.1.2. Sediment cores

Two sediment cores were recovered using a piston corer on board RV
Urania in 2007 during the MARCOS cruise (Fig. 2). Core MS75 was
collected on the upper slope at 280 m water depth (wd) and is 842.5 cm
long (Fig. 3); core MS72 was retrieved at 550 m wd in the lower slope
and is 1078.5 cm long (Fig. 4). For stratigraphic correlations, additional
reference from long piston cores were used from the literature (Fig. 1A
for location).

3.2. Laboratory Analysis on sediment cores

X-ray images of the sediment cores were obtained with a Fuji PRIMA
T2 digital acquisition system from Ibis X-rays systems and a Gilardoni
cpx-m 160 generator. Magnetic susceptibility was acquired with a Bar-
tington® system mounting an MS2 sensor (range 0.1 SI) and using a 2
cm spacing resolution.

X-ray fluorescence (XRF) data were acquired with a 3rd generation
AVAATECH core scanner on split cores equilibrated for room tempera-
ture, carefully smoothened to remove surface roughness and covered
with a 4 pm Ultralene® film to prevent contamination of the sensor
during core logging. The generator is an Oxford 100-W X-Ray source
with rhodium anode, while the sensor is a Canberra Silicon Drift De-
tector with Be window. The XRF data were collected in three separate
runs using generator settings: 10 kV with helium flux, 30 kV, 50 kV and
400-450 pA with counting times of 10-35 s every centimetre downcore.
Dead times were automatically corrected. Raw spectroscopic data were
processed and converted to elemental counts by Iterative Least square
software (WIN AXIL) package from Canberra Eurisys. Post-processing of
the results indicated that light elements (Al to Fe) were affected by
seawater content, with Cl values showing an opposite trend. Thus, light
elements from lithogenic sources were replaced by heavier elements
when normalizing XRF data (e.g. Fe replaced by Ti) (Hennekam and De
Lange, 2012; Tjallingii et al., 2007).

Foraminifera assemblages were examined by means of an optical
stereomicroscope to obtain a semi-quantitative micropaleontological
analysis on 1 cm thick sediment slices taken every ~10 cm. The sedi-
ment samples were dried in oven at 50 °C and sieved at 0.063 mm in
advance of the micropaleontology analysis.

Radiocarbon AMS dating were performed on monospecific samples
(Table 1), when possible, of planktonic or benthonic foraminifera at the
National Ocean Sciences Accelerator Mass Spectrometry Facility
(NOSAMS, Woods Hole Oceanographic Institution, USA). Specimens
were picked-up under the optical stereomicroscope from the size frac-
tion >0.180 mm, discarding filled, encrusted and broken specimens. The
selected specimens underwent an ultrasonic bath in demineralized
water before shipping to the laboratory. The calibration was obtained
with the Calib 7.1.0 Radiocarbon Calibration Program (Stuiver and
Reimer, 1993) and the Marinel3 calibration data set (Reimer et al.,
2013) applying a reservoir age of 71 + 50 years according to the Calib
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database for Sicily (Kuhlmann et al., 2015; Siani et al., 2000; Table 1).

Oxygen and carbon stable isotope analyses of foraminifera (613Cf0r_
ams) Were performed on the planktonic species Globigerina bulloides for
both cores and on the benthonic taxon Bulimina marginata only for core
MS72. These two taxa were selected because of their continuous pres-
ence in the cores and because they allow a comparison with other
Mediterranean records. G. bulloides occurs in the Mediterranean Sea,
preferentially in the western basin, during winter at water depth
50-200 m (Pujol and Vergnaud-Grazzini, 1995). Twenty-five specimens,
where available, were picked-up for both taxa from the size fraction
>0.180 mm and they were selected under the optical stereomicroscope
to avoid broken, filled or encrusted specimens. The measurements were
performed at the Leibniz Laboratory for Radiometric Dating and Stable
Isotope Research, University of Kiel, Germany. The analytical precision
is < & 0.05%0 (13C) and < % 0.08%. (*20). The isotopic composition is
reported as per mil (%o) deviation with respect to the Vienna Pee Dee
Belemnite (VPDB) standard. The data were not corrected for the ice
volume effect.

Plant debris was handpicked from the sieved sediment and trans-
ferred in silver cups, where samples were acidified with 1.5 M HCI twice.
Elemental (organic carbon and total nitrogen) and carbon stable isotope
analyses (5'3C,c) were performed at ISMAR'’s premises using a Finnigan
DeltaPlus mass spectrometer directly coupled with a FISONS NA2000
Element Analyzer via a CONFLO interface for continuous flow mea-
surements. The standard deviation is 0.15%. based on replicates of
laboratory internal standards. The isotopic composition is reported as
per mil (%0) deviation with respect to the Vienna Pee Dee Belemnite
(VPDB) standard.

Grain-size analysis was performed on the carbonate-free fraction of
the sediment, which was sampled every 5 cm taking out 5 g for each
sample. The decarbonisation was obtained with three consecutive
washes with 10 ml of hydrochloric acid (20%) to remove the biogenic
carbonate component, which reflects vertical marine sedimentation. De-
flocculation of the samples was done by successive washes followed by
centrifugation (2 times for 10 min at 3000-3500 tr/mn) to accelerate
particles settling and siphoning of the supernatant. The samples were
then freeze-dried for 48 h and mechanically stirred to ensure particle
dispersion. After treatment, samples were stored in sample vials. A
micro sample splitter was used to quarter the samples until reaching a
representative quantity of sediment to get an obscuration between 8 and
15% during the analysis. The aliquots (around 100 mg) were mixed with
water and stirred for four minutes at 15 Hz and went through ultrasonic
bath at 80 Hz until complete disaggregation. Despite repeated sets of
ultrasonic bath, some samples still contained larger particles identified
as pyrite encrustations. The grain-size distribution was obtained with a
Malvern Master Sizer 3000 (0.1-2000 pm) at Ifremer’s laboratories with
the following settings: particle type opaque (Fraunhofer approximation)
and non-spherical. The instrument calculated the percentage of grain
size for each group (bin) with 21 bins spanning the sortable-silt fraction
(SS, 10-63 pm). For statistical redundancy, each sample was measured
three times and the average used as the representative result.

3.3. Data handling

3.3.1. Paleo-flow speed reconstruction by sortable silt

The history of a flow speed can be reconstructed through the quan-
tification and characterization of the sortable silt (e.g. McCave et al.,
1995; Toucanne et al., 2012; Voigt et al., 2016; Lebreiro et al., 2018). We
calculated the mean size of the sortable silt (SS) and abundance of
sortable silt (SS%) according to formulas provided in McCave and
Andrews (2019) to estimate changes in flow speed. With this method,
the accuracy of the paleo-velocity calculation can be assessed by the
correlation coefficient (r) measuring the linear relationship between SS
for all samples and their abundance percentage in sortable silt (SS%).
The closer (r) is to 1 more confidently sediment can be interpreted as
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in this figure legend, the reader is referred to the web version of this article.)
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Table 1
AMS '*C and calibrated ages based on monospecific and mixed foraminifera.
Results are expressed as 2-sigma range.

Core depth Age (yrB.  Calibrated age (yr. Material
(cm) P.) B.P.) 26
Core MS75
20-21 9220 + 9697-10,134 Globigerinoides ruber +
35 Globorotalia inflata
71-72 12,600 + 13,823-14,184 Globigerinoides ruber
50
96-97 13,550 + 15,299-16,001 Globigerinoides ruber +
95 Neogloboquadrina incompta
146-147 14,200 + 16,245-16,951 mixed benthic forams
95
207-208 14,700 + 16,949-17,655 Cibicidoides pachyderma
110
297.5-298.5 14,850 + 17,138-17,873 mixed benthic forams
120
457-458 15,150 + 17,614-18,081 Globigerinoides ruber
70
717-718 17,700 + 20,479-21,095 Globigerinoides ruber
100
841.5-842.5 15,800 + 18,369-18,788 Globigerinoides ruber +
80 Neogloboquadrina incompta
Core MS72
44.3-44.8 5110 + 5281-5536 Globigerinoides ruber
20
134-135 10,450 + 11,219-11,760 Globigerinoides ruber
40
174-175 11,050 + 12,295-12,674 Neogloboquadrina incompta
45
273-274 13,150 + 14,735-15,306 Neogloboquadrina incompta
55
393-394 14,050 + 16,028-16,756 Globigerina bulloides +
100 Neogloboquadrina incompta
493-494 15,400 + 17,843-18,474 mixed benthic forams
120
711-712 15,900 + 18,396-18,932 mixed benthic forams
120
970-971 16,600 + 19,162-19,739 Neogloboquadrina incompta
85
1077-1078 16,250 + 18,799-19,297 Globigerinoides ruber +
85 Neogloboquadrina incompta

current-sorted and reliable for providing a flow history (McCave et al.,
1995; McCave and Hall, 2006). In order to better differentiate along-
slope from downslope sedimentary processes, we identified sediments
not affected by bottom-current transport using the 9-point correlation
method proposed by McCave and Andrews (2019) and excluded these
samples to constrain the bottom-velocity calculations. The method uses
the Correl function in Microsoft Excel to evaluate the correlation among
nine values of SS% plotted against SS. The correlation calculated for
each sample is then combined with its mean value of the slope based on
the same nine values to determine the correlation coefficients for each
sample (see McCave and Andrews, 2019). Finally, we estimated the
magnitude of absolute changes in flow speed by multiplying the differ-
ence between minimum and maximum downcore values in SS with the
sensitivity of the Malvern laser (1.33 cm s_l/pm; McCave et al., 2017).

3.3.2. Paleo-oceanographic reconstruction by sediment elemental ratios

Marine sediments record paleo-environmental changes over time
through variations in major and trace element concentrations (Martinez-
Ruiz et al., 2015). In particular, in this study, we used the following
elemental ratio proxies:

- Zr/Rb as a grain-size proxy, because Zr is mainly hosted in heavy
minerals of coarse-grained siliciclastic sediments and Rb in fine-
grained siliciclastic sedimentary rocks (Rothwell and Croudace,
2015). In a few works, Zr/Al has been used as indicative of bottom
current strength in relation to the winnowing and enrichment in
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heavy minerals (e.g. Bahr et al., 2014). However, we decided to use

heavy elements for trend reliability.
- Ti/Ca as terrigenous flux proxy, where Ti reflects siliciclastic sedi-
ment primarily delivered to the ocean by fluvial transport processes,
while Ca reflects changes in the production of calcium carbonate
(CaCOs3) by marine plankton (e.g., Piva et al., 2008; Govin et al.,
2012). The magnetic susceptibility also can be used to broadly infer
the prevalence of marine sedimentation or terrigenous input (Vig-
liotti et al., 2008).
Ba/Ti as a paleo-productivity proxy, where the biogenic barium is
related to the abundance of organic matter (Jaccard et al., 2010).
S/Cl and pyrite encrustations as evidence of sub-oxic or anoxic
conditions, when high concentrations in sulphur lead to sulphate
reduction, formation of authigenic iron sulphate and pyrite (e.g.
Revel et al., 2015).

3.3.3. Paleo-current and gravity flows identification by sedimentary facies

In addition to the elemental ratios, we used other proxies specifically
to distinguish between downslope and along-slope sediment transport:
the presence of reworked (e.g. planktonic taxa which are not supposed
to be present in that time interval), mixed and broken shells of forami-
nifera to infer the occurrence of gravity flows and downslope transport.
The presence of benthic samples typical of inner-shelf environment
(displaced taxa) potentially coeval with other taxa and transported to a
deeper environment. Foraminifera assemblages with homogeneous test
size were used as proxies of bottom-current sorting.

We searched for sedimentary traction structures in the X-ray images,
including horizontal and curved laminae and low-angle cross-laminae,
sharp bottom contact (Martin-Chivelet et al., 2008), inverse to normal
grading (Stow and Smillie, 2020), as indication of bottom-current fine-
grained reworked sediment. We looked into fine-scale sedimentary
structures to highlight cross-lamination in normal grading bedding, the
presences of loads, flame structures and erosional contacts, lenticular
and discontinuous lamination, convolute lamination, water-escape
structures, indicative of very rapid deposition under sediment-gravity
flows (e.g. Stow and Smillie, 2020).

We used the isotopic fingerprint of plant debris to infer the sediment
source area (Tesi et al., 2007; Pedrosa-Pamies et al., 2015).

Finally, we used ichnofacies of bioturbating fauna to distinguish
between: high oxygen levels and intermediate ventilation associated
with macro ichnofacies; low oxygen levels and strong bottom currents
(Stow and Smillie, 2020) with micro ichnofacies and pyritised micro-
burrows (Petrovic et al., 2019). We used the ichnofacies also to broadly
infer the distance from the bottom-current core, based on the assump-
tion that sedimentation rates and ecologically stressful conditions are
higher in proximal areas where shallow tier tracemakers (micro ich-
nofacies) are more abundant, while distal settings favour the develop-
ment of middle and deep tier tracemakers (macro ichnofacies) (Dorador
et al., 2019).

4. Results
4.1. Seismic and sedimentary facies

4.1.1. Core MS75

Distinct seismic facies in sub-bottom seismic reflection profile
correspond to the stratigraphic intervals penetrated by core MS75 and
allow the identification of three seismic units (Fig. 3A). Unit A (0-320
cm) is characterized by low amplitude and discontinuous reflections and
overall transparent seismic facies; unit B (320-450 cm) displays very
high amplitude reflections (in red; Fig. 3A); unit C (450-842.5 cm) is
characterized by low amplitude almost continuous and parallel
reflections.

The seismic units correspond to changes in sediment colour at core
scale: pale olive (10Y 6/2) in unit A, medium dark grey (N7) in unit B
and medium light grey (N6) in unit C. The X-ray images show wavy to
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curved laminations in unit A associated with pyritized micro-burrows
(Fig. 3C) that are particularly abundant in the 100-300 cm interval
(Fig. 3D). Unit B is characterized by few non-parallel, cross-laminations,
whereas pyritized micro-burrows are present only in the uppermost part
(Fig. 3E). Unit C shows non-parallel laminations at the top, abundance of
pyritized micro-burrows indicating micro-ichnofacies and some hori-
zontal backfill suggesting the presence of transitional ichnofacies (sensu
Petrovic et al., 2019) in the bottom part (Fig. 3F) (Table 2).

4.1.2. Core MS72

Two seismic facies characterize the corresponding penetration depth
of core MS72 in the sub-bottom seismic reflection profile with a sharp
change between low amplitude and discontinuous reflections in unit A
(0-500 cm) to high amplitude, continuous and parallel reflections in
unit B (500-1078.5 cm) (Fig. 4A).

The striking change in seismic facies corresponds to different sedi-
ment colours at core scale: greenish grey in unit A and medium/dark
grey in unit B (Fig. 4B). The X-ray images show overall homogenous
beds in unit A (Fig. 4B). Abundant macro ichnofacies is present in the
upper unit A down to about 250 cm, where is substituted by pyritized
micro-burrows (Fig. 4C). Unit B is overall characterized by wavy to
curved laminations and moderate macro ichnofacies bioturbation where
lamination is less pronounced. Beds characterized by erosional base and
convolute lamination, load casting and flame structures are also visible
in unit B (Fig. 4D). Closely spaced alternations of laminae broadly
curved to wavy at the base and planar upward, showing internal trun-
cations in overall fining-upward beds are present at 600-800 cm
(Fig. 4E). Mostly discontinuous, lenticular beds characterize the lower
part of unit B, they have an erosional contact, are overlain by rapid
alternation of centimetric silty and muddy layers and are topped by a
sharp contact. Some burrows truncate the silt layer and the erosional
contact at the base (Fig. 4F) (Table 2).

4.2. Grain size distribution

4.2.1. Core MS75

The average grain-size distribution of core MS75 is 70% silt, 24%
clay and 6% sand. A slightly higher concentration in sand (8.5%) reflects
the bimodal distribution observed in unit A, compared to the unimodal
distribution of units B and C (Fig. 3B). In unit A, the bimodal distribution
is better defined at 50-90 cm and 150-200 cm with an increase in sand
concentration of 13.5% and 10%, respectively (Fig. 3B). Unit A is
characterized by SS as high as 27 pm, while units B and C have values at
least 3 pm lower (Fig. 3B). The grain-size log shows two large inverse to
normal grading beds in unit A and normal grading beds characterized by
sharp erosional contacts at their base in units B and C. Zr/Rb ratio is
overall higher in unit A with peak intervals that are consistent with SS
trend (Fig. 3B). The magnetic susceptibility shows an opposite trend
compared to the previous proxies, with low values where Zr/Rb and
SS are higher in unit A (Fig. 3B).

Table 2
Summary of the seismic and sedimentary proxies of cores MS72 and MS75.
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4.2.2. Core MS72

The average grain-size distribution of core MS72 is 68% silt, 26%
clay and 6% sand. Clay and silt concentrations vary significantly be-
tween units A (30% clay, 65% silt) and B (23% clay, 71% silt) (Fig. 4B).
The differences in grain-size concentration reflect the unimodal distri-
bution of unit A and the bimodal distribution of unit B (Fig. 4B). Unit A is
characterized by SS in the range 17-21.4 pm, while unit B shows values
24-27 pm. The grain-size log shows inverse to normal grading beds in
the lower unit A and normal grading beds characterized by sharp
erosional contacts intercalated with inverse to normal grading beds
within unit B. The magnetic susceptibility and Zr/Rb ratios reflect the
change in trend between units A and B (Fig. 4B), with overall higher
values and variability in unit B compared to unit A (Fig. 4B).

4.3. Paleo-flow reconstruction

The slope and correlation coefficients calculated for core MS75
(Fig. 5A) and core MS72 (Fig. 5B) indicate acceptable values for paleo-
flow reconstruction, especially for MS72. However, several sediment
layers that are not related to bottom-current transport are present in
both cores. Thus, layers with correlation values <0.5 and slope values
<0.07 were considered unreliable for paleo-flow reconstruction and
rejected, according to the method proposed by McCave and Andrews
(2019). The exclusion of the unreliable data led to an increase of the
correlation coefficient (r) from 0.744 to 0.876 (red circles in Figs. 5C, D)
in core MS75, from 0.839 to 0.877 in core MS72 (blue circles in Figs. 5C,
D). Therefore, the reliability tests indicate that core MS75 shows optimal
values for paleo-flow reconstruction in unit A, while most of units B and
C are unreliable for paleo-flow reconstruction (blue bars in Fig. 5E). On
the other hand, core MS72 is overall characterized by hydraulically-
sorted sediments, though few unreliable intervals for paleo-flow
reconstruction are present in both units A and B (blue bars in Fig. 5E)
(Table 2).

4.4. Oxygen and Carbon stable isotopes

The §'3Cq. of plant debris collected in unit B of core MS72 are
comprised between 16 and 24 per mil and their C/N molar ratios be-
tween 40 and 100 (Fig. 6). The 5'3Cforams curve of the planktonic taxon
G. bulloides (core MS72) shows the lower part, more or less corre-
sponding to the lower sub-interval of the 580 curve of the same species,
with frequent oscillations of 0.5 per mil amplitude on average, while the
middle part (up to ca. 300 cm) has a steadier trend (Fig. 7). The upper
interval displays a general decrease of the values punctuated, between
180 and 130 cm, by a temporary increase of the values. The values in-
crease again starting from ca. 50 cm upward (Fig. 7).

The 5'80 curve of the planktonic taxon G. bulloides displays, for both
cores, a similar trend, which can be divided in three main sub-intervals
(Fig. 7). The lower one, from the core bottom up to 680 cm in core MS72
and up to 420 cm in core MS75, shows the heaviest values within an
oscillatory trend around +3.5-3.6 per mil. From the top of this interval,

Core Seismic unit, Downcore depth Sediment grain size and Sediment structures Bioturbating fauna Distance from bottom-
amplitude (cm) sorting ichnofacies current core

MS75 A, 0-320 Increase in silt, bimodal, Wavy to curved lamination Micro Proximal
Low current-sorted
B, 320-450 Clay, unimodal, unsorted Low-angle cross lamination Micro Decreasingly distal
High upward
C, 450-842.5 Non-parallel lamination Micro and transitional
Low

MS72 A, 0-250 Clay, unimodal, current- Parallel lamination Macro Increasingly distal
Low 250-500 sorted Micro upward
B, 500-1078.5 Increase in silt, bimodal, Wavy, cross and non-parallel lamination, Macro and micro Proximal

High current-sorted

flames and load structures
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Fig. 5. Reliability tests of the downcore correlation coefficients on the 9-points window adapted from McCave and Andrews (2019). Plots of correlation vs slope
identify the unreliable SS data for cores: A) MS75 and B) MS72 when correlation is <0.5 and slope < 0.07. Plots of SS% vs SS to calculate: C) the initial correlation
coefficient using all SS data and D) the final correlation coefficient after rejection of unreliable data with their linear regressions. E) Pale blue bars indicate sediment
layers where paleo bottom-currents are not the main active sediment-transport mechanism. (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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Fig. 6. Bulk composition (carbon/nitrogen ratio combined with stable carbon
isotopes) of plant debris sampled in core MS72 (see Figs. 4B and 7 for location
of the samples, “vr”). End-members 8'3C values are from Vizzini et al. (2003)
and DeLaune and Lindau (1987).

the two curves are characterized by a general decreasing trend culmi-
nating at 130 cm in core MS72 and at 13 c¢cm in core MS75 with values
between +2.2 and 2.5 per mil. The upper interval shows a further abrupt
decrease of the values (< 1.0 per mil). The 580 curve of the benthonic
foraminifer B. marginata, although represented by a quite minor number
of measures because the taxon was lacking in several samples, mimics
the general trend described for G. bulloides, but with absolute values
higher than G. bulloides (Fig. 11).

4.5. Foraminifera assemblages and ecozones

The turnovers observed in the foraminifera assemblages in the two
cores allowed recognizing planktonic (Pl 1-4) and benthonic (Be 1-4)
ecozones (Table 3). However, several samples (green “r” in Fig. 7)
included rare specimens of benthonic epiphytic taxa (Asterigerinata
mamilla, Elphidium crispum, Reussella spinulosa) or belonging to species
typical of inner-middle shelf environment (Ammonia beccarii, Elphidium
decipiens, Elphidium advenum, Elphidium poyeanum). Other samples were
well-sorted and displayed the whole foraminifera assemblage charac-
terized by a quite homogeneous test size (grey “r” in Fig. 7) or by the
presence of very rare larger specimens (black “r” in Fig. 7).

4.6. Age-depth model

The chronology of the two cores integrates the results and calibration
of radiocarbon dating (Table 1), eco-biostratigraphy (Table 3), oxygen
and carbon stratigraphy and allows determining an age-depth model
(Table 4).

The planktonic foraminiferal ecozones can be compared with similar
ecozones described for this area (Vergnaud-Grazzini et al., 1988; Spro-
vieri et al., 2003; Minisini et al., 2007; Rouis-Zargouni et al., 2010;
Ferraro et al., 2018) and in other Mediterranean basins (Asioli et al.,
1999; Perez-Folgado et al., 2003; Melki et al., 1999; Lirer et al., 2013;
Siani et al., 2010). The paleoenvironmental interpretation of these
ecozones provided a sequence of events correlatable with Mediterranean
and extra-Mediterranean paleoclimate events during the Late Quater-
nary (event stratigraphy) (Asioli et al., 2001; Sprovieri et al., 2003).
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Moreover, the turnovers observed in the planktonic foraminifera as-
semblages allowed recognizing the following (temporary) disappear-
ances and/or (re)occurrences of taxa, already reported in the literature.

- Peak of Globorotalia truncatulinoides right coiling during the late
Holocene. This event was reported in the Strait of Sicily also by
Sprovieri et al. (2003), dated at 4300 yr cal. BP (4280 + 40 “C age)
by Minisini et al. (2007), at 2500 yr BP by interpolation by Rouis-
Zargouni et al. (2010) and Desprat et al. (2013), and at 3600 yr BP
(4139 + 37 1%C age) by Ferraro et al. (2018). The discrepancy be-
tween the calibrated ages by Minisini et al. (2007) and Ferraro et al.
(2018) depends on the applied reservoir age (AR value of 71 + 50 yr
by Minisini et al., 2007 and no AR correction by Ferraro et al., 2018),
as the radiocarbon ages are very close. Here we preferred the cali-
brated age by Minisini et al. (2007), as based on the reservoir
correction available for Strait of Sicily in the Calib dataset, while we
rejected the much younger age by Rouis-Zargouni et al. (2010)
confirming the age uncertainties for the upper 80 cm of core MD04-
2797CQ suggested by Desprat et al. (2013).

- Temporary disappearance of G. truncatulinoides (along with a Glo-

borotalia inflata frequency minimum) corresponding to the base of

Sapropel 1 equivalent (Sprovieri et al., 2003; Minisini et al., 2007).

We ascribed the age 10,000 yr cal. BP to this bioevent which detects

the base of the S1a interval by Minisini et al. (2007), dated at 9340 +

120 1*C age (10,052 yr cal. BP median probability). This age is in full

agreement with the onset of the Sapropel 1 deposition in the Eastern

Mediterranean and Adriatic Sea (Tesi et al., 2017).

First abrupt increase of Globigerinoides ruber and warm species and

concurrent last occurrence of Globorotalia scitula, marking the

beginning of Greenland Interstadial 1 (GI-1)/Bglling-Allergd (Verg-
naud-Grazzini et al., 1988; Perez-Folgado et al., 2003; Sprovieri

et al., 2003; Minisini et al., 2007; Rouis-Zargouni et al., 2010).

The 5'%0 G. bulloides curve of the two cores have been correlated
with other similar Mediterranean records in the Alboran Sea (core
MD95-2043 from Cacho et al., 1999), the Western Mediterranean
(Menoreca drift, core MD99-2343 from Sierro et al., 2005) and the Strait
of Sicily (core MD04-2797CQ from Rouis-Zargouni et al., 2010). The
second step of the Termination I (T IB) with its characteristic abrupt
decrease of the 5'80 values, as well as the preceding GS-1 interval, can
be detected quite easily in both the studied cores (blue area in Fig. 7).
The first step of the Termination I (T IA), which includes the Heinrich
Stadial 1 episode (HS 1) (Heinrich, 1988; Bond et al., 1992; Hodell et al.,
2017) is also visible, although the progressive decreasing 5'%0 values
culminating in the low peak of 8'%0 at the Heinrich Event 1 (ca. 16 ka,
dashed blue line in Fig. 7) is at least 300 cm thick in both cores. The
correlation of the HS1 interval is further constrained by the stratigraphic
position of the foraminifera bioevents: first increase of G. ruber at the
base of GI-1; Last Occurrence (LO) of G. scitula just before GI-1; the
continuous presence of G. ruber between 23 and 18 kyr BP, as also re-
ported by Perez-Folgado et al. (2003) in the Alboran Sea and in the Strait
of Sicily by Rouis-Zargouni et al. (2010).

In addition to the oxygen isotope stratigraphy of G. bulloides, we also
used the §!°C G. bulloides record in core MS72 to strengthen the chro-
nology. Indeed, it has been demonstrated that across the Mediterranean
the 5'3C G. bulloides record displays a consistent pattern during the last
glacial/post glacial interval with two negative excursions during T IA
and IB intercalated by intervals of heavier values during the Younger
Dryas (GS-1) and the present time (Vergnaud-Grazzini et al., 1986,
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Fig. 7. A) Stratigraphic correlation of the 5'°0 record of cores MS72 and MS75 compared with the reference cores from the Alboran Sea, Menorca Drift and Strait of
Sicily (see references on top of each core). The stratigraphic position of the main foraminiferal bioevents is reported. The reference INTIMATE event stratigraphy is
from Bjorck et al. (1998) and Blockley et al. (2012). The ages reported for the reference core MD04-2797CQ are calibrated (yr BP) according to Rouis-Zargouni et al.
(2010). The data were not corrected for the ice volume effect. G.r. = Globigerinoides ruber, G.s. = Globorotalia scitula, G. tr. rc = Globorotalia truncatulinoides right
coiling, GS = Greenland Stadial, GI = Greenland interstadial, HS = Heinrich Stadial, LGM = Last Glacial Maximum chronozone according to Mix et al. (2001). B)
Micrographs of foraminifera assemblages and their ecozones: a & b) hemipelagic sample without terrigeneous; c) foraminifera with terrigenous; d) cold-water
planktonic foraminifera showing different test sizes (no hydraulic selection); e) abundant vegetal debris with fine terrigenous; f) foraminifera assemblage,

including taxa typical of inner shelf (Elphidium crispum), with fine terrigenous.

1988; Ariztegui et al., 2000). This pattern is visible in core MS72.

Radiocarbon datings help refining the age model, although some of
them provide ages slightly older than expected based on the oxygen-
isotope stratigraphy, mainly below the relative peak of 50 of the
Heinrich Event 1 at ca. 16 kyr BP, and a few age reversals also occur. The
frequent presence of displaced, reworked or sorted foraminifera suggests
transport processes possibly shedding sediment of ages not much older
than the in situ sediments.

At the top of core MS72 520 and 5'3C G. bulloides records show an
anomalous trend: 880 curve has values too high (up to 2 per mil) and
5'3C show oscillations too wide. The concurrent presence of reworked
foraminifera confirms that the upper part of core MS72 (12 cm) is
disturbed. Similarly, the uppermost part of core MS75 shows some
inconsistency among '*C age (9920 yr cal. BP, corresponding to the
beginning of the deposition of Sapropel 1 in the Levantine Basin), 580
values (2.2 per mil, values relatively high and more coherent with the
beginning of the Holocene rather than the base of Sapropel 1 deposition)
and planktonic ecozone (more relatable with the pre-Boreal than with
the GS-1, because of the common presence of G. ruber). Therefore,
considering the lack of 5'%0 values typical of the abrupt shift of T IB
(recorded in core MS72), sediment erosion is likely present between 7
and 20 cm. Overall, the mean temporal resolution over the deglacial
interval is ca. 11-14 yr/cm.

4.7. Sedimentation rates and age of emplacement of MTDs

Based on the reconstructed age-depth model, a linear sedimentation
rate (LSR) was calculated for both cores. LSR was obtained from a linear
interpolation between the intercepts of the control points that have not
been rejected (Table 4). In core MS75, sedimentation rates range from
17 to 114 cm/kyr and briefly peak at 1322 cm/kyr in the early phase of
HS1 and 770 cm/kyr in the last phase of LGM (Fig. 8A). In core MS72,
sedimentation rates range from 11 to 95 cm/kyr and peak at 230 cm/kyr
in the early phase of HS1 and 370 cm/kyr in the last phase of LGM
(Fig. 8B).

The age-depth model allowed to constrain the age of significant re-
flections in the sub-bottom profiles and tentatively dating the age of
emplacement of two submarine landslides identified by their chaotic
seismic facies: the Gela Drift Slide (GDS in Fig. 3A) and the South Gela
Basin Slide (SGBS in Fig. 4A). For GDS, the high amplitude reflection at
the base of the slide accumulation correlates with the top of unit B of
core MS75 and, according to the age model, corresponds to 17.5 kyr cal.
BP (red dashed line, Fig. 3A). Therefore, GDS must have been emplaced
after ca. 17.5 ka. For SGBS, the last seismic reflection cut by the slide
correlates with the top of unit B of core MS72, which dates at 16.8 kyr
cal. BP (blue dashed line in Fig. 4A) suggesting that SGBS must be
younger.

4.8. Paleoenvironmental elemental proxies

Based on the reconstructed chronology, the elemental ratio proxies
inform on periods of increased/decreased sea-bottom oxygenation,
biogenic activity and productivity.

4.8.1. Core MS75
From 18.6 to 18 kyr BP S/Cl ratio shows low values around 0.01,
increasing to 0.05 around 18 kyr BP and varying around 0.03 until 8 kyr

13

BP (Fig. 9).

From 18.5 to 17 kyr BP Ti/Ca ratio shows values >0.04, decreasing
to 0.03-0.04 until 15 kyr BP where a drastic decrease occurs with values
nearing 0.01. At 13 kyr BP Ti/Ca increases above 0.02 before decreasing
again down to 0.01 around 12.7 ka (Fig. 9).

4.8.2. Core MS72

Ba/Ti, is higher (—0.02) from 19 until 12.8 kyr BP along with higher
values in S/Cl and stronger variations up to 0.17 from 19 to 15.8 kyr BP
(Fig. 10). From 15.08 to 12.8 kyr BP, Ba/Ti stays high while fewer
variations are observed in S/Cl. At 12.8 kyr BP, Ba/Ti values drastically
decrease (—0.09) at the end of GI-1 and S/Cl shows constant values close
to zero. From 11.5 to 4 kyr BP Ba/Ti stays low as well as S/CI.

Since 19 ka Ti/Ca shows high values around 0.05 until 15.08 kyr BP
when a drastic decrease down to 0.02 occurs (Fig. 10). Towards the end
of GI-1, Ti/Ca ratio increases until reaching values up to 0.03 around 12
ka (GS-1) and keep similar values during the Holocene.

5. Discussion

5.1. Deciphering along-slope and downslope processes in sedimentary
records

Two sediment cores from the upper and lower slope of Gela Basin,
Strait of Sicily, were collected along a sediment drift deposited under the
activity of the Levantine Intermediate Water (LIW) and provided an
unprecedented stratigraphically-expanded sedimentary record spanning
the last phase of LGM and early phase of HS1 (~ 19-16 kyr BP) for the
Central Mediterranean Sea. In particular, the interval 19-18 kyr BP is
characterized by exceptionally high linear sedimentation rates in both
cores (LSR, Fig. 8). Various proxies allow identifying the sedimentary
processes that concur to obtain such deposition.

During 19-16 ka, sediment core MS75 records weak bottom-current
velocities (Fig. 12) and prevailing deposition of clay in unimodal grain
size distribution (Fig. 3B, Table 2) which exclude the presence of a
persistent contour-current regime along the upper slope. The presence of
sparse laminations and normal grading beds (Fig. 3B) together with
reworked foraminifera (Fig. 7) indicate that moderate downslope sedi-
ment transport is taking place in the upper slope. Variations in S/Cl and
presence of authigenic pyrites and pyritized micro burrows are all
indicative of lack of oxygen/ventilation and stressful conditions at the
sea bottom (Fig. 9) whereas transitional ichnofacies seems to indicate
less stressful condition, that may be related to sediment-gravity flows
coarsely-spaced in time.

On the contrary, during 19-16 ka, in sediment core MS72, high SS
and bimodal grain size distribution (Fig. 4B, Table 2), combined with
increased hydraulic sorting of foraminifera (Fig. 7), indicate that strong
bottom-currents are actively moving sediments on the lower slope. The
seismic facies points to turbidite deposition (Fig. 4A), the grain-size log
highlights inverse to normal grading beds typical of contourite deposi-
tion intercalated with normal grading beds typical of rapid downslope
deposition (Fig. 4B). The sedimentary facies indicate the presence of
products of storm waves (tempestites) intercalated with sediment-
gravity flows (turbidites) with a combination and overprinting of trac-
tion transport and suspended load (Fig. 4D). At the same time, convolute
and flame structures seem produced just below the water-sediment
interface by a passing current or by downslope sliding on the
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Foraminifera ecozones and inferred paleoenvironments for cores MS72 and MS75 along with the corresponding time intervals/events to which the ecozones were
equated. Bolded and underlined names define the abundant and common species, respectively.

Ecozones  Depth Assemblage Environment References Time interval

Pl 4b MS72 = 0-54 cm, Globigerinoides ruber, Globorotalia inflata, Warm water assemblage with Vergnaud-Grazzini et al. Late Holocene (0-
not recognized in Globorotalia truncatulinoides (in MS72 r.c. deep dwellers (winter mixing) (1988), Sprovieri et al. (2003), 6kyr BP)

MS75 dominates at cm 28-29 in MS72, while l.c. Minisini et al. (2007), Rouis-
dominates cm 0-28), Globigerinoides sacculifer, Zargouni et al. (2010), Ferraro
Orbulina universa, Globigerinella siphonifera, et al. (2018)
Globigerina bulloides, Turborotalita quinqueloba,
Globigerinella calida, Globoturborotalita rubescens

Pl4s MS72 = 54-94 G. ruber (including G. ruber pink variety with thin =~ Warm water assemblage with Vergnaud-Grazzini et al. Holocene (Sapropel 1
cm, MS75 = 0-8 and inflated test), O. universa, G. sacculifer, strong decrease of deep (1988), Sprovieri et al. (2003), deposition) (6-10kyr
cm G. siphonifera, G. bulloides, T. quinqueloba, dwellers (weak winter mixing) Minisini et al. (2007), Rouis- BP)

G. rubescens, G. inflata Zargouni et al. (2010)

Pl 4a MS72 = 94-134 G. ruber, G. inflata, G. truncatulinoides, Temperate water assemblage as above Early Holocene (pre-
cm, MS75 = G. glutinata, G. bulloides, T. quinqueloba, with deep dwellers (winter Boreal) (10-11.5kyr
13-14 cm Neogloboquadrina incompta mixing) BP)

P13 MS72 = 134-180 G. bulloides, N. incompta, T. quinqueloba, Cold and productive water as above Late Pleistocene (GS-
cm, MS75 = G. glutinata, G. inflata, G. ruber RR/absent assemblage 1) (11.5-12.8kyr BP)
20-41 cm

Pl 2 MS72 = 180-280 G. ruber, G. inflata, T. quinqueloba, G. bulloides, Temperate water assemblage, as above Late Pleistocene (GI-
cm, MS75 = N. incompta, Orbulina universa, G. glutinata, DCM developed, winter mixing 1) (12.8-14.7kyr BP)
41-88 cm Globorotalia truncatulinoides

P1b MS72 = 280-720 T. quinqueloba, N. incompta and G. bulloid Cold and productive water as above Late Pleistocene (GI-
cm, MS75 = Globorotdlia scitula, G. glutinata assemblage 1) (14.5-18 kyr BP)
88-442 cm

Pl 1la MS72 = T. quinqueloba, N. incompta, G. bulloid cold and productive water Sprovieri et al. (2003), Rouis- Late Pleistocene >18
720-1079 cm, G. scitula, G. glutinata, G. ruber (continuous assemblage Zargouni et al. (2010) kyr BP
MS75 = 442-842 presence)
cm

Be 4 MS72 = 0-54 cm assemblage not very rich; Uvigerina upper slope (mesotrophic Jorissen (1987), De Stigter Holocene (0-11.7kyr
and 94-134 cm, mediterranea, Gyroidinoides altiformis, Hyalinea environment) et al. (1998), De Rijk et al. BP) except Sapropel
MS75 = 8-14 cm balthica, Melonis barleeanum, Bulimina marginata, (1999), Schmiedl et al. (2010), 1 interval

Cibicidoides pachyderma, Cassidulina laevigata Minisini et al. (2007)
carinata, Bigenerina nodosaria, Pseudoclavulina

crustata, Bulimina costata, Amphycorinae scalaris,

Planulina wuellerstorfi, Lenticulina stellata,

Lenticulina peregrina, Gyroidinoides spp.,

Glomospira charoides, miliolids (Biloculinella

labiata, Sigmoilinita tenuis, Sigmoilopsis

schlumbergeri, Quinqueloculina seminulum)

Be4s MS72 = 54-94 foraminifera scarce or rare; U. mediterranea, upper slope (mesotrophic Jorissen (1999), De Rijk et al. Holocene (Sapropel 1
cm, MS75 = 0-8 G. altiformis, M. barleeanum, Uvigerina peregrina, environment, with more (1999), Minisini et al. (2007) deposition) (6-10
cm Chilostomella mediterranensis, Sphaeroidina organic matter accumulation kyr BP)

bulloides, C. laevigata carinata, B. nodosaria, and lower bottom ventilation)
P. crustata, A. scalaris, Lenticulina spp., miliolids

(Biloculinella globula, Pyrgo depressa, Triloculina

trigonula, Spiroloculina spp., S. schlumbergeri)

Be 3 MS72 = 134-180 U. literranea, Bri: dilatata, C. laevigata  upper slope Vergnaud-Grazzini et al. Late Pleistocene (GS-
cm, MS75 = carinata, G. altiformis, H. balthica, M. barleeanum, (1988), Minisini et al. (2007) 1) (11.5-12.8kyr BP)
20-41 cm B. marginata, C. pachyderma, Bolivina albatrossi,

Globobulimina affinis, Bul, inflata, B. costata,
Hanzawaia boueana, S. bulloides, Gyroidinoides
spp., Hoeglundina elegans, G. altiformis, P. crustata,
Pyrgo bulloides, P. depressa, Spiroloculina spp.,

S. tenuis, S. schlumbergeri, Q. seminulum,
Triloculina tricarinata

Be 2 MS72 = 180-280 C. laevigata carinata, U. mediterranea, upper slope as above Late Pleistocene (GI-
cm, MS75 = U. peregrina, B. dilatata, G. altiformis, H. 1) (12.8-14.7 kyr BP)
41-88 cm balthica, M. barleeanum, S. bulloides, B. marginata,

C. pachyderma, G. affinis, C. mediterranensis, B.
costata, H. boueana, Gyroidinoides spp., H. elegans,
Planulina ariminensis, P. bulloides, Spiroloculina
spp., S. tenuis, S. schlumbergeri, Q. seminulum,
Quingquloculina padana, Articulina tubulosa

Be 1b MS72 = 280-720 B. dilatata, Brizalina aenariensis, Brizalina upper slope (mesotrophic as above Late Pleistocene
cm, MS75 = alata, C. laevigata carinata, B. albatrossi, H. environment, with low bottom 14.5-18 kyr BP
88-442 cm balthica, M. barleeanum, S. bulloides, B. inflata, ventilation)

Nonion depressulus, B. nodosaria, B. marginata, U.
peregrina, Trifarina angulosa, G. affinis, C.
pachyderma, G. altiformis, Hanzawaia boueana, P.
bulloides, P. depressa, Spiroloculina spp, Cycloforina
tenuicollis, S. tenuis, S. schlumbergeri, Q. seminulum,
Biloculinella spp., A. tubulosa in core MS72 and
Sigmoilina sellii in core MS75

Be la
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Ecozones  Depth Assemblage Environment References Time interval
MS72 = rich assemblage; B. aenariensis, B. alata, upper slope (mesotrophic Sprovieri et al. (2003), Rouis- Late Pleistocene >18
720-1079 cm, B. dilatata, M. barleeanum, Valyulineria environment, with low bottom Zargouni et al. (2010) kyr BP
MS75 = 442-842 complanata, C. laevigata carinata and H. balthica  ventilation)
cm and B. marginata (MS75), S. bulloides, B. inflata,
G. affinis, C. pachyderma, U. peregrina, B.
nodosaria, P. bulloides, Spiroloculina spp.,
Miliolinella subrotunda, S. tenuis, S. schlumbergeri,
Q. seminulum, Q. padana, A. tubulosa (MS75),
overlap of two transport mechanisms. Furthermore, the presence of
Table 4 . . . . . .
o plant debris from shallow water marine domain (e.g. Posidonia oceanica)
Age-depth model adopted in this study. is . . .
and transitional domains (e.g. marsh, Fig. 6) strengthen the evidence of
Core depth  Control point  Source Note sediment input from the inner-mid shelf through the action of persistent
(em) Gy BP) gravity flows active until at least 17.5 ka (Figs. 4, 11). The high sedi-
Core MS75 mentation rate associated with downslope sediment transport super-
10 8000 Ecozone PI1 5 imposed by sustained lateral advection caused overall low oxygen
13 11,700 top ecozone Pl 2 (GS-1) diti ified by th £ sedi ichini Inh
205 9920 14C AMS (median probability) rejected con 1t10nsf as testi ied by the presence of se iments rich in iron su Pt ate
41 12,900 base ecozone Pl 2 (GS-1) and benthic foraminifera resistant to low oxygen stressful conditions
71.5 14,010 4C AMS (median probability) induced by rapid burial. Furthermore, shallow tier structures left by
14, : 0H . . . . .
96.5 15,650 C AMS (median probability) bioturbating fauna are indicative that the bottom-current core was
136.5 16,000 5'%0 negative peak HS1 core located near the lower slope (Table 2)
MD99-2343 (Sierro et al., 2005) . P ¢ : X X X A
146.5 16,580 14G AMS (median probability) During sea-level low stands and glacial periods, the shoreline is
207.5 17,310 14C AMS (median probability) closer to the shelf edge and sediment input to the slope increases, this
298 17,510 1:? AMS (median probability) has been observed particularly in the last phase of LGM when also
417 17,600 &0 positive peak base HS1 core several submarine landslides are believed to have been emplaced along
MD99-2343 (Sierro et al., 2005) th . 1 . L 5009). High di .
4575 17,860 140 AMS (median probability) rejected e contme.nta margins (e.g. Lee, ). High sedimentation rates
4575 18,100 5180 negative peak below HS1 core during glacial periods are thus normal, however strong bottom-currents
MD99-2343 (Sierro et al., 2005) active along a specific continental margin imply an even larger sediment
14, : BR ; . .1 . .
717.5 20,780 C AMS (median probability) rejected availability along the slope to counterbalance bottom erosion (Mir-
842 18,600 14C AMS (median probability) . . . . .
Core MS72 amontes et al., 2016). Marked increase in sedimentation rates during
13.5 4300 peak G. runcatulinoides r.c. (Minisini glacial periods, 2-7 times those in interglacials, are often considered a
et al., 2007) function of reduction of vegetation cover during arid conditions,
44.5 5390 14C AMS (median probability) resulting in increased erosion and basin sediment flux (e.g. McNeill
94 10,000 1134ase ecozone P11 s N et al., 2019). Furthermore, frequency and magnitude of hyperpycnal
134.5 11,460 C AMS (median probability) 1 kn to i duri id cli t h lati 1 1
1745 12,530 14C AMS (median probability) lows are known to increase during arid climate when relative sea leve
2735 15,080 14C AMS (median probability) rises in areas with a wide continental shelf (Mulder et al., 2003), as is the
360 16,000 5120 negative peak HS1 core case of the Malta Plateau. The sea level was rising with rates of ca. 12 m/
11‘:[D99*2343 (Sierro et al., 2005) kyr between 19 and 17.5 ka (Lambeck et al., 2014) and the scattered plot
393.5 16,370 14c AMS (median probability) . of Zr/Rb indicating high Zr content could be correlated with flood events
493.5 18,150 C AMS (median probability) rejected | . .
587.5 19,430 14C AMS (median probability) rejected carrying greater coarse-grain sediment loads (e.g. Wang et al., 2011).
676 17,600 580 positive peak base HS1 core High LSR observed in the northern Gela Basin were explained by the
11\:ID99—2343 (Sierro et al., 2005) occurrence of intermittent hyperpycnal flows (Kuhlmann et al., 2015).
71L5 18,690 1§ AMS (median probability) rejected However, in the southern Gela Basin the presence along the slope of
733 18,100 8"°0 negative peak below HS1 core iphvtic benthic t (Fig. 11) d th i t of th
MD99-2343 (Sierro et al., 2005) epiphytic benthic taxa (Fig. and the source apportionment of the
885.5 18,120 14C AMS (median probability) rejected plant debris (Fig. 6) suggest a sediment provenance from the inner and
970.5 19,450 4C AMS (median probability) rejected middle shelf. Therefore, all data including terrigenous proxy (Ti/Ca)
1077.5 19,030 '“C AMS (median probability) concur to exclude a direct riverine sediment source and indicate that

unconsolidated mud (e.g. Potter et al., 2005). Therefore, the load
structures can be a direct sign of the high sedimentation rates recorded
in the lower slope during the last phase of LGM and early HS1 (Fig. 4E).
Furthermore, the presence of bioturbating fauna, characterized by
macro ichnofacies signal, that tend to rework the upper parts of a bed
while leaving the lower parts unaffected (Fig. 4F), are indicative of
turbidites interbedded with less energetically accumulated contourites
(e.g. Stow and Smillie, 2020).

Overall, intermediate characteristics between silty-muddy turbidites
and muddy contourites are thus apparent in the lower slope and suggest
the activity of contour currents during or shortly after turbidite depo-
sition, as proposed for margins where the interplay between downslope
and along-slope processes is more frequent (Fig. 4F; Massé et al., 1998;
Fonnesu et al., 2020). The concomitant presence of both displaced (e.g.
Elphidium decipiens) and hydraullically-sorted foraminifera confirm the
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sediment was sourced from shelf erosion during low stands of sea level
and moderate sea-level rise.

The presence of gullies on the northern slope of the Gela Basin
(Fig. 1C) may have represented preferential sediment by-pass from shelf
to basin, as elsewhere envisaged (Ricketts and Evenchick, 1999),
together with along-slope sediment transport from north to south sus-
tained by strong bottom currents concomitantly active at the seafloor in
the lower slope. The sediment by-pass may have shut down at 18-17.5
ka, when the two sediment cores face a drastic drop of LSR and bottom-
current velocities peak maximum intensity in the lower slope (Figs. 10
and 12). Moreover, the significant change in magnetic susceptibility
trend between units A and B of core MS72 (Fig. 4B) may indicate
different sources with sediment supply from downslope gravity flows
before 17.5 ka and prevailing marine deposition afterwards. The drastic
reduction in sedimentation rate can thus be explained by a combination
of factors: prevailing erosion over deposition by bottom-current action,
reduced along-slope apportion of sediment from the north together with
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Fig. 8. Linear sedimentation rates (LSR) of cores MS72 (A) and MS75 (B). Red dots indicate the 14C calibrated ages. Planktonic foraminifera ecozones and seismic
units are displayed below the age-depth plot. The dashed vertical lines identify the estimated age of emplacement of mass-transport deposits GDS and SGBS. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

reduced sediment input from sediment-gravity flows in the southern
slope of the Gela Basin.

5.2. LIW intensity and interface variations in the Gela Basin during
deglaciation

By excluding both the stratigraphic intervals deposited under
downslope processes (tempestites and turbidites, Fig. 4B) and those with
evidence of reworking/displacement/hydraulic selection of forami-
nifera (yellow stripes in Fig. 11) of core MS72, we are able to reconstruct
the post-LGM bottom current dynamics in the Gela Basin and making
inferences about the thermohaline Mediterranean circulation.

During the last phase of LGM and early HS1 (19.4-18 kyr cal. BP)
8'3Cforams and 880 (Fig. 11) and planktonic assemblages are typical of
cold and productive waters, benthic assemblages are dominated by
species expected in mesotrophic environment with low bottom venti-
lation (ecozones PI 1a and Be 1a in Table 3, respectively). The SS in-
creases by 4-6 pm with an increase in current velocity by 4 cm s7!
(Fig. 12). Therefore, benthic assemblages and grain-size data support the
presence of an active Levantine Intermediate Water (LIW) during MIS 2
in the Gela Basin, impacting the benthic communities, in agreement
with the intense Mediterranean thermohaline circulation recorded in
the Western Mediterranean Sea for the same time interval (e.g. Sierro
et al., 2005; Cacho et al., 2007).

During the lower phase of HS1 (18-16.3 kyr BP), the SS constantly
decreases although still indicates fast bottom-currents (Fig. 12). Plank-
tonic assemblages are still representative of cold and productive water
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(PI 1b, Table 3), whereas benthic assemblages are dominated by
infaunal species resistant to low oxygen conditions (e.g. De Rijk et al.,
1999; Goineau et al., 2012) (Be 1b in Table 3). In particular, the
B. marginata 5'3Corams shows a slight increase of the mean values in
comparison with the previous interval. This trend may suggest a
decrease of organic flux to the seafloor. In fact, a change in the micro-
habitat by B. marginata as response to variations of oxygen/food supply
(e.g., vertical migration towards the sediment-water interface, Jorissen
et al., 1995) is not plausible, because the benthic assemblage does not
show major changes in the most abundant/dominant taxa between
ecozones (Be 1a and Be 1b in Table 3). More importantly, the observed
513C increase does not match with the general abrupt decreasing trend,
which starts at 18 ka and culminates during the HE1 event, displayed by
the 8!3C record of the epibenthic taxa C. pachyderma in the western
Mediterranean Sea (Cacho et al., 1999, 2007), Menorca drift (Sierro
et al., 2005) and Strait of Sicily (Vergnaud-Grazzini et al., 1988)
(Fig. 11). Therefore, the progressive weakening of the Western Medi-
terranean Deep Water (Cacho et al., 1999, 2007; Sierro et al., 2005) and
slowdown of the vertical mixing of water masses in the Strait of Sicily
(Vergnaud-Grazzini et al., 1988) is not registered in the high-resolution
sedimentary record of core MS72 with the same intensity and pace
during this time interval.

During the upper phase of HS1 (16.3-15 kyr BP) the 8'3C of
B. marginata and G. bulloides finally start showing a marked decreasing
trend just below the 5'80 minimum peak related to the HE1 event
(Fig. 11), pointing to enhanced water mass stratification and produc-

tivity, in agreement with increased Ba/Ti (Fig. 10). The SS further
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Core MS75 Unit B Fig. 9. Isotopic stratigraphy  (5'%0),
Unit C geochemical element composition (S/Cl, Ca/
Ti), sortable silt mean size (SS) and LSR of
Holocens | GS-1] Gl ! HCS;1S-2 ! End LeM Lo core MS75 displayed in age. Sea-level curve
1 L from Lambeck et al. (2014). Reworked
| - -20 foraminifera = black circles, pyrites = red
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decreases highlighting an overall decreasing in current speed of 6 cm s

since the base of the HS1 (Fig. 12). Transitional ichnofacies appear
around HE1 (Fig. 4C), suggesting a change to intermediate ventilation
and reduced stress at the seafloor. Overall, the data suggest that only in
the late HS1 the Gela Basin slope was progressively affected by the
weakening of the bottom currents accompanied by increase of water
stratification and organic flux to the sea-bottom, in agreement with
similar observations in the Western Mediterranean (Cacho et al., 2007)
and Strait of Sicily (Vergnaud-Grazzini et al., 1988) (Fig. 1). However,
this slow-down is in striking contrast with observations made in the
Corsica Trough where the LIW’s speed increases during HE1 in associ-
ation with minimal sea-surface temperatures recorded throughout the
Mediterranean Sea (Toucanne et al, 2012, Fig. 12). The
stratigraphically-expanded sedimentary succession of the Gela Basin
thus reveals, for the first time, the short-term variability of the LIW in
the Central Mediterranean Sea during HS1. Our data suggest that the
decisive weakening of the LIW began 16.3-16.5 kyr BP, ca. 1000 years
before what has been previously suggested by Toucanne et al. (2012)
and does not coincide with the amelioration of the atmospheric circu-
lation at the beginning of the interstadial (i.e. GI-1 warm period). This
difference can be the result of small-scale oceanographic differences in

circulation pattern between the Corsica Trough and Gela Basin, which
can be ascribed both to the quite different morphological settings and
the connection with the Western Mediterranean. The Corsica Trough
consists of a linear narrow corridor well connected with the surface
circulation of the Western Mediterranean, to whose changes responds
promptly. On the other hand, the Gela Basin is a bowl-shaped basin,
which better reflects the oceanographic changes of the eastern Medi-
terranean and in particular the LIW’s dynamics. In summary, our sedi-
ment cores seem capable of better disentangling the different circulation
patterns between the Western and the Eastern Mediterranean at a
centennial time-scale.

Subsequently, during the Greenland Interstadial 1 (GI-1, 15 kyr-12.8
kyr cal. BP) 5'80 show trends similar to the rest of the Mediterranean (e.
g. Desprat et al., 2013, Fig. 11), SS data indicate the continued weak-
ening of the LIW on the lower slope. The concurrent drastic Ti/Ca drop
associated with very low LSR support low lateral advection during GI-1,
resulting in the deposition of sediments relatively high in biogenic Ca on
the lower slope. These overall conditions are in agreement with obser-
vations made in the reference studies (Fig. 12). On the contrary, SS data
of core MS75 show a large increase of the flow velocities from 16.5 ka
(+5.7 ecm s}, Fig. 12). This large flow increase is supported by grain-size

17



T. Gauchery et al.

Marine Geology 439 (2021) 106564

Core MS72
Holocene [GS-1]  GI-1 [ GS-2 l end
|
|
E
°
>
k)
©
Q
n
+
B‘A
S
S
[
>
<
()
a |$ o) | | — 0.04 .
£ | | B >
3 1 0 £
@ i E| 3
: 15 — —-004 3| 3
L m| g
' 008 | &
| L ]
+ A 0.06 —
= i | —-0.12
Q [
C
= 0.045 —|
g S l [ | —015 A,
= | | o
5 |~ 0034 ' 5
o | | =
5 7 | o1 &
| —
e 0.015 - i : g §
| — 0.05 X
[
8 07 i <
> 81 [ Lo
=0 T
ES 2
833
Q0 4] MWP-1B MWP-1A |
= H | o woed e
African Humid Period (AHP) ”
‘ ! | am A
T | T | T | T | T | T | L | T
4000 6000 8000 10000 12000 14000 16000 18000 20000

Age (cal kyr BP)

Fig. 10. Isotopic stratigraphy (8'%0), geochemical element composition (S/Cl, Ca/Ti, Ba/Ti), sortable silt mean size (SS), and LSR of core MS72 displayed in age. Sea-
level curve from Lambeck et al. (2014). Reworked foraminifera = black circles, pyrites = black triangles, plant debris = blue diamonds. See Fig. 9 for other symbols
and abbreviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

bimodal distribution, inverse to normal grading and high Zr/Rb
(Fig. 3B), which constrain the activity of a current able to mobilize
coarse grains on the upper slope. Active bottom currents are also shown
by increasing presence of micro-ichnofacies indicative of stressful con-
ditions at the seafloor (Fig. 3D). Overall, Gl-1 marks an abrupt warming
associated with an extremely rapid sea-level rise up to 20 m between
14.3 and 12.8 ka caused by Meltwater Pulse-1A (Stanford et al., 2011,
Fig. 9). The widened cross-section of the Strait of Gibraltar promotes
Atlantic freshwater discharge with consequent salinity decrease of the
Mediterranean Sea (Rogerson et al., 2012). We thus suggest an upward
vertical shift of the LIW during GI-1 in response to enhanced water
column density gradient, caused by the presence of dense Atlantic water
masses at shallower depths and surface freshening in the Mediterranean.
Supporting the idea of a lighter LIW during sea-level rise, the 5'%0
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G. bulloides signal shows progressive depletion around mid GI-1 in the
Gela Basin (Fig. 7). Indeed, sea-level variations seem capable of con-
trolling the buoyancy of saline waters, as for example in the Gulf of
Cadiz, where the density gradient promoted the Mediterranean Outflow
Water (MOW) shoaling during the last deglaciation (Jiménez-Espejo
et al., 2015) while increased salinity during sea-level lowstands might
have produced a downslope shift of a denser MOW (Kaboth et al., 2015).
Furthermore, the onset of the African Humid Period (AHP) around the
same time may have added another forcing that hampered the ventila-
tion in the Eastern Mediterranean, which would concur to explain the
drastic reduction of the density of the LIW on the lower slope of the Gela
Basin. On the same line of reasoning, Toucanne et al. (2012) notice the
progressive shoaling of the LIW from 20 to 12 ka in the Corsica Trough,
they interpret the benthic 5'%0 record as reflecting significant density
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changes of the LIW in relation to climate stadial/interstadial cycles
(Toucanne et al., 2012). However, sedimentary records in the Corsica
Trough have no sufficient resolution during HS1 and are located only in
the deeper part of the basin and are thus not ideal to highlight different
bottom-current behaviours along different depths of the slope. The
SS data of core MS75 indicate that reconstructed paleo-flow velocities
drastically decrease starting from 12.8 kyr BP when the return of the
domination of G. bulloides and N. incompta with the rare presence of
G. ruber mark the inception of the Greenland Stadial 1 (GS-1) at ca.
12.65-12.9 kyr BP. The appraisal of cooler temperatures is reflected also
by rapid Ti/Ca increase observed in both cores, most probably related to
the attenuated biogenic activity. We thus possibly constrain the timing
of the shoaling phase of the LIW between 16.5 and 12.8 ka in the Gela
Basin, which coincides with the time interval of enhanced sea-level rise
(Fig. 12).

Finally, during GS-1, significant intensification of the LIW activity
has been observed in the Mediterranean (e.g. McCulloch et al., 2010)
and particularly in the Corsica Trough (Fig. 12). On the contrary, slight
increases of SS in core MS72 and even more subtle in core MS75 (Fig. 12)
suggest smaller bottom-current acceleration in the Gela Basin.
Comparing the depths of the sediment cores collected in the Gela Basin
and Corsica Trough with bottom-current velocities, we infer that the
LIW was flowing at maximum speed between 210 and 430 m wd in the
Gela Basin (Fig. 12), possibly in relation to the pause in sea-level rise
during GS-1.

5.3. Predisposing conditions to slope instability

The multi-proxy sedimentary records of the Gela Basin allow to
better constraining the timing of erosion/deposition along the shelf edge
and the identification of conditions that promote failure of drifts
deposits.

Around 16.5 ka planktonic taxa characteristic of MIS 5 or older
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(G. truncatulinoides) are present in sediment core MS72 (red “r” in
Fig. 7), suggesting the reworking of sediments trough MTDs. Our data
show that two submarine landslides, the South Gela Basin Slides (SGBS)
and the Gela Drift Slide (GDS) have been emplaced around the same
time interval from the wasting of sediment drifts that were growing
since MIS 5 (Gauchery et al., 2021).

Shortly before, between 17.5 and 17 ka, a short-living but decisive
increase in bottom-current strength in the upper slope and shelf-edge
area is constrained by reliable data for paleo-flow reconstructions of
core MS75 (Fig. 9). The increase in flow velocity is accompanied by LSR
peaking to 1320 cm/kyr (ca. 17.5-17.2 ka) and plummeting soon after,
when velocities reach their maximum speed. Furthermore, the velocity
increase mirrors the drastic decrease in Ti/Ca, which can be related to
the sudden change in the strength of lateral advection in the upper slope
(Figs. 9, 12). This brief episode of acceleration appears disjointed by sea-
level variations and climate forcing, because sea level was steadily rising
by 12 cm/kyr during this time interval (Lambeck et al., 2014) and is
uncoupled from the activity and dynamics of the LIW. We therefore
suggest that sediment remobilization is related to the action of bottom
currents under the influence of the surface water mass (MAW). On the
other hand, the presence of bottom currents displacing sediments on the
outer shelf and constrained in their paths by the structural highs of the
Malta Plateau during flooding phases was already hypothesized by
Gauchery et al. (2021), based on geophysical data only. Therefore, we
suggest that the MAW accelerated along the shelf of the Gela Basin at the
beginning of deglaciation in combination with local topographic con-
straints on the shelf. The erosion of the outer shelf may have been
enhanced by the action of storm waves compatible with the path of at-
mospheric circulation characterized by southerlies during LGM (Kuh-
lemann et al., 2008).

Storm waves and bottom currents, the latter governed by surface-
water circulation, triggered the instability of the contourite drifts that
at the time were as shallow as 100 m water depth. In the literature,
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several reasons are identified to explain the occurrence of failure in
contourite deposits, including the oversteepening caused by the moun-
ded geometry itself and the high sedimentation rates in well-sorted
sediments that promote overloading combined with low shear strength
(e.g. Rebesco et al., 2014). Furthermore, seismic triggering has been
excluded for the specific case of SGBS based on the margin stability
analysis carried out with the minimum lithostatic deviation method
which accounts for peak ground acceleration estimated along the con-
tinental margin (see Zaniboni et al., 2021). We thus suggest that a
further predisposing condition to failure for shallow-water contourites is
provided by rapid changes of bottom-current velocities in the upslope of
contourite drifts.

Another increase (+3.2 cm sV of the flow velocity (Fig. 12),
accompanied by high Zr/Rb (Fig. 9), is visible in core MS75 after the end
of GS-1. The increase lasts until the core top, which is chronologically
constrained at 8 kyr cal. BP. The velocity increase is associated with a
continuous decrease of the sedimentation rate from the early Holocene
(Fig. 9). This further increase in bottom current activity in the upper
slope is timely related to the discharge of Atlantic freshwater during
Meltwater Pulse-1B, which was a multi-millennial interval of enhanced
rates of sea-level rise between 11.5 ka and 8.8 ka BP (Stanford et al.,
2011). This prolonged freshwater discharge may have induced signifi-
cant differences in density between the surface and intermediate water
masses with the creation of internal waves oscillating along the interface
between the LIW and the MAW. Internal waves are capable of sediment
mobilization in shallow slope settings and promote long-term down-
slope transport (e.g. Ma et al., 2016). The sediment hiatus corresponding

20

T | T | 16

18000 20000

to the last 8 kyr BP suggests that erosion may have taken place in the
upper slope seafloor of the Gela Basin as also revealed by the seismic
facies of the sub-bottom profiles (Fig. 3A). The slight increase of current
strengths in the upper slope may have promoted seabed erosion in the
southern Gela Basin in the early Holocene, which is around the time
when mudflows were emplaced (ca. 8.5 ka) in the northern Gela Basin
(Kuhlmann et al., 2017). This would infer that changes in sea level and
variations in water-mass interface may favour erosion of the shelf edge
and upper slope and can contribute to the instability of shallow-water
contourite drifts.

6. Conclusions

Extensive sediment drifts developed on the upper and lower slope of
Gela Basin, in the Strait of Sicily, which is a topographically complex
region that allows surface and intermediate water exchange between the
eastern and the western Mediterranean basins. Two sediment cores span
the post-LGM and are characterized by exceptionally high sedimentation
rates in the last phase of LGM and the early Heinrich Stadial 1 (~19
kyr-16 kyr BP) that provide an excellent record to reconstruct the fine-
scale variability of the paleoceanographic circulation and sedimentary
processes in the Central Mediterranean. The multi-proxy sedimentary
records allow to: 1) distinguish sedimentary processes controlled by
along-slope currents from downslope sediment-gravity flows; 2) recon-
struct the variability of the paleo-current activity and intensity in rela-
tion to sea-level fluctuations; 3) identify genetic links between
contourite deposits and MTDs suggesting key time intervals and
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predisposing conditions that lead to the failure of part of the sediment
drifts. In particular, the expanded sedimentary records allowed us to
perform a semi-quantitative analysis of displaced foraminifera and
stranded plant debris in sediment layers, which were not defined as
current-sorted by the sortable silt method, to diagnose downslope
sedimentary processes.

During the post-LGM lowstand and first phases of sea-level rise,
sediment was supplied to the lower slope from the inner-middle shelf,
where erosion was caused by storm waves and/or bottom currents.
Strong intermediate water bottom-currents caused lateral advection
from north to south and enhanced sediment accumulation in the mid-
lower slope. Here, the sedimentary facies show an overprinting of
lateral traction transport and sediment load structures proving the
concurrent presence of along-slope and downslope processes active at
the same time. This implies that sediment fluxes from land are not
necessarily accountable for high sedimentation rates on margins domi-
nated by intense bottom-water circulation.

The stratigraphically-expanded sedimentary succession of the Gela
Basin allowed predating the progressive weakening of the Levantine
Intermediate Water (LIW) at 16.3 kyr BP. Thus, the LIW slow-down
seems independent of climate forcing related to atmospheric tempera-
tures and position of the northern polar fronts, contrary to what was
previously suggested from core sediment evidence in the Corsica
Through, in the Central Mediterranean. Rather, the slow-down of the
LIW was affiliated with sea-level rise pulses, consequent increased
Atlantic fresh water discharge at the Strait of Gibraltar and Mediterra-
nean surface freshening. In particular, the change in salinity gradient
caused the progressive shoaling of the LIW upper boundary between
16.5 and 12.8 ka. Thus, sea-level fluctuations have a direct impact on the
buoyancy of the bottom-currents inducing density gradients that may
change the depth interface of water masses and therefore their capa-
bility of mobilizing sea-bottom sediments.

The action of persisting bottom currents in the upslope of shallow-
water sediment drifts, driven by surface water masses that respond to
sea-level fluctuations, combined with drastic changes in sedimentation
rates, seem to create predisposing conditions to the failure of sediment
drifts. In the Gela Basin, in particular, enhanced instability of sediment
drifts that accumulated since the previous interglacial period occurred
during two key-time intervals. 1) The lower phase of HS1, around 17 ka,
when brief acceleration of wind-driven water masses and storm waves
caused erosion on the outer shelf; 2) the early Holocene, when pro-
longed sea-level rise and freshwater discharge caused changes in density
at the interface between the Modified Atlantic Water and the Levantine
Intermediate Water, which promoted sediment erosion and downslope
transport.
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