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Abstract: We present the results of an integrated geomorphological and seismo-stratigraphic study
based on high resolution marine data acquired in the north-western Sicilian continental margin. We
document for the first time five contourite drifts (marked as EM1a, EM2b, EM2, EM3a, and EM3b),
located in the continental slope at depths between ca. 400 and 1500 m. EM1a,b have been interpreted
as elongated mounded drifts. EM1a,b are ca. 3 km long, 1.3 km wide, and have a maximum thickness
of 36 m in their center that thins northwards, while EM1b is smaller with a thickness up to 24 m.
They are internally characterized by mounded seismic packages dominated by continuous and
parallel reflectors. EM2 is located in the upper slope at a depth of ca. 1470 m, and it is ca. 9.3 km
long, more than 3.9 km wide, and has a maximum thickness of ca. 65 m. It consists of an internal
aggradational stacking pattern with elongated mounded packages of continuous, moderate to high
amplitude seismic reflectors. EM2 is internally composed by a mix of contourite deposits (Holocene)
interbedded with turbiditic and/or mass flow deposits. EM1a,b and EM2 are deposited at the top
of an erosional truncation aged at 11.5 ka, so they mostly formed during the Holocene. EM3a,b are
ca. 16 km long, more than 6.7 km wide, and have a thickness up to 350 m. Both EM2 and EM3a,b
have been interpreted as sheeted drift due to their morphology and seismic features. The spatial
distribution of the contourite drifts suggests that the drifts are likely generated by the interaction of
the LIW, and deep Tyrrhenian water (TDW) on the seafloor, playing an important role in the shaping
this continental margin since the late Pleistocene-Holocene. The results may help to understand the
deep oceanic processes affecting the north-western Sicilian continental margin.

Keywords: contourites; bottom currents; continental slope; moat; seismic reflection data; Mediter-
ranean Sea

1. Introduction

Bottom currents play a key role in controlling the morphological and sedimentary
evolution of continental margins, giving rise to a large spectrum of erosive and deposi-
tional morphologies [1-3]. Bottom currents are strongly influenced by a number of physical
factors such as thermohaline circulation, tides, seafloor topography, and internal density
drive pulses [4,5]. Bottom currents can transport large volumes of sediments [6,7] and build
extensive (up to hundreds of kilometers long) and thick (up to few kilometers) sedimentary
bodies called contourite drifts, which are generally oriented parallel to continental mar-
gins [1,8-10]. Evidence of large contourite drifts (or sediment drift) was documented and
accurately described for the first time in the Northern and Southern Atlantic in the early
1960s [11], and since then similar drifts successively have been discovered in several oceans,
seas, and even in lakes [12]. A growing number of studies focus on contourite drifts [1]
since they can provide significant insights for paleo-oceanographic and paleo-climatic
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reconstructions [4,13], hydrocarbon exploration [14,15], slope stability /geological hazard
assessment [6,16-18], and recently for microplastic accumulation in deep-water [19].

Internal and external geometries of the contourite drifts are controlled by a number
of factors such as seafloor morphology, current velocity, type and volume of available
sediments, climate condition, and sea-level changes [8,20,21]. Based on their morphological
and seismic features, Faugeres et al. (1999) [8] and successively Rebesco et al. (2014) [1]
proposed an accurate nomenclature to classify contourite drifts, including: (i) elongated
mounded drifts, (ii) sheeted drifts, (iii) confined drifts, (iv) channel-related drifts, (v) fault-
controlled drifts, (vi) patch drifts, (vi) infill drifts, and (vii) mixed drifts [1].

Elongated mounded drifts and sheeted drifts are the most widespread types of con-
tourite drifts worldwide as well as in the continental margins of the central Mediterranean
Sea [6,22-28]. Within the semi-enclosed and tectonically active central Mediterranean Sea,
contourite systems are generally small and usually related to the path of the Levantine
Intermediate Water (LIW, hereafter) [17,29-32].

In this study, we focus on the north-western part of the tectonically active Sicilian
Continental Margin between the Castellammare Gulf and the Palermo Gulf (Figure 1),
where several geomorphic elements associated with tectonic deformation, slope failure, and
fluid seepage were identified, giving rise to a very complex morphology, [33-36]. Actually,
the role played by bottom currents along this margin is still poorly known, except for a
field of large-scale bedforms reported between 1000 and 1200 m water depth by Marani
et al. (1993) [30], some tens of km to the east of our study area.
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Figure 1. Location map of the study are showing the main morphological features, the distribution
of the main pathways of water masses. Bathymetry interval: isobaths in black at 500 m intervals from
500 upward, and the dashed line indicates the 200 m isobath (shelf break). MAW: Modified Atlantic
Water, LIW: Levantine Intermediate Water, TDW: Tyrrhenian Deep Water, CG: Castellammmare
Gulf, CO: Offshore of Carini, PG: Palermo Gulf, CB: Cefalti Basin, UI: Ustica Island, Al: Aeolian
Islands. Background bathymetry from EMODnet bathymetry (http://www.emodnet-bathymetry.eu,
accessed on 15 August 2021).

By integrating high-resolution geophysical data (multibeam bathymetry and seismic
profiles) and available sedimentological data, we: document, for the first time, evidence of
contourite drifts, and decipher the role played by the bottom currents in the shaping of
the upper part of the continental slope off NW Sicily. This area is crucial for geologic and
palaeoceanographic reconstruction between the western and eastern Mediterranean Basins.
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2. Regional Setting
2.1. Geological Setting

The north-western Sicilian Continental Margin (southern Tyrrhenian Sea; Figure 1),
is located in the transitional area between the Sicilian Maghrebian chain to the south and
the Tyrrhenian basin to the north [33,37-39]. This region originated as a consequence of a
complex interaction of compressional events, crustal thinning and strike-slip faulting [37].
The Sicilian-Maghrebian Fold and Thrust Belt is a segment of the Apenninic-Maghrebian
system formed by the convergence between Africa and Eurasian plates [40], and the
contemporary roll-back of the Ionian slab [41-44]. Tectonic activity started since the
early Miocene with the thrusting of the Kabilian-Calabrian units (along the Drepano
thrust front, Figure 1) and the deformation of the internal units of the Sicilian-Maghrebian
chain [37,41,45].

The seafloor morphology of the north-western Sicily Continental Margin is an al-
ternation of morphostructural highs and depressed basins [34,37]. Its physiography is
characterized by: (i) a narrow (less than 10 km wide) and steep (up to 3°) continental shelf;
(if) a very steep upper continental slope (up to 15°) between 150 and 1000 m; (iii) a nearly
flat intra-slope basins located at a depth of ca. 1500 m; (iv) a lower continental slope, wider
and gentler than the upper slope, at depths greater than 1000 m, and (v) a bathyal plain
deeper than 3000 m [33,34,46]. The slope is characterised by a drainage network formed
by a main submarine canyon (i.e., Castellammare Canyon) and more than two hundred
tributaries variably oriented (Lo Iacono et al., 2014) [33].

The sediment distribution map in Figure 2, highlights the main feature classes of the
seafloor sediments in the study area, where rocks outcrop only on the continental shelf in
proximity of the promontories [47]. The inner continental shelf is dominated by sand, while
its distal part by muddy sand. The continental slope is characterised by the predominance
of sandy mud down to ca. 1000 m and by mud in the deeper region (Figure 2).
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Figure 2. Sediment distribution in the study area (location in Figure 1) (data from Catalano et al.
(2013) [48] and EMODnet Geology (https://www.emodnet-geology.eu/, accessed on 15 August
2021). Catalano et al. (2013) [48] collected forty superficial sediment samples in the framework
of “CARG Project”. The authors carried out a grain size analysis by using sieves, following the
ASTM D0422 method and using the laser diffraction particle size technology of “ANALYSETTE
22” by Fritsch [48,49]. The red patches indicate the location of contourite drifts identified in this
study. Bathymetry interval: isobaths in black at 500 m intervals from 500 upward, and he dashed line
indicates the 200 m isobath (shelf break).
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2.2. Oceanographic Setting

The Tyrrhenian Sea is well known for its complex configuration and bathymetry with
a strong seasonal variability of the oceanographic processes that are controlled by the water
exchange through the Strait of Sicily, the Corsica Channel and the Strait of Sardinia and by
local atmospheric fluxes ([50] and references therein). The role of the Straits of Bonifacio,
Piombino, and Messina is negligible because the volume of water exchanged is limited.

The study area is dominated by the thermohaline circulation which forms two path-
ways of east moving water masses: the Modified Atlantic Water (MAW) and the Levantine
Intermediate Water (LIW) (Figure 1) [51-55]. The MAW (100-200 m deep layer) originates
from inflow in the Mediterranean of the superficial water of the Atlantic Ocean. It un-
dergoes physical and chemical modifications due the water-atmosphere interaction and
mixing processes along its path through the Mediterranean Basin [53]. The LIW (200700 m
deep layer) is a water mass that originates in the eastern Mediterranean Sea circulates
through both the eastern and western basins and contributes predominantly to the efflux
from Gibraltar to the Atlantic [56]. The annual mean speed of the thermohaline-induced
currents (LIW and MAW) in the southern Tyrrhenian Sea is ca. 8 m/s [52,57,58].

The water column is also composed in its deeper part by the Tyrrhenian Deep Water
(TDW) [54] (Figure 1). The TDW (depth >700 m) is poorly defined as it shows similar
characteristics (density >29.08 kg-m~3, temperature over 12.8 °C) to the overlying LIW.
Fuda et al. (2002) [59], suggest that the TDW in the north-western Sicilian margin is a
mixture of eastern water flowing from the Sicily Channel and western water flowing from
the Sardinia Channel.

From a meteo-marine point of view, the study area is affected by sporadic winter
storms coming from the NW, NE and E [54] and by seasonal wind-driven currents, defined
as the Tyrrhenian Sicilian Current, TSC; [60] with anticyclonic regime, flowing to the west
parallel to the coastline with maximum velocities of 0.9 knots [51]. Velocity and direction
are highly seasonally variable due to the formation of one or two circulation cells in the
Southern Tyrrhenian Sea [51].

3. Data and Methods

The University of Palermo acquired a large set of high resolution bathymetric and
seismic data in the study area during three research cruises (2001, 2004, and 2009) on board
the research vessels Universitatis (Conisma), Tethis and Minerva 1 (CNR) in the framework
of the CARG and MAGIC Projects.

Multibeam bathymetry was derived by merging data acquired using both the Multi-
beam Reson SeaBat 8111, which generates 105 beams at a frequency of 100 kHz in the depth
range of 35-800 m, and the Multibeam Reson SeaBat 8160, which generates 126 beams at a
frequency of 50 kHz with depth range of 30-3000 m. In both cases, data positioning was
obtained through Differential Global Positioning System; daily record of sound velocity
profiles in water column and tidal data were used for data processing. Processing of the
multibeam data included elimination of erroneous beams, filtering of noise, processing of
navigation data by using the PDS2000 software. Gridding of the filtered soundings was
carried out to obtain the final DEM with a 6 m grid size (Figure 3). Multibeam data were
integrated with EMODnet bathymetry (http:/ /www.emodnet-bathymetry.eu, accessed on
15 August 2021) (ca. 100 m grid resolution). The processed multibeam data were visualized,
analyzed, and interpreted by using Global Mapper and ArcMap 10.2.

About 900 km of high resolution single channel acoustic profiles were acquired using
a hull-mounted 16-transducer Teledyne/Benthos CHIRP II profiler (Figure 3). The latter
was operated with frequency ranging between 2 and 7 kHz, a ping rate of between 250
and 750 ms, and a pulse length of 10 ms. The sub-bottom data were recorded by using
the “Geo-Trace recorder” software by carrying out automatic gain control, time variant
gain, swell filtering and muting. The seismic profiles were processed with a conventional
single-channel processing sequence that included band pass filtering, gain recovery, seismic
signal enhancement, attenuation of noise eddy currents, and seawater column mute [59].
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Figure 3. Bathymetric map of the western part of the north-western Sicilian Continental Margin. The
map displays the spatial coverage of the marine geology data (multibeam data, sub-bottom profiles
CHIRP, Sparker and multichannel seismic reflector profiles). The background bathymetry is from
EMODnet bathymetry (http://www.emodnet-bathymetry.eu, accessed on 15 August 2021).

About 750 km of Sparker single-channel seismic profiles were acquired using a 1 k]
and 600-800 Hz Sparker sources. Data processing was performed using the Geo-Suite
software, including traces mixing, time variant filters, automatic gain control, time variant
gain and spherical divergence correction. Signal penetration was found to exceed 400 ms
(TWTT) and the vertical resolution is up to 2.5 m at the seafloor.

In addition, a set of multi-channel seismic reflection profiles characterized by high-
penetration (about 6 s, TWTT) and low vertical resolution (10-80 m) were downloaded from
the VIDEPI Project database (http://unmig.sviluppoeconomico.gov.it/videpi/, accessed
on 15 August 2021) as .pdf files. These seismic lines were georeferenced, and converted to
SEG-Y format using a Matlab script (image2segy [61]).

All the profiles were visualized and interpreted using Kingdom suite and GeoSuite
Work packages. The reflectors marking the top and bottom of each seismic unit were
identified and extracted as horizons in time. Conversion of these horizons to depth was
carried out using the following interval velocities: 1500 m/s for the water, 1600 m/s for
the Holocene sediments and 1700 m/s for the Plio-Quaternary sedimentary units. Such
velocities were derived from lithostratigraphy and sonic log data collected in wells from
the western and southern Sicilian offshore [33,62]. The age and seismic character of the
Messinian erosional surface and the Messinian sequence were tied to the well-known
Messinian seismic markers of the Mediterranean Basin [63,64].

4. Results

The analysis of multibeam and high resolution seismic reflection data (Sub bottom
profiler Chirp, Sparker, and airgun-sourced multichannel) from the western part of the
north-western Sicilian Continental Margin reveals the presence of five bodies with elon-
gated morphology at the seafloor providing their seismostratigraphic and morphologi-
cal characters.

4.1. Seismic Stratigraphy and Identification of Elongated Deposits

The sub bottom profile Chirp highlights the occurrence of two elongated mounded
deposits (EM1a, b), formed by the shallower seismic unit characterized by mounded
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geometry. EM1a, b are located in the upper slope about 10 km off the coastline. EM1a
is ca. 1.2 km wide and has a maximum thickness of 45 ms (about 36 m) in its center
that thins northwards, ranging in depth from 490 and 550 m. EM1b that is smaller has
a maximum thickness of 30 ms (about 24 m) and the same depth range of EMla. EM1,
b is topped by the seafloor and have an asymmetric profile bounded by two small moats
(Figure 4a,b). Internally, both the deposits are generally characterized by high amplitude
and divergent reflectors, whose frequency strongly increase in the upper part with an
internal progradational geometry with downdip terminations (downlap), while the seismic
reflectors are truncated by a possible buried moat (Figure 4b).
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Figure 4. (a) Sub bottom profiler Chirp Puma-82 showing the seismic characters of the elongated
mounded deposits EM1a, b. (b) Zoomed section of Figure 4a. Location of the seismic profiles is
shown in Figure 3.

Three main seismic units were distinguished on the basis of seismic facies, internal
geometry, and external configuration (Figure 4). The deepest seismic unit (Unit A) is
acoustically transparent even if it is difficult to discriminate the lack of reflectors from the
loss of penetration of the high-frequency acoustic signal (Figure 4a,b). It mainly occurs
in the whole study area and is characterized by seismic facies with high amplitude and
high frequency reflectors alternating with transparent intervals. At the top, it is bounded
by a wavy couplet of high amplitude and high frequency reflectors (U, dashed yellow
line in Figure 4b), which are the base of the uppermost seismic unit with subparallel,
high-amplitude and divergent reflectors with good lateral continuity (Unit C in Figure 4a).
It is bounded by the seafloor at the top (Figure 4a). It laterally passes to another seismic
unit showing elongated mounded packages of sub-parallel, convex upward, continuous
reflectors with an aggradation and basinward prograding stratal configuration (Unit B
in Figure 4b). Within this unit, an erosional surface is present, bounding a set of high-
amplitude, high-continuity reflectors above a set of more transparent (lower amplitude-
lower continuity) reflectors below (Figure 4b).

To the east of the Palermo gulf, the single-channel Sparker profile in Figure 5a shows
the presence of a third elongated and slightly mounded deposit (EM2) in the upper slope
at a depth of ca. 1470 m, about 15 km off the coastline. EM2 is more than 3.7 km wide
and has a maximum thickness of 77 ms (about 65 m). EM2 is formed by a seismic unit
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C, characterized by an internal aggradational stacking pattern with elongated mounded
packages of continuous, moderate to high amplitude reflectors that are locally sub-parallel,
undulating or gently folded (Figure 5a,b). It displays relevant vertical and lateral changes
in seismic character. The internal seismic character shows continuous high amplitude reflec-
tors dipping landward, alternating with chaotic to transparent seismic facies (Figure 5a,b).
The lower boundary of EM2 is a continuous and irregular high amplitude seismic reflector
(Figure 5b).
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Figure 5. (a) Sparker profile P-10 showing the seismic characters of the elongated deposit EM2.
(b) Zoomed section of Figure 5a. Location of the seismic profiles is shown in Figure 3.

In the central eastern region, others two elongated deposits have been identified by
using a multichannel seismic line (EM3a, b in Figure 6). EM3a is more than 6.7 km wide,
has a convex shape, and is oriented about NW-SE. It is located at about 25 km off Palermo
coastline where the continental shelf is about 5.75 km wide. It has a variable thickness that
is up to 410 ms and is equivalent to ca. 350 m, while EM3b that is thinner has a maximum
thickness of 280 ms, equivalent to ca. 240 m. EM3a,b internally are made up of wavy
intermediate amplitude and/or discontinuous basinward dipping reflectors. The bottom
part of the elongated deposits are formed by more irregular and discontinuous reflector
with lower amplitude than the upper part (Figure 6) The base of the deposits is marked
by a very high amplitude and continuous basinward dipping reflector that for the similar
seismic character has been correlated to the Messinian erosional surface described in Lofi
et al. (2011) [63] (dashed pink line in Figure 6). Accordingly, EM3a onlaps against deposits
that are truncated the Messinian unconformity and are characterized by seismic facies with
high amplitude reflectors with poor to good lateral continuity, at times chaotic internal
configuration, and evidence of irregular folding probably linked to the post-Messinian
tectonics affecting the area (Figure 6).



J. Mar. Sci. Eng. 2021, 9, 1043 8of 17

SsSw NNE

=

Messinian erosional
surface

water depth

Two-way travel time (s)

= \
% Elong

PR e AN e
o y

Figure 6. Zoom of multichannel seismic profile crossing the continental slope in the offshore of
Palermo, showing EM3 overlapping the Messinian erosional surface marked by a high amplitude
reflector [63]. Location of the seismic profile is shown in Figure 3.

4.2. Geomorphological Expression and Characters of Elongated Deposits

EM1a, b are roughly oriented NW-SE, extend for about 3 km sub-parallel to the present
north-western Sicilian margin and is rimmed by well-defined moats (Figures 4a,b and 7).
EM1a morphologically is up to 30 m high and about 2 km wide and covers an area of
2.5 km2. EM1b morphologically is up to 25 m high and about 1 km wide (Figure 7a,b).
EM1a, b have a moderate gentle (3.8°) slope gradient and are enclosed between the 400 m
and 550 m isobaths. Their seaward boundary are defined by a smooth, concave change of
slope (Figure 7a,b).
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Figure 7. (a) Surface 3D multibeam bathymetry of the mounded deposit (EM1a, b). Location of
the surface 3D multibeam bathymetry is shown in Figure 3. (b) Bathymetric profile across EM1a, b
(location in Figure 7a).
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EM2 has a very irregular morphology and is more than 9.3 km long. It is oriented
about NE-SW and sub-parallel to the present north-western Sicilian margin, located in an
intraslope basin at the base of the upper continental slope. EM2 is rimmed by two moats
(Figures 5b and 8). EM2 is up to 25 m high and about 3.9 km wide and covers an area
of 27 km? (Figure 8a,b). EM2 is enclosed between the 1300 m and ca. 1480 m isobaths
(Figure 8a,b). The top surface of EM2 shows an uneven morphology that is a prominent
characteristic of the seafloor along the Sicilian continental margin.
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Figure 8. (a) Surface 3D multibeam bathymetry of EM2. Location of the surface 3D multibeam
bathymetry is shown in Figure 3b. (b) Bathymetric profile across EM2 (location in Figure 8a).

EM3a is located outside the area covered by the high resolution multibeam data and
for its geomorphological we used the lower resolution bathymetric dataset provided by
EMODnet. EM3a is oriented about NW-SE and is more than 16 km long. It is sub-parallel
to the current north-western Sicilian margin enclosed between the lower continental slope
and a structural high 370 m higher than the surroundings. EM3a is ca. 6 km wide and
covers an area of 75 km?. EM3a has a very gentle slope gradient (up to 3.6°) and is enclosed
between the ca. 950 m and 1400 m isobaths (Figure 9).
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Figure 9. (a) Surface 3D multibeam bathymetry of the EM3a. Location of the surface 3D multibeam
bathymetry is shown in Figure 3b. (b) Bathymetric profile across EM3a (location in Figure 9a).

5. Discussion
5.1. Interpretation of Seismic Facies

The identified seismic facies across the north-western Sicilian Continental Margin have
been correlated with published seismic reflection profiles and core data [26,27,33,34,65-67].

The deepest seismic unit showing transparent character mapped by using the sub
bottom profile Chirp (Figure 4) and Sparker single-channel seismic profiles (Figure 5) for
its high similarity are comparable to the acoustic basement interpreted by Lo Iacono et al.
(2011) [34] as composed of Meso-Cenozoic carbonate successions to Tertiary terrigenous
sequences corresponding to the rocks outcropping on land.

The seismic unit recognized in the sub bottom profile Chirp (Figure 4) and Sparker
single-channel seismic profiles (Figure 5) showing an internal geometry with parallel,
wavy or slightly dipping seawards (Figure 4b) has been interpreted as Upper Pleistocene
hemipelagic and turbidite deposits according to Sulli et al. (2012) [46].

The well-stratified seismic facies with subparallel, high-amplitude and divergent
reflectors (Figures 4a and 5a) has been interpreted as Holocene hemipelagic and turbidite
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deposits described along the Sicilian continental margin by Lo Iacono et al. (2014) [31] and
Pennino et al. (2014) [63].

The elongated mounded packages of sub-parallel, convex upward reflectors, both
continuous and discontinuous (Figures 4a,b, 5a,b and 6), are very similar to those re-
ported along the Tyrrhenian Sea [22,24], Sicily Channel [25-27], and the western Ionian
Basin [28,66,68]. Due to this fact and their seismic facies, they have been interpreted as of
contouritic origin [1,16,20,69,70].

The basal surfaces of the elongated mounded seismic units mapped by using both sub
bottom profile Chirp and Sparker single-channel seismic profiles (U in Figures 4b and 5b)
have been interpreted as major erosional truncations, and correlated with the 11.5 ka
horizon with origin linked to a minor sea-level fall [65].

EM1-3 considering that are very close to the continental slope could have a genesis
linked to the effect of turbidity (and hyperpycnal) flows affecting the local seafloor sedi-
mentation, and they could be interpreted as basin-floor fans and mass-transport deposits.
However, EM1-3, considering the high similarity with the contourite drifts documented in
the central Mediterranean Region [24,26,27,29], have been interpreted as contourite drift
deposits. The scatter plots in Figure 10 shows high similarities in terms of geomorphologic
features between EM1-3 and other contourite drifts documented all over the Mediterranean
Sea thus strengthening our interpretation (see Table S1 in Supplementary Material; data
from http://www.marineregions.org, accessed on 15 August 2021). The scatter plots in
Figure 10 display the mapped drifts with respect to the general scaling law of the contourite
drifts. The scatter plot a in Figure 10, which relates length and width also highlights the
fact that contourite drifts (except EM3a,b) are very small according to their young age and
also because they deposited in an active continental margin where the tectonics strongly
influence the oceanographic processes of the area.

120000 Width (m) ° 120000 o Depth (m)
® ®

£ 80000 80000
- [ ] o [ [ ] L
£ =
2 L] ) °
(] c
= 40000 e o * & 0000 ® °

°
[ ]
% .0 ° ° ®e o s 9 °
w’ -Emﬁ-"' ~ o Sew g
EM (] o o (]
@ Ogpip =0 @ o L% "‘ LI e
0 10000 20000 30000 40000 0 500

1000 1500 2000 2500
40000 JDepth (m) 100000 .Depth (m)
L] L
80000 °

30000 ) . *e®
B E :
= L = 60000
- o e
B 20000 ° ° L . . °

®
2 ° 8 20000 . .
° * < ®
10000 5 ° H hd
ody EMia o 20000 o 8o ®° oq

8 ® L4 2 c. P-4 .
@ 0 -’ w. r. Ewb.zw s @ 0 ﬁwa&: oo bel o .
0 5 0

500 1000 1500 2000 2500 500 1000 1500 2000 2500

Figure 10. (a) the scatter plots of Length and Width; (b) the scatter plots of Length and Depth; (c) the
scatter plots of Width and Depth; (d) the scatter plots of Area and Depth. Scatter plots of the physical
characters of the NW Sicily contourite drifts compared with other Mediterranean Sea examples. Red
dots indicate the contourite drifts described in this manuscript.

5.2. Contourite Drifts in the North-Western Sicilian Margin

EM1a,b have an overall well-defined external geometry of a Moat-Drift-Moat and
being similar to that reported to [6,24,71,72] has been interpreted as an Elongated Mounded
Drift [1] (Figures 4 and 7). The Chirp profile shows a buried moat (Figure 4b) that is much
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more erosive than the present moats at the seafloor. We infer that this feature is due to
an earlier period of more vigorous bottom currents and that suggesting also changes in
current intensities through time. The bottom circulation was probably more intense in early
phases of contourite deposition. This interpretation is also supported by the changing in
the vertical seismic characters highlighted by the chirp profile that shows low-continuity
reflectors in the shallower part of the drifts.

EM2-3a,b (Figures 5, 6, 8 and 9) due to the absence of a well-defined moat morphology
and for their overall geometry and seismic features have been interpreted as sheeted
drifts [1]. Recently de Castro et al. (2020) [73] have proposed that contourite drifts are not
only made by contourite deposits and hemipelagic settling, and gravity-driven deposits
can also contribute in contourite drift aggradation in the Gulf of Cadiz. Alonso et al.
(2016) [74] and Miramontes et al. (2016) [32] also proposed similar concepts. In respect of
this, we infer that the EM2 on the basis of its seismic character, is composed by a mix of
contourite deposits as highlighted by the presence of mounded packages of continuous,
moderate to high amplitude reflectors (Figure 5a,b) interbedded with turbiditic and/or
mass flow deposits (chaotic/transparent facies in Figure 5b) which are well documented
and described by Lo Iacono et al. (2014, 2011) [33,34] and Sulli et al. (2013) [35] along the
study area.

The lack of well-defined moats in EM2-3 suggests that in the upper slope the bottom
currents were more erosive than in the lower slope, perhaps due to the local complex
morphology of the seafloor [33-35].

5.3. Controlling Factors in Contourite Drift Deposition in the North-Western Sicilian
Continental Margin

The north-western Sicilian Continental Margin is characterized by six large submarine
canyons that are connected to the subaerial fluvial drainage [33,34]. Lo lacono et al.
(2011, 2014) [33,34] have interpreted these canyons as the result of: (i) downslope turbidity
currents mainly related to fluvial sedimentary inputs during the last base level fall [28,72,75]
and (ii) continuous slope failures as supported by the countless landslide scars. Lo Iacono
et al. (2011, 2014) [33,34] proposed a high-energy hydrodynamics scenario affecting the
area during the last base level fall when the palaeoshoreline was closer to the shelf edge
as also suggested by the general distribution of the outer shelf sandy sediment (Figure 2).
Under this scenario, an increase in fluvial sediment supply at the shelf edge/upper slope
should be expected and part of the sediment channelized through the canyons and valleys
could have formed EM1a, b, EM2.

EM1-3 are located on the slope at different depths between ca. 400 m and ca. 1500 m
(Figures 2 and 11). EM1a, b being located at ca. 550 m outcropping on the seafloor have
likely been formed by LIW that flows in this area within this depth range (Figure 11).
Considering the deeper bathymetry of EM2 and EM3a,b which is between 1000 and 1500 m,
we infer that have been formed the by the dense TDW that flows in the area as documented
by Fuda et al. (2002) [59] (Figure 11).

The bottom currents that sweep the study area are the LIW and the TDW that play a
role in the shaping of the seafloor morphology controlling the deposition of the contourite
drifts in the north-western Sicilian Continental Margin (Figure 11).

The dating of contourite drift deposits is difficult as seafloor cores are not available in
the drifts. However, a relative chronostratigraphy of the deposits can be inferred based
on cores surroundings [65]. EM1 and EM2 develops above the major erosional truncation
(U in Figures 4b and 5b) dated as 11.5 ky by Caruso et al. (2011) [65]. Therefore, we
propose that the causative bottom currents were active at water depth up to 1600 m since
the onset of the Holocene and therefore can be linked to the present-day LIW and TDW.
The chronostratigraphic dating of EM3a,b is much more complex especially due to the
lower resolution of multichannel seismic line. The only constraint is the bottom of the
contourite drift that rest above a high amplitude reflector that has been correlated to the
Messinian erosional surface [63,64].
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Figure 11. High resolution bathymetric map showing the spatial distribution of the contourite drifts
mapped across the study area, and the distribution of main pathways water masses of the north-
western Sicilian Continental Margin [51]. The colors used for the bathymetry indicate the domains of
the main water masses flowing in the study area. The background bathymetry is from EMODnet
bathymetry (http://www.emodnet-bathymetry.eu, accessed on 15 August 2021).

6. Conclusions

Geophysical data from the north-western Sicilian Continental Margin reveals for
the first time the occurrence of small contourite drifts and they may contribute to the
understanding the important role of the intermediate Mediterranean waters in the sedimen-
tary evolution and palaeoceanographic changes in the north-western Sicilian Continental
Margin. Our main conclusions are the following;:

Two different kinds of contourite drifts, at different range of bathymetry, have been
documented along the upper and lower continental slope of the north-western Sicilian
Continental Margin.

The mapped contourite drift (except EM3) are patchy with small width and thickness
because of their young age and because they occur in an active continental margin where
the tectonics plays a relevant role in the shaping an uneven seafloor morphology which is
dominated by several canyons.

Two elongated mounded drifts (EM1a,b) formed by a mix of Holocene hemipelagic
sediments deposited at the top of an erosional truncation aged at 11.5 ka [65] are located
at a water depth of ca. 570m. It is possible that energy of the fluxes decreased through
the time.

Three sheeted drifts (EM2, EM3a,b) deposited at the toe of the upper continental slope.
EM2 is internally composed by a mix of contourite deposits interbedded with turbiditic
and mass flow deposits possibly fed through the canyons.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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