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Abstract

Starting from the assumption that seismic events in the active margins are accompanied by evidence of
a depositional, geomorphologic and structural type, which constitutes the geological record of their
activity, we analysed different features of the Northern Sicily continental margin (NSCM) to
reconstruct the deformational field and related stress field in the Southern Tyrrhenian sea. As an
outcome of this project we were going to obtain seismotectonic setting and mapping to provide a
powerful tool in managing and assessing the marine geological hazards.

The study area extends from the San Vito Peninsula to the Termini Gulf along the NSCM, including
the Ustica island, and is located in a transitional area between the Sicilian-Maghrebian chain (SMC) to
the south and the Tyrrhenian back-arc basin (TBAB) to the north. We mapped different features
(tectonic, geomorphological, depositional, geophysical) in order to collect in a seismotectonic map
driving forces and triggering factors, as well as their products along the NSCM.

In order to reconstruct the Recent evolution of the study area we analyzed the whole Plio-Quaternary
time interval (defining the interval of neotectonics), with emphasis to the Late Pleistocene-Holocene
(which define the interval of active tectonics). Products of the tectonic activity are pockmarks, mud
volcanoes, structural escarpment, and other seismic induced features (submarine landslides, chaotic
deposits, megafloods, channels and canyons and related sedimentary processes).

As a second step of this study we investigated geometry, age and kinematics of the tectonic structures,
both buried and outcropping (at the seafloor or in the field), and correlate them to the sedimentary
evolution of the Plio-Quaternary succession.

With the aim to verify whether and where the recently active structures can give rise to tsunamis
through the bottom shift associated with slope failures, as the submarine landslides, we implemented a
method to assess quantitatively the characteristics of anomalous waves and related coastal run-ups.

In detail, following the main aims of the research project, we obtained some major achievements:
Timing and kinematic characters of the neotectonic features. Based on the analysis of recent and
active faults, seismicity and geodetic data, we reconstructed the present deformational pattern in the
NSCM. We analysed the present processes along the Africa Europa boundary, giving new contribution
on the characterization of crustal features produced by a change in the polarity of deformation and
related seismotectonic setting.

Fault systems pattern. We mapped in great detail outcropping and shallow buried faults and fold
axes and related morphological features. We found that these structures are in agreement with the
present stress field as derived from the focal mechanisms in the study region. The resulting data were
used to compile the marine geomorphological and structural layers of the Sheet 585 “Mondello”
(Geological Map of Italy on 1:50,000, CARG Project).

Submarine morphology, stratigraphy and structures of the Ustica volcanic complex. We

analyzed the complex features of the Ustica volcanic edifice and contributed to the knowledge of the



geological-geodynamic processes acting in the northern sector of the study region, which occurs on
the Africa-Europe plate boundary, just along the thrust front separating the Kabilian-Calabrian
tectonic element from the Sicilian-Maghrebian domain.

Late Quaternary Tectonics vs Sedimentation history. We investigate the tectonically active NSCM,
with a focus on the Termini basin (central Southern Tyrrhenian Sea). This region originated as a
consequence of a complex interaction of compressional events, crustal thinning, and strike-slip
faulting, which the prevailing control on the morphology of the present day shelf and coastal areas
during the Pleistocene. We focused on those related to gravitational mass movement and fluids escape,
and dated the seismic-induced landslides in relation to the Late Quaternary depositional sequence. In
this way we tentatively calculated the recurrence times of the main earthquakes.

Seabed sedimentary structures and bottom currents. We studied for the first time the bottom
sedimentary structures along a gully system in a selected area of the NSCM (the Capo Zafferano
offshore), to understand the interactions between the depositional processes and the complex
morphology of the coastal-offshore areas. We identified bedforms, known as cyclic steps, which are
linked to the dynamics of the bottom currents along the canyons. The results point out that turbidity
currents might have been few meters thick and have had velocities in the range of 0.2-1.5 m/s.
Seismotectonic Map. Starting from the analysis of the processes active in the NSCM we realized the
seismotectonic map of this region. The results, managed with a GIS-database, are potential indicators
of geohazard for human settlements and infrastructures in the offshore and coastal zones.

Tsunami risk generated by submarine landslides. To provide an assessment of the geological
hazards including tsunamigenic potential in coastal areas that could be subject to erosion, flooding and
seismic activity, we tested some main submarine landslides as potential tsunamigenic source, in two
selected sectors of the NSCM, the Gulf of Palermo and the Patti offshore. We calculated the associated
theoretical run-ups, and are going to produce simulation models of the propagation of anomalous

waves, coastal run-ups and inundation.



Introduction

The topic of this research is to analyse the role of active tectonics, sedimentation history and
geomorphological features in the geological, geomorphological and geodynamic evolution of the
Northern Sicily Continental Margin (NSCM), in order to evaluate the driving forces and the main
parameters for the marine geo-hazard assessment. The research project has been carried out
integrating: a) single- and multi-channel seismic profiles, with different resolution/penetration,
available (from ViDePi project) and unpublished (acquired from the Department of Earth and Marine
Science of the University of Palermo); b) morpho-bathymetric data (mainly unpublished); c)
sedimentological analysis on cores collected along the NSCM; d) heat flow, gravimetric,
magnetometric data, e) GPS and seismicity data, f) onshore structural and stratigraphic data; g)
morphometric characterization, including statistical tools; h) computational methods for tsunami
assessment; i) GIS and geo-databases. The new data have been integrated with those available in the
literature to provide constraints on the marine geological features of the study area.

In detail, the main aims of the research project deal with the following topics:

- Timing and kinematic characters of the neotectonic features. The analysis of recent and active
faults, constrained by seismicity and geodetic data, will be aimed to reconstruct the present
deformational pattern in the southern Tyrrhenian Sea-northern coastal belt of Sicily.

- Fault systems geometry. We mapped in great detail structural elements (outcropping and
shallow buried faults and fold axes), tectonic domains, and related morphological features, in the
NSCM.

- Submarine morphology of the Ustica volcanic complex. New swath bathymetry of the
submarine region of the Ustica Volcano (UV), 58 km north-northwest of the Sicily coast (south-
western Tyrrhenian Sea), revealing the complex features of the volcanic edifice, contributed to the
knowledge of the geological-geodynamic processes acting in the northern sector of the study region,
which occurs on the Africa-Europe plate boundary.

- Late Quaternary Tectonics vs Sedimentation history. Focusing on the Termini basin (central
Southern Tyrrhenian Sea) we investigated the tectonically active NSCM, using high-resolution seismic
profiles and multibeam bathymetric data. Many morphological features of the present day shelf and
coastal areas are the result of tectonics acting during the Quaternary on the margin, among which we
focused on those related to gravitational mass movement and fluids escape. We used the sequence
stratigraphy analysis of the Late Quaternary depositional sequence to date the seismic-induced
landslides, in order to tentatively calculate the recurrence times of the main earthquakes.

- Seabed sedimentary structures and bottom currents. We used multibeam bathymetric data to
verify the occurrence of bedforms in a selected region (the Capo Zafferano offshore, east of the
Palermo gulf), to understand the interactions between the depositional processes and the complex

morphology of the coastal-offshore areas.



- Seismotectonic Map. The active processes in the NSCM have been analysed to realize the
seismotectonic map and the related database. The multidisciplinary analysis of geodynamic, tectonic
and sedimentary processes was aimed to estimate the interplay between plate margins dynamics,
seismic activity, geomorphic processes, tectonics and sedimentation along the continental margin. The
results, managed with a G1S-database, are potential indicators of geohazard for human settlements and
infrastructures in the offshore and coastal zones.

- Tsunami risk generated by submarine landslides. To provide an assessment of the geological
hazards including tsunamigenic potential in coastal areas that could be subject to erosion, flooding and
seismic activity, we tested some main submarine landslides as potential tsunamigenic source, in two
selected sectors of the NSCM, the Gulf of Palermo and the Patti offshore, to calculate the associated
theoretical run-ups. We are still working to produce simulation models of the propagation of
anomalous waves, coastal run-ups and inundation.

The study area was chosen because it represents a key sector for the central Mediterranean
geodynamic setting, as it has peculiar geological, geophysical and geomorphological characteristics
that make it unique, like the presence of tectonic and volcanic structures, as well as erosive and
depositional processes, which create a very complex architecture at different scales from that related to
seabed morphology to the crustal structures. So far many issues regarding the characteristics and
evolution of the NSCM are still debated, as timing and pattern of the different tectonic processes;
present and past kinematics (both shallow and deep); the interplay of two plates (African and
European plates) in relation to the seismicity, the role of fluids (from volcanic to sedimentary), and,
last but not least, the interaction between tectonics, sedimentation and sea level change. As a
consequence the analysis and interpretation of this area has an important impact on the understanding
and assessment of marine geological geo-hazards.

Our study was facilitated by the huge availability of seismic reflection profiles, at different scale of
resolution and penetration, geophysical data linked to the strong seismicity, morpho-bathymetric data
from MBES surveys, and a deep geological background in the outcropping region (Northern Sicily
coastal belt).

The geophysical features of the NSCM show the Moho depth ranges from about 10 km, in the Marsili
bathyal plain, to about 40 km, towards the northern Sicily coast. The Bouguer anomalies change from
180 mGal in the Tyrrhenian region to negative anomalies in central Sicily (-100 mGal), while positive
magnetic anomalies characterize the volcanic edifices, both submerged and buried. The heat flow
values are high in the Tyrrhenian Sea (200 mW/m-2), decreasing (30-40 mW/m-2) towards the stable
sector of the foreland area (Iblean plateau in SE Sicily).

The NSCM originated as a consequence of a complex interaction of compressional events, crustal
thinning and strike-slip faulting, related to two main geodynamic complexes: 1) a Fold and Thrust Belt
system deriving from the Africa-Europe convergence and 2) an extensional tectonic environment in

the Tyrrhenian plain deriving from rifting and stretching episodes (Trincardi and Zitellini 1987; Sulli
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2000; Pepe et al., 2005) in the back of the lonian-Tyrrhenian subduction system. The Tyrrhenian basin
opened since the Late Tortonian because of the rollback of the lonian slab subducting beneath the
Calabrian arc (Malinverno and Ryan, 1986). The Sicilian Fold and Thrust Belt formed as a
consequence of the Neogene convergence of Africa promontory with the Corsica-Sardinia and the
Kabylian-Calabrian elements (pertaining to the European plate).

The Meso-Cenozoic sedimentary successions along the NSCM are the marine prolongation of those
outcropping along the Northern Sicily coastal belt. In the continental shelf, they are covered by
Quaternary deposits, which are truncated by an erosional surface formed during the last glacio-eustatic
oscillation. Local uplift caused non-preservation of portions of the oldest sequences. Prograding
sedimentary wedges of coastal deposits formed during the Last Glacial Maximum (LGM, about 18 ka)
along the shelf margin (Caruso et al. 2011).

During the last 125 ky in northern Sicily vertical tectonic movement are recorded, whose rates show a
decrease from E to W, with the highest uplift rates in the eastern coast (0.8-1.63 mm/y). Further on,
while the mainland sectors are uplifted, contemporaneously the offshore areas are subsiding,
suggesting the existence of tectonic process causing differential vertical movements.

During the Quaternary, tectonics with different kinematic characters (strike slip, extensional,
compressive) has controlled the evolution of this sector; it is still controversial what role each specific
tectonic regime played on the evolution of the NSCM.

The tectonic activity of the margin is outlined by a large crustal and deep seismicity, located in two
main seismogenic volumes. The deep seismicity is concentrated in the eastern part of the margin,
related to the subduction of the lonian lithosphere below the Calabrian Arc; the shallow seismicity is
the result of the brittle deformation mainly of the submerged portion of the Maghrebian Chain. In the
western sector of the margin the shallow (<25 km) seismic events of low to moderate magnitude (max
Mw 5.9 on September 2002) occur along an E-W trending belt (Sulli, 2000; Giunta et al. 2009)
included in the INGV catalogue in the Southern Tyrrhenian seismogenic sources (ITCS222 and
ITCS014). The focal mechanisms related to the main seismic shocks are in agreement with a dominant
NW-SE compressive offset direction, with a right strike-slip component, and an antithetic NE-SW
fault trend. In the eastern sector the shallow seismicity is linked both to extensional fault systems
(Pollina, Messina strait) and to right-lateral NW-SE transcurrent systems (Vulcano-Lipari and Tindari-
Giardini).

One of the most important innovations of this research is the integrated analysis of different types of
seismic reflection data with geophysical, structural, stratigraphic-sedimentological and
geomorphological data to analyse with a holistic approach a continental margin, with the aim to
produce a sea-land seismotectonic map. It also represents the starting point for thematic maps related
to the geological risks, such as the coastal geological map and the seismic risk map along the margin

that is an important tool for monitoring and assessing potential geohazards (earthquakes, tsunamis,
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coastal to submarine failures, coastal erosion and flooding) in marine and coastal environments. In
detail, important progresses beyond the state of the art have been achieved as follows:

1- identification of tectonic elements related to the retro-wedging deformation in the northern part of
the NSCM, which constitute the starting point to define correctly: a) the distribution and pattern of
seismogenetic sources, b) the accurate interpretation of the parameters of the seismic events, such as
focal mechanisms and hypocentral/epicentral location, and c¢) model the evolution of the NSCM in the
frame of the plates convergence;

2- the chronostratigraphic correlations of unconformities and systems tract of the LQDS with
recognized seismo-induced elements, such as submarine landslides, which made it possible to estimate
the recurrence times of earthquakes that triggered them. This could be a very useful information for
the present earthquake assessment;

3- mapping and georeferenced of geological features into a GIS database, which represent a starting
point for making maps of the Geo-Hazard and Geo-Risk in the southern Tyrrhenian Sea;

4- parametrization of anomalous waves, evaluation of run-up heights along the Sicilian coasts and

modelling of tsunami and coastal inundation.
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CHAPTER 1
Active hinterland-verging thrusting in the northern Sicily continental margin in the

frame of the Quaternary evolution of the Sicilian Fold and Thrust Belt collisional system
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Abstract

In this paper we present new geological and geophysical data to illustrate the tectonic activity in the
Northern Sicily continental margin in the frame of the Quaternary evolution of the Sicilian collisional
system. The Sicilian Fold and Thrust Belt (SFTB) has been characterized by a three-stage evolution
during the last 15 My: two main thin-skinned shortening events involving mainly Meso-Cenozoic
carbonate units, followed by thick-skinned thrusting involving Plio-Pleistocene deposits in the frontal
area as well as the crystalline basement in the inner and deeper sector of the chain.

We investigated the northern Sicily continental margin, by using differently-penetrative seismic
reflection data calibrated with detailed field surveys. Overall, the tectonic edifice appears to be
affected, both offshore and onshore, by northward-verging compressional structures active during
Quaternary time. These structures, correlated with the kinematic setting pointed out by seismicity and
GPS measurements, are indicative of an important change in distribution and orientation of
deformation in the frame of the Africa-Europe convergence.

Our hypothesis is that the most recent tectonic processes in the Northern Sicily continental margin are
representative of a jump of the deformation of the SFTB from the frontal area in the Sicily Channel to
the inner sector in the Southern Tyrrhenian Sea, and they could be a precursor of the change in the
subduction polarity in the central Mediterranean orogenic system, as a consequence of the ongoing
collision of the African promontory with the thinned continental to oceanic sectors (Algerian and
Tyrrhenian basins) of the European plate.

The seismic activity associated with the northward-verging thrust could have implication for the
assessment of the seismic risk in the Central Mediterranean and understanding of active structures in

marine areas that could be responsible for tsunami hazard.

Keywords: Backthrust; Fold and Thrust Belt; Subduction; Seismicity; Active Tectonics

1. Introduction
The structure of a thrust belt may provide information about the kinematics and history of plate

convergence and lithosphere subduction (Bally et al., 1985; Dewey et al., 1989, Doglioni, 1991, 1992).
When continental margins converge, the resulting process is the continental collision that produces
orogens. Many Authors have documented that during the building-up of an orogen, the deformation
proceeds from inner to outer sector (forward breaking sequence), affecting deeper and deeper
structural levels (Bally et al., 1966, 1985; Dhalstrom, 1970; Boyer & Elliott, 1982; Roure et al., 1990,
among the others), even if there are many evidence of thrusts nucleated in the hangingwalls of older
thrusts (break-back thrusting; Butler, 1987; McClay, 1992). In the past it was a common conviction
that continents do not subduct, accommodating the shortening within lithosphere through large

thickening. Modern petrologic, tectonic, and geophysical studies, among which seismic reflection
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surveys, have demonstrated that continental lithosphere can subduct (Ducea, 2016), and the two
colliding plates can be separated by convective upper mantle (mantle wedge). The delamination
process can favor the continental subduction, as well as old and cold continental plates are likely to get
subducted under hotter and more ductile upper plates that hosted the magmatic/volcanic arcs during
subduction periods which preceded collisional events.

Collisional zones can show either shallow foreland-verging thrust sequences (frontal accretion) or
deep-seated, out-of-sequence, structures (underthrusting); moreover, many thrust systems are not
unidirectional but contain thrust wedges verging away from the toe of a subduction thrust
(backthrusting), antithetic to the forward-directed transport (Butler, 1987), accomodating the strain
transferred from the subducting plate.

The fold and thrust belts deriving from an arc-continent collision forms Alpine-type orogens,
frequently characterized in their mature stage by a change of tectonic transport with retro-wedging
thrust, nappe refolding, and normal faulting. The resulting final structure is typically a double-verging
orogenic belt, as in the Pyrenees, Himalaya, and Alps, all showing a symmetrical or near-symmetrical
structure with a pro-wedge and a retro-wedge (Poblet & Lisle, 2011; Carminati & Doglioni, 2012;
Johnson & Harley, 2012). Often this evolves to a change of subduction polarity, which leads to the
formation of the final suture zone.

Analog and numerical models demonstrated that frontal accretion, underthrusting, underplating and
retro-wedging can represent different stages of an orogeny building, depending on the lithospheric
rheology and inherited geometries of colliding plates, composition of the thrust wedge, erosional and
exhumation processes, decoupling processes and levels of decollements (Peacock, 1990; Storti &
McClay,1995; Beaumont et al., 1996; Royden, 1996; Gutscher et al., 1998; Couzens-Schultz et al.,
2003; Burov & Yamato, 2008; Faccenda et al.,, 2008; W.illingshofer & Sokoutis, 2009;
Konstantinovskaya & Malavieille, 2011). Therefore, analysis of geometry and shortening of the
tectonic wedges, displacements along thrust planes, and stratal pattern in the associated syn-kinematic
sedimentary systems is useful to estimate tectonic evolution of thrust belts, including their timing and
magnitude, improving understanding of plate convergence processes.

Along the central Mediterranean orogens, such deformational mode produced earlier “thin-skinned”
thrust tectonics (with décollement style, basement not involved), and later thick-skinned thrust
tectonics, as in the Southern Apennines and Sicily (basement deeply involved in thrusting; Scrocca et
al., 2005; Gasparo Morticelli et al., 2015 among others). In the southern Mediterranean, along the
Neogene Africa-Europe plate boundary, the development of retro-wedges, at the back of the
accretionary complex, i.e. in the southern Tyrrhenian, was related to a plate boundary reorganization
during the latest 0.8-0.5 My (Goes et al., 2004). A northern-ward migration of the plate margin was
documented through the recognition of Late Miocene-Quaternary opposite-verging structures in the
NW Algeria Neogene margin (Yelles et al., 2009) and double-verging structures have been recognized
in the northern Africa plate boundary (Mauffret, 2007; Kherroubi et al., 2009; Hamai et al., 2015). A
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reorganization of the Africa-Europe boundary was already hypothesized based on tectonic,
seismological, geodetic, tomographic, and seismic reflection data, with the reconstruction of Wilson-
type phases of deformation, starting with the northward subduction of Africa and contemporaneous
Mediterranean back-arc extension, followed by a progressive slowdown of the main subduction, onset
of compression and progressive, from W (e.g., off Algeria; Strzerzynski et al., 2010) to E, southwards
subduction, or subduction inception, of back-arc basins (inversion; Billi et al., 2011).

Detailed field surveys and differently-penetrative seismic reflection data, including a deep crustal
seismic profile, calibrated with borehole data, played an important role to document the features and to
discuss the geodynamic context of the recent tectonic activity in the northern Sicily continental
margin-southern Tyrrhenian sector, both offshore and onshore. This is a key sector to investigate
tectonic structures that accommodate deformation along the transition belt between collision and
subduction systems in the frame of the Africa-Europa convergence (Sulli et al., 2018). As a matter of
fact, in this sector convergence is accommodated by both the subduction of the lonian oceanic
lithosphere beneath the European Calabrian Arc (Faccenna et al., 2014; Polonia et al., 2017; Scarfi et
al., 2018) and collision along the N-Sicily continental margin, where African thinned continental crust
is subducted beneath the European Sardinian and Kabylian-Calabrian belts (Roure et al., 1990;
Catalano et al., 2013). The roll-back of the lonian slab, producing frontal accretion in the Outer
Calabrian accretionary wedge, opened a young oceanic crust in the southern Tyrrhenian back-arc basin
(Kastens & Mascle, 1988; Doglioni et al., 2012).

Seismicity and geodetic data, and deformational features reconstructed along the southern Tyrrhenian
Sea, addressed by several authors in the recent past, has been used to infer a new subduction inception
along the Northern Sicily continental margin (Billi et al., 2011).

The main aim of this paper is to assess the Quaternary tectonic structures along the seismically active
segment of the Sicilian orogeny by interpreting and dating field and seismic reflection data, and by
organizing them into geodetic and seismological data-sets. Doing so we tried to shed light on the
present processes along the Africa-Europe plate boundary, giving new contribution on the
understanding of crustal features and related seismotectonic setting along the Northern Sicily

continental margin.

2. Geological setting
The investigated area is a segment of the Apennine-Tyrrhenian System (Figure 1), developed along

the Africa-Europe plate boundary (Figure 1a) as result of both the post-collisional convergence
between a migrating “European‘ sliver, the AlKaPeCa (for Alboran, Kabylies, Peloritani, Calabria,
Boullin, 1986; Bonardi et al., 2001) region, and the African northern promontory, and the coeval roll-
back of the subduction hinge of the lonian lithosphere (Doglioni, Gueguen, Harabaglia, & Mongelli,
1999; Faccenna et al., 2004; Chiarabba et al., 2008). This geodynamic process, which produced a
collisional system (Figure 1b), the Sicilian Fold and Thrust Belt (FTB), beside a subduction system

(Figure 1c), the lonian-Tyrrhenian arc-trench complex, is believed to be related to the two-phase
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opening of the Ligurian/Provencal basin and the Tyrrhenian Sea respectively (Faccenna et al., 2001)
and the continuing slow northward advance of the African lithospheric plate (Gueguen et al., 1998;
Doglioni, Gueguen, Harabaglia, & Mongelli, 1999 and Doglioni, Harabaglia, Merlini, Mongelli, et al.,
1999; Cavazza et al., 2004; Goes et al., 2004).

As a consequence of the rollback of the lonian slab, the Tyrrhenian back-arc basin opened producing
extension offshore northern Sicily (Agate et al., 1993; Pepe et al., 2003), where NW-SE to E-W-
striking high-angle normal faults dissected since Late Miocene the northernmost Sicilian FTB,
forming extensional basins also in the coastal areas of northern Sicily (Di Stefano & Lentini, 1995;
Lentini et al., 1996). NW-SE compressional/transpressional faulting affected the offshore area during
the Early Pliocene (Pepe et al., 2005), followed, during the Late Pliocene, by E-W, NW-SE and NE-
SW trending normal faulting (Fabbri et al., 1981; Barone et al., 1982) and crustal thinning (Pepe et al.,
2000). A NNW-SSE trending main regional tectonic fault system (Lanzafame & Bousquet, 1997; Billi
et al., 2006) with predominantly right-lateral transcurrent kinematics transversally dissected the south-
eastern Tyrrhenian.

As documented by surface and subsurface geological and geophysical researches (Roure et al., 1990;
Casero & Roure, 1994; Lentini et al., 1994; Albanese & Sulli, 2012; Catalano et al., 2013), the Sicilian
continental subduction complex (Figure 1), up to 20 km thick, is characterized by the following
regional tectonic elements: a) the Pelagian-Iblean foreland with its African crust; b) a Late Pliocene-
Quaternary narrow foredeep, onlapping the frontal sector of the thrust belt in southern Sicily and its
offshore; ¢) a complex, south to southeast-vergent FTB. This consists of: i) a “European” element
(Kabilian-Calabrian tectonic units) exposed in north-eastern Sicily; ii) a “Tethyan” element (Sicilide
units); iii) an African element composed of carbonate thrust systems (Sicilian-Maghrebian units); iv) a
thrust wedge, named Gela Thrust System (GTS), composed of Cenozoic terrigenous and clastic-
carbonate deformed rocks.

The African element derive from the deformation of both shallow and deep-water Meso-Cenozoic,
passive continental margin-type sequences and foreland basin system successions (foredeep and
wedge-top basins). The Sicilian sector of the Meso-Cenozoic African passive continental margin,
reconstructed from regional facies analyses (Catalano & D’Argenio, 1978; Patacca et al., 1979;
Bernoulli, 2001 among others) was formed by a carbonate-platform depositional environment,
recorded by shelf-to-pelagic carbonate successions (Panormide, Trapanese, Saccense and Iblean),
laterally linked to slope-to-basin areas (Imerese and Sicanian) filled with deep-water carbonates,
bedded cherts and sandy mudstone successions.

During the Late Oligocene—Early Miocene the passive continental margin successions were
progressively buried beneath several hundred meters thick terrigenous deposits (Numidian Flysch)
accumulated in a wide foredeep basin and afterwards involved in the compressional events originating
the Sicilian Fold and Thrust Belt (Pescatore et al., 1987; Pinter et al., 2016; Butler et al., 2019).
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The Sicilian FTB was characterized by a multi-stage evolution during the last 15 My. Forward
migration of the FTB started as from the early Miocene with the progressive detachment of the Meso-
Cenozoic, passive continental margin succession from its basement, triggered by the collision between
the Corsica-Sardinia sliver and the northern African margin. During this thin-skinned thrusting phase,
two main subsequent southeastward-verging tectonic events (Figure 1d), generated and developed at
different structural levels and at different time intervals and accompanied by substantial clock-wise
rotations, occurred (Oldow et al., 1990; Roure et al., 1990; Bello et al., 2000; Cifelli et al., 2007
Avellone et al., 2010; Speranza et al., 2018). The early phase involved the Sicilide, Imerese and
Sicanian thin, deep-water, shales and carbonates, which overthrust thick, more external, platform
carbonates, producing duplex geometry and major tectonic transport since Serravallian time (shallow-
seated tectonic Event 1, Figure 1d). During the latest Miocene—early Pleistocene, deep-seated thrusts
detached and deformed the platform carbonates, forming axial culminations and ramp structures
(deep-seated tectonic Event 2, Figure 1d). Triangle-like and duplex structures affected the carbonate
ridges (Albanese & Sulli, 2012; Gasparo Morticelli et al., 2017), at places (Rocca Busambra and
Kumeta ridges in Figure 1) alternatively interpreted as E-W-striking, right-lateral wrench structures,
connected to a crustal discontinuity inherited from the African margin dissection (Ghisetti & Vezzani,
1984; Giunta et al., 2000; Nigro & Renda, 2001). The wedging at the depth of the carbonate platform
substrate produced re-embrication and shortening within the overlying deep-water carbonate thrust
pile (Avellone et al., 2010) as well as the deformation of the Upper Tertiary deposits filling syn-
tectonic basins (Gugliotta et al., 2014). Giunta et al. (2000), Nigro and Renda (2001) described coeval
compressional and extensional structures in the Sicilian-Maghrebides and in the Tyrrhenian back-arc
basin, as structures related to an E-W-trending simple shear system. Tortorici et al. (2001) interpreted
the deformation in western Sicily as a result of lateral escape processes. Butler et al (2019) indicate
that the eastern Sicily-Maghrebian-Thrust-System developed as an emergent-imbricate-fan
characterized by a slow and poor syn-kinematic deposition on top of the thrust wedge. This model
implies a moderate shortening of the sedimentary tectonic units above the top crystalline-crust basal
detachment. Backthrusting in the inner sector of the Sicilian FTB was already documented by
mesostructural and seismic reflection data in central-western Sicily (Albanese & Sulli, 2012; Gasparo
Morticelli et al., 2017), in the E-W trending and ~20 km long carbonate ridges of Mt. Kumeta and
Rocca Busambra, as well as in the Cervi Mt (western sector of Madonie Mountains). In this case it is
possible to directly correlate the syn-tectonic stratal pattern of the upper Tortonian succession filling
the wedge-top basin to the development of north-verging high-angle faults (Gugliotta & Gasparo
Morticelli, 2012; Gugliotta et al., 2013). In the central-northern Sicily (Avellone et al., 2011), a N-
ward migration of depocenters during the Lower Pliocene related to the tilting of the southern margins
was produced by uplift of the carbonate substrate along southward-dipping compressive-transpressive
high-angle-faults (Sulli et al., 2016). Also the Plio-Pleistocene deposits of the northern edge of the

Gela Thrust System (in the central-southern Sicily) are deformed by N-vergent structures, correlated at
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depth with the thick-skinned tectonic event, which involves the crustal layers in the inner sector of the
chain (Gasparo Morticelli et al., 2015).

This strain-propagation mode is inferred also by comparing the horizontal and vertical displacement
rates of the thrust belt. During the thin-skinned tectonics, shortening prevails in the frontal thrust belt,
with vertical displacement accommodating the deformation during the thick-skinned thrust tectonics
(Mazzoli et al., 2000; Ferranti & Oldow, 2005).

A wedge-shaped body of high-density (3.1 g/cm3) sub-crustal material (Cassinis et al., 1969; Ferri et
al., 2008; Accaino et al., 2011), was found beneath the northernmost Sicily, and interpreted as part of
the southern wedge of the Tyrrhenian mantle (Catalano et al., 2013). The wedge appears to split the
subducting Iblean (African) continental slab from the overlying stack of thrust sheets (Figure 1b).

Both seismicity and GPS data, as well as vertical movements rates, indicate active tectonics and
convergence mainly in the northern Sicily offshore.

The deep seismicity, concentrated in the eastern part of the margin and northeastern corner of Sicily, is
related to the subduction of the lonian lithosphere below the Calabrian Arc and SE Tyrrhenian sea,
while the shallow seismicity (< 15 km) is the result of the brittle deformation of the submerged portion
of the Maghrebian Chain. The latter is characterized by low-to-medium magnitude (Pondrelli et al.,
2006), with focal mechanisms of the major shocks of a thrust type, with horizontal compressive to
transpressive maximum axes (Figure 2b), generally NNW-SSE trending (Pondrelli et al., 2006; Giunta
et al., 2004; Vannucci & Gasperini, 2004), but its kinematics is still being debated. Seismic events
from the Madonie to Peloritani Mts. (northern Sicilian belt) and beneath central Sicily have been
related to compressional mechanisms to the west and extensional/transtensional in the east (Pondrelli
et al., 2006). A geologic and tectonic “singularity” regards the extensional regime occurring in the
Cefalu-Etna seismic zone that was related to the lateral extension on pre-existing faults by an inferred,
mantle-upwelling beneath north-eastern Sicily (Etna volcano) (Billi et al., 2010). Available data do not
image the deep structures in this area, as mantle seismic velocities are poorly constrained beneath the
Sicilian orogenic wedge (Chiarabba et al., 2008). GPS site velocities in Sicily (Figure 2), up to 10
mm/y, are consistent with right-transpressional deformation and convergence between Sardinia and
Sicily along the NW-SE contractional axis recorded by earthquake focal mechanisms (Oldow et al.,
2002). Pondrelli, et al. (2006), Serpelloni, et al. (2007), Devoti, et al. (2008), Cuffaro, et al. (2011) and
Palano, et al. 2012 described the active processes in Sicily, indicating for northern Sicily velocity
ranging from 2.5 mm/y to 7 mm/y, moving toward the east, and for the foreland area a velocity of
about 4.5 mm/y (NNW-wards drift movement when compared to Eurasia). Vertical movements during
the last 125 ky are decreasing from NE to NW Sicily, with the highest uplift rates in the eastern coast
(0.8-1.63 mm/y), where the Holocene rates are higher than those calculated for the Tyrrhenian (MIS
5.5) terraces (Ferranti et al., 2006). Further on, while the mainland sectors are uplifted,
contemporaneously the offshore areas are subsiding, suggesting the existence of tectonic processes

causing differential vertical movements (Sulli et al., 2013).
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3. Data and methodologies
In order to analyze the Sicily-southern Tyrrhenian system we studied a set of geological and

geophysical data, both offshore and onshore.

Geological mapping, facies analysis and structural fieldwork were carried out on the outcropping units
of the Sicilian FTB, the overlying syn-tectonic successions, and the post-tectonic Plio-Quaternary
sequences, in order to identify and date the structural features, to infer the related style of deformation,
and to constrain the tectono-depositional events. The deformational patterns related to folding and
faulting were reconstructed by several sites of structural measurements located along the main tectonic
elements. Mesostructural analysis of fault planes and fold axes was used to reconstruct fault
kinematics, fold-trending and stress-field orientations. The structural data have been summarized
using statistical methods (stereograph projection obtained with Daisy 3.0 software, Salvini, 2001).
Submerged and buried structures were investigated through the geological interpretation of seismic
reflection profiles with different resolution and penetration, calibrated with borehole data and
integrated with other geophysical data. In the offshore areas we used sets of seismic profiles acquired
by different seismic sources during previous researches in marine areas or extracted from public
databases. The high resolution seismic profiles were acquired employing a multi-tip sparker array,
with a base frequency of around 600 Hz, fired each 12.5 m. Data were received with a single-channel
streamer with an active section of 2.8 m, containing seven high-resolution hydrophones, recorded up
to 3.0 s two way time (t.w.t.) at a 10 kHz (0.1 ms) sampling rate. Data processing was performed by
applying the following mathematical operators: traces mixing, time variant filters, automatic gain
control, time variant gain and spherical divergence correction. The achieved signal penetration
exceeded 400 ms (t.w.t) and the vertical resolution reached 2.5 m at the seafloor. The medium
penetration seismic data were acquired by using both high power sparker source (16 kJ) coupled with
single-channel streamer or airgun array coupled with multi-channel (six) streamer; penetration depth
ranges from 2 to 4 s (t.w.t.), with vertical resolution between 4 and 20 m, respectively. The airgun data
were processed applying the following mathematical operators: normal move-out correction, stack,
true amplitude recovery, 25-50 Hz and 150.200 Hz band-pass filtering, automatic gain control. A
dense grid of high penetration seismic data, obtained from a freely accessible database (VIDEPI
Project: http://www.videpi.com/videpi/videpi.asp) were acquired by airgun array coupled with 2.400
m long multi-channel streamer, achieving a penetration up to 6 s (t.w.t.), with vertical resolution of
about 60 m. The following mathematical operators have been applied to process raw data: resample to
4 ms, demultiplex edit, true amplitude recovery, spherical divergence compensation, mutes,
deconvolution, velocity analysis, NMO correction, time variant filter, trace equalization.

The seismic lines were interpreted using seismic facies analysis, which allowed depositional units,
characterized by different seismic attributes, to be distinguished; then, structural interpretation was
performed. The interpreted seismic lines were depth converted adopting average velocities derived

from lithostratigraphy and sonic log data recovered in the southern and western Sicilian offshore.
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Already published regional crustal sections (Bello et al., 2000; Catalano et al., 2002; Finetti et al.,
2005; Catalano & Sulli, 2006; Catalano et al., 2013) were used to reconstruct a 2.5 D geological model
of the Sicilian FTB and the surrounding marine areas, including the lonian-Tyrrhenian system. The
model was generated with the Software-Move2016 by correlating the surfaces that separate the main
geological features, which are the depth of: Moho, Sicilian crystalline basement, lonian oceanic crust,
top of Kabylian-Calabrian tectonic wedge, Sicilian regional monocline, Sicilian FTB sole thrust,
Kabylian-Calabrian sole thrust, top of lonian slab beneath the Calabrian Arc. This model was used to
generate automatically crustal geological sections along selected directions.

Most of the region is covered by geological maps and Multibeam data, acquired in the past in the
frame of different projects by researchers from the University of Palermo (CARG:
http://www.artasicilia.eu/old_site/web/carg/index.html;  MaGIC:  https://www.cnr.it/en/institutes-
databases/database/978/progetto-magic). Morpho-bathymetric data were used to individuate the main
morphostructural elements in the offshore areas. Digital Terrain Models (DTM) were produced with a
footprint resolution of 2 m. The lacking data were covered by using morpho-bathymetry obtained by
the GEBCO database (General Bathymetric Chart of the Oceans, gebco.net).

Finally we integrated the geological model with seismological data (since 1970) from international
database (ISIDe http://cnt.rm.ingv.it/iside; ISC http://csi.rm.ingv.it; EMSC https://www.emsc-
csem.org/Earthquake; Italian ~ CMT  rcmt2.bo.ingv.it/Italydataset1976-2015.dek; RCMT
http://rcmt2.bo.ingv.it/data/EuroMedCentrMomTensors.csv) and projected hypocenters along regional
Cross sections.

We plotted the attitude of conjugate fault planes (Strike, Dip and Rake), from international earthquake
databases, using Stereonet software (Cardozo & Allmendinger, 2013; Allmendinger et al., 2013), with
the aim to realize “beach balls” of the seismic events. We projected the attitude of nodal and auxiliary
fault planes of the focal mechanism along a vertical surface whenever indicated along regional cross

sections.

4. Recent deformational Pattern in the Sicilian FTB and Northern Sicily Continental
Margin
Geological mapping and structural surveys in Northern Sicily and geoseismic investigations along the

Northern Sicily continental margin (Figure 2) highlighted that the inner sector of the Sicilian FTB is
affected by a younger deformation than those related to the deformational events 1 and 2. The huge
carbonate ridges developing along the northern coastline show at their northern walls sub-vertical
southwards-dipping faults (Fig. 2). In order to date these structural elements, we analyzed their
relationships with continental and marine Pleistocene deposits and correlated the field data to the

seismic reflectors interpreted in the adjacent offshore region.
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4.1. The inner sector of the Sicilian Fold and Thrust Belt
An essential contribution to dating the North-verging thrust faults comes from Rosamarina Mt., in the

Termini Imerese area (central-northern coastal sector of Sicily; Figure 3).

Here the activation of the north-verging tectonic structures has led to the deformation of cemented and
poorly stratified carbonate breccias immersed in a reddish sandy-silty matrix, accumulated in the
continental environment as deposits of mountain slope, forming stratified slope deposits.

On the basis of lithology, texture and unconformable stratigraphic relationships with the bedrock,
these deposits can be correlated with the Buonfornello/Raffo Rosso synthem deposits. Both these
synthems, composed of paralic to continental deposits (Di Maggio et al., 2009), extensively crop out
along the north-western Sicily coastal belt (Agate et al., 2017). Based on scattered vertebrate fossil
remnants (Bada et al., 1991; Bonfiglio et al., 2003; Masini et al., 2008) and local, numerical dating
worked out by thermoluminescence method on littoral and aeolian deposits (Mauz et al., 1997), both
these synthems have been dated to the middle-late Pleistocene time interval.

Mesostructural field data, collected in 10 structural sites (Figure 3e) highlight the geological setting of
this sector of the SFTB. In particular Rosamarina Mt. consists in a SW-vergent asymmetrical ramp
anticline growing on a thrust plane affecting the Imerese tectonic units (St. 5 and 6 in Figure 3e). The
anticline shows a general NW-SE trending hinge line that swings to a W-E direction in its western
sector (St.3 and 4 in Figure 3e). Toward East, the Rosamarina anticline is cut by a NE-SW tectonic
structure belonging to San Leonardo Fault system (Gugliotta et al., 2014), which shows the kinematic
characters of a left-lateral strike-slip fault (St. 7-9 in Figure 3e). The southern limb of the anticline is
well preserved, while the northern limb is involved in thrusting, tilted and uplifted northward, and
strongly eroded (Figure 3a). Here we recognized a S-dipping thrust surface displaying striated planes
with 200° dip direction (that is SSW-ward) and 35° dip, and with a general N-ward tectonic transport
direction (St. 1-2 in Figure 3e). Along the thrust, both foot-wall and hanging-wall are overlain by a
sedimentary wedge made up of the middle-upper Pleistocene continental deposits of the
Buonfornello/Raffo Rosso synthem. The wedge is arranged in growth strata deposited with onlap
geometry characterized by decreasing-upward dips (St. 10 in Figure 3e); this divergent stratal pattern
suggests a syn-tectonic deposition (Figure 3 b, ¢, d; Burbank & Vergés, 1994).

Another sedimentary wedge lies at the base of the Rosamarina Mt. northern slope, composed of
pebbly sands in ochre silty matrix, alternating with yellowish sandy silt, that belongs to the San
Leonardo River synthem (Catalano et al., 2011; Figure 3a). Also this deposit is arranged in layers with
upwards-decreasing-dips, testifying to a tilting of the straight flank of the Rosamarina anticline.
Summarizing the achieved results from the stratigraphic and structural evidence from the Rosamarina
Mt., on the basis of the age of the continental deposits involved in the north-verging tectonic
deformations, and the stratal pattern that suggest their syntectonic deposition, it is possible to date as
middle-late Pleistocene the North vergent reverse fault system detected in this area of the central-

northern Sicily.
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4.2. The Northern Sicily continental margin (southern Tyrrhenian)
Seismic reflection profiles crossing the south-western Tyrrhenian margin and the Sardinia Channel

(Figure 2) were used to define the active deformational pattern and the relationships with the regional
geodynamics along the northern Sicily-southern Tyrrhenian seismogenic belt. Seismic data were
correlated to the structural pattern reconstructed from the Northern Sicily chain and allowed to
constrain the deep structural setting of the submerged sectors of the Sicilian FTB as well as to date
relatively the structural elements.

The interpretation of both the medium to high resolution seismic reflection profiles, combined with
high resolution morphobathymetric data, and the deep seismic reflection data, led us to define both the
shallow and the deeper structural setting of the study area, revealing recent structural variations in the
tectonic setting of the inner sector of the Sicilian FTB.

The offshore investigated area is not provided of deep boreholes, thus seismo-stratigraphic
interpretation and correlation methods have been applied to date the detected tectonic features.

In this offshore sector, the north-verging tectonic structures affect a seismic unit made up of reflectors
lying above a continuous, high amplitude seismic horizon, separating very different seismic facies
above and down the reflector (Figures 4 and 5); the rocky surface generating this reflector is
characterized by an enhanced acoustic impedance contrast and it usually acts as a low-band pass filter
that cut the high frequencies, so that a very prominent change of vertical resolution can be observed
between the seismic horizons above and down this surface. The very peculiar acoustic attributes of this
seismic marker can be confidently correlated with the corresponding seismic horizon that has been
calibrated by boreholes in the adjacent offshore western Sicily (Egadi Island), as well as in the central
Mediterranean region on the whole. Well data revealed as this peculiar reflector can correspond to the
top of evaporitic to clastic Messinian deposits or to an enhanced, regional scale unconformity, both
(depositional and erosional) features related to the final stage of the Messinian salinity crisis occurred
in the Mediterranean basin at the end of the Miocene (Ryan, 1973). This seismic marker (here labelled
M-reflector, corresponding to the Messinian salinity crisis units LU-MU-UU following Lofi, et al.
2011) allows us to date as Plio-Quaternary the package of seismic horizons unconformably lying
above it.

In the area of Cefalu Basin, sub-bottom cores (Shaffi et al., 2001) document uppermost Pleistocene-
Holocene sediment accumulated at the top of the Plio-Quaternary seismic unit, and, along the northern
Sicily continental shelf, the analysis of high resolution single channel seismic profiles allow us to
recognize the seismic reflectors belonging to the Late Quaternary Depositional Sequence (LQDS),
which is a stratigraphic unit, extensively recognized across the continental shelf and upper slope off
north-western Sicily coast (Sulli et al., 2012), deposited since about 128 ky BP during the last glacial-
eustatic cycle (Caruso et al., 2011). In these sectors (southern margin of Cefalu Basin) we have
detected hinterland verging reverse faults affecting the oldest reflecting horizons belonging to the

LQDS (Figure 4a-b). This interpretation is confirmed by the displacement of the unconformity at the
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base of the LQDS (tse in Fig. 4 a-b), which here represents the “regional” level: at the shelf edge it is
as deep as 130 m, in agreement with the depth reached by the sea level during the last glacial sea fall
(about -125 m); landward the faulted blocks are less deep, showing they have been uplifted along the
interpreted reverse faults (Fig. 4 a-b).

In the Solunto High, along the northern boundary of the Cefalu basin, the high resolution single-
channel seismic profile shows North-vergent reverse faults affecting the Plio-Quaternary sequence up
to the horizons immediately below the sea-bottom (Figure 4c), suggesting that the deformation could
have occurred also during the latest Pleistocene-Holocene time interval.

Three multichannel seismic reflection profiles crossing the central Sardinia Channel in a NNW-SSE
direction (Figure 5a, b and c¢) shows the M-reflector steeply dipping towards SE, passing under a
wedge-shaped body composed of a stack of seismic packages each one showing different thickness,
acoustic attributes and geometry. On the whole this complex seismic body displays the characters of a
North-verging tectonic wedge affected by reverse faulting and folding. Divergent geometries
recognized in the basin fill both in the tip of the interpreted thrusts (insets A and C in Fig. 5) and
above the thrust wedge (inset B in Fig 5) evidence the syn-kinematic deposition during the Plio-
Pleistocene time interval.

Based on the detected depth, more than 3 s/TWT of the S-dipping M-reflector and considering the top
of the overlying thrust wedge at 1 s/TWT, assuming an average P-velocity of 3000 m/s, the tectonic
complex in the Cornaglia Terrace is as thick as 3000 m. The high-penetration seismic profiles shows
that the north-verging thrusts involve not only near-surface, unrooted sediments but also deeper levels
of the tectonic edifice, with until 10 km slip above the basal thrust (Fig. 5 a-c).

To confirm the involvement of thick tectonic wedges in the N-verging thrusting, a seismic profile
crossing the Drepano Thrust Front (Figure 5d), which is the structural element along which the
Kabylian-Calabrian units (Beccaluva et al., 1986; Compagnoni et al., 1989) overthrust the Sicilian-
Maghrebian FTB (Sulli, 2000), shows that a recent S-dipping thrust inverted the original relationships
between the tectonic bodies. This is a very important information because it documents that north-
verging thrust affect not only the sedimentary wedges but the crystalline units too.
Morpho-bathymetric data show that in most cases the north-verging reverse faults are responsible of
the geometry of the main submerged structural highs (e.g. the Solunto high, Figure 4c) defining the
irregular shape development of the Southern Tyrrhenian continental slope, interrupting its overall

northward-deepening trend.

4.3. Crustal geological-cross section and seismicity
We also used the distribution of epicenters and localization at depth of hypocenters to identify the

seismically active tectonic structures (Figure 6). We divided the investigated area into three, about 100
km wide, NNW-SSE/NW-SE trending belts, crossing the Central Mediterranean from the Southern

Tyrrhenian, across Sicily and Calabria, to the Sicily Channel-lonian sea. In the middle of each belt we
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carried out a vertical crustal section (geo-seismological section), on which we projected, along the
perpendicular direction, the hypocentres of all earthquakes distributed in the pertaining zone (1-3 in
Figure 6). Figure 6, beside the distribution of the epicenters of the earthquakes recorded since 1970
(ISIDe, ISC, EMSC, CMT, RCMT databases; Pondrelli, 2002; Pondrelli & Salimbeni, 2006; Sgroi et
al., 2012), skimmed by events recorded at depths of 5-10 km, show also the main thrust fronts
originating from the Africa-Europe convergence.

The generated geo-seismological sections cross the Sicilian FTB and the Kabylian-Calabrian belt,
parallel to the convergence direction. Each section shows the Moho discontinuity for both lower and
upper plate (African and “Tyrrhenian” Moho respectively), the top of the crystalline basement of the
different crustal domains (Iblean, lonian, Sicilian and Kabylian-Calabrian), the main sole-thrust
separating the crustal bodies, the hypocenters of earthquakes projected along a band of 100 km across
the trace and associated focal mechanisms.

The sections 1 and 2, which cross the western sector of the Sicilian FTB, show hypocenters up to a
depth of 100 km and a few clusters gathered at the main sole-thrust, recognized from seismic
reflection profiles (Drepano thrust-front, Sicilian main thrust). In the NW sector they show an
alignment of very deep hypocentres along a S-ward dipping plane (characterized by compressive focal
mechanism) which differs strikingly from the regional NW-dipping of the major fronts of Sicilian FTB
(1 and 2 in Figure 6), as well as from the NW-dipping Benioff zone, related to the lonian subduction
(section 3), and imaged by the alignment of up to 400 km deep hypocenters.

5. Discussion
Geological and geophysical investigation enable to distinguish successive deformational events and

different tectonic styles of the orogenic belts during the different stages of shortening. Generally the
deformation propagate towards the foreland (forethrusting phase), involving from shallow to deep-
seated layers, with ramp-flat geometries (underthrusting phase) or duplexing (underplating), with or
without strike-slip displacements or nappe rotations, depending on different factors, such as crustal
thickness, convergence angle and rate, paleo-margin geometry, age, lithology and homogeneity of the
sedimentary cover (Bally et al., 1966, 1985; Dhalstrom, 1970; Boyer & Elliott, 1982; Butler, 1987;
Channell et al., 1990; Speranza et al., 2003; Roure et al., 1990; Avellone et al., 2010; Poblet & Lisle,
2011; Carminati & Doglioni, 2012; Johnson & Harley, 2012; Speranza et al., 2018).

The late Neogene to Quaternary Sicilian collisional system (Figure 1), extending to the whole
southern-central Mediterranean region, as revealed by field surveys and seismic reflection and
borehole data, supported by gravimetry, magnetometry, heat flow and seismicity, as well as Global
Positioning Satellite Array (GPSA), developed in the frame of a foreland-basin system evolution and
experienced transition from thin-skinned to thick-skinned thrust tectonics. The last compressional
event in the outer sector of the orogeny lasted until 0.8 Ma along the Gela Thrust Front (Catalano et
al., 1993). In this area seismicity is very faint and active tectonics limited only to extensional to

transtensional processes linked to the Sicily Channel rift zone or to major strike-slip fault systems, the
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Belice-Sciacca and Comiso systems, respectively to the W and E of the more advanced front of the
thrust belt (Figure 2).

Considering that the larger seismic activity of the Central Mediterranean is located in the northern
Sicily continental margin, we analyzed the tectonic activity in this sector, which represents the inner
sector of the orogen (Figures 2 and 6). Structural field surveys and seismic reflection interpretation
revealed widespread south-dipping, north-verging thrusts both in the outer (innermost Gela TS) and
inner sectors.

In the Gela TS the north-verging structures, which are Early Pleistocene in age, involve the uppermost
structural level in the tectonic edifice and, together with the south-verging fault system of the Gela TS,
depict on the whole a triangle-zone geometry (Figure 1b).

Differently, north-verging compressional structures affecting the inner sector of the Sicilian FTB,
along the northern Sicily coastal belt and its offshore (Figures 3-5), provided two useful elements: 1)
the deformation involves deeper structural levels of the Sicilian FTB, considering that in most of the
cases they affect both the deep-water and shallow-water Meso-Cenozoic carbonates; 2) the occurrence
of a preserved sequence of continental deposits of different ages, which have been attributed to
“Unconformity Bounded Stratigraphic Units” (UBSU; Agate et al., 2017), allow to date retro-wedge-
thrusting to Middle-Late Pleistocene (Figure 3). This evidence demonstrates that these structures are
not associated to the older (Neogene) foreland-verging thrusts wedge.

The interpretation of high resolution seismic reflection profiles in the SW Tyrrhenian continental shelf
to slope system (Figure 4) confirms the occurrence of south-dipping reverse faults affecting the
Holocene deposits, shaping at place also the sea-bottom morphology. Trend of canyons, rills and
pockmark alignments (Pennino et al., 2014), parallel to these structures, suggest their present-day
activity. In some place these faults invert Neogene-Pleistocene extensional faults (Catalano & Milia,
1990).

Geodetic and seismological data contribute to define the tectonic activity shown by geological and
seismic reflection data. The GPS data document the ongoing convergence of Europe and Africa at a
rate of about 4-5 mm/yr (Figure 7; Hollenstein et al., 2003; D’Agostino & Selvaggi, 2004; Serpelloni
et al., 2007, Devoti et al., 2011; Palano et al., 2012) with the NNW-wards displacement of both
central-western Sicily and southern Tyrrhenian sectors (Serpelloni et al., 2007). Conversely, between
the northern Sicilian coast belt and the Sicilian Channel GPS velocity along a NNW-SSE direction
indicates no or very little active shortening in the southern, external sector of the chain (Serpelloni et
al., 2007; Devoti et al., 2011), where the front of the Gela Thrust System is buried beneath middle-
upper Pleistocene deposits (Catalano et al., 1993) and the seismic activity is very weak. Velocity
profiles along the NW-SE direction (Figure 7c), worked out by projecting GPS velocity values from
the stations located in the Sicily mainland and surrounding areas (Figure 7b), show, in correspondence
with the less inclined segments (black line in Figure 7¢), weak velocity variations in the area between

the Hyblean region and the inner sector of the chain in the northwestern Sicily; the same velocity
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profiles show, in correspondence with the more inclined segments (red band in Figure 7 a and c)
higher velocity variations in the northern Sicily offshore. A such trend confirms a higher compression
in the inner sector of the chain then in the outer one.

In this area, seismological data (Pondrelli et al., 2004) highlight an east-west directed seismic zone
(ITCS014 and ITCS222 seismogenic sources, http://diss.rm.ingv.it/diss/) between the northern Sicily
coast and the Ustica Island, west of Aeolian Islands, characterized by earthquakes with compressional
or transpressional focal mechanisms and hypocentral depths of 20-30 km, up to 5.9 Md (September
2002; Giunta et al., 2004). Moreover deeper hypocenters alignment (around 100 km) and related focal
mechanism (compressional) in this area seem to indicate a probable south-ward dipping thrust (Figure
6).

For a more clear description of double-verging FTB-tectonic evolution, it is necessary to refer main
thrusts and backthrusts at the position of the lower plate on which the tectonic wedge grows. For this
purpose, we called Neogene southward-verging fore- and back-thrusts, the compressional structures
developed as a consequence of building of the Sicilian FTB above and towards the Hyblean-Pelagian
foreland. Instead, we called Quaternary northward-verging fore- and back-thrusts, the more recent
tectonic structures developed as a consequence of the overlapping of the Sicilian FTB above the
southern Tyrrhenian crust.

Many Authors agree that this seismic and kinematic setting is linked to a tectonic reorganization of the
Central Mediterranean orogeny (Goes et al., 2004; Serpelloni et al., 2005; Billi et al., 2011 among
others). The southward-verging fore- and back-thrust evolution of the Sicilian FTB started since the
Early Miocene, developed through three subsequent tectonic events (Gasparo Morticelli et al., 2015
and references therein) and it stopped at 0.8 Ma (Catalano et al., 1993; Lickorish et al., 1999). Since
0.8 Ma the Sicilian FTB records a new tectonic stage characterized by jumping of the seismic and
tectonic activity towards the inner sector of the belt (southern Tyrrhenian Sea); here tectonics acts
mainly as Quaternary northward-verging fore- and back-thrust, corresponding to the youngest tectonic

structures illustrated in this paper (Figure 8).

6. Conclusions
The Sicilian Fold and Thrust Belt developed during Neogene-Quaternary times characterized by main

African-wards tectonic transport direction (Figure 8). The dense set of geological and geophysical
investigations carried out along the Northern Sicily continental margin, including the north-central
Sicily, and illustrated in this paper, highlighted extensive hinterland-verging tectonic structures active
during the Quaternary. These structures, correlated with the kinematic setting pointed out by
seismicity and GPS measurements, are indicative of an important change in distribution and
orientation of deformation in the frame of the ongoing convergence of the African and European
plates.

The results of this study depict, in the northern Sicily mountain building, a structural framework

comparable with that recognized in other orogens resulting from continent-continent or arc-continent
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collision and interpreted like representative of a late collisional stage (Poblet & Lisle, 2011; Carminati
& Doglioni, 2012; Johnson & Harley, 2012). This late evolutionary stage could be, at a larger scale, a
consequence of the already inferred change in the subduction polarity in the central Mediterranean
orogeny, following the ongoing collision of the tectonically accreted African promontory with the
thinned continental to oceanic sectors (Algerian and Tyrrhenian basins; Figure 8) of the European
plate (Mauffret et al., 2004; Billi et al., 2011; Arab et al., 2016; Hamai et al., 2018). Indeed, similar
structures were envisaged along the north African offshore (inner sector of Western Mediterranean
orogen) where, from late Miocene to Present, the Algerian-Tunisian margin has been uplifted and
thickened by transpressional tectonics and oceanic crust is deformed by south dipping blind thrusts;
moreover, the distribution of hypocenters suggest that this change involve the plates tectonic processes
(Auzende et al., 1974; Tricart et al., 1994; Devérchere et al., 2005; Mauffret, 2007; Yelles et al., 2009;
Strzerzynski et al., 2010; Arab et al., 2016).

The recent tectonic changes are as following summarized:

- end of the southward fore- and back-thrusting migration, about 0.8 Ma, of the external belt (Gela
Thrust System);

- active tectonics shifted in the innermost belt (Northern Sicily continental margin);

- active northward-verging fore- and back-thrusting and uplift, mostly in the inner sectors of the
orogen, and partly in the inner sector of the Gela thrust system during the Quaternary;

- active NW-SE convergence between Sicily and Sardinia;

- maximum horizontal displacement in the inner sector of the SFTB, minimum in the external sector of
the chain;

- strong seismic activity along the northern Sicilian continental margin.

The latter could have important implications for the assessment of seismic risk in the Central- Western
Mediterranean and for the understanding of active structures in marine areas that could be responsible

for tsunami hazard.
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Figure captions
Figure 1. Structural map of Sicily (modified from Catalano et al., 2013). The inset maps show: a)

schematic tectonic map of the central-western Mediterranean region; b) geological transect
highlighting the subduction of the African continental lithosphere and the overlying Sicilian fold-and-
thrust belt (collisional system; from Gasparo Morticelli et al., 2015); c¢) geological transect
highlighting the subduction of the oceanic lonian crust and the overlying Calabrian arc (subduction
system; from Catalano & Sulli, 2006); d) schematic model (not to scale) showing the two
compressional tectonic events of the Sicilian fold and thrust belt (from Gugliotta & Gasparo
Morticelli, 2012).

Figure 2. Shaded-relief map of the central Mediterranean region showing: main north-verging thrust
fronts recognized in Sicily and surrounding marine areas; earthquake focal mechanisms in the
southern Tyrrhenian region (data from Pondrelli et al., 2006); GPS velocity vectors with respect to
Eurasia according to different Authors; traces of the seismic reflection profiles illustrated in this paper.
The inset map (bottom left) shows a schematic tectonic map of the study area.

Figure 3. a) Panoramic view of the northern slope of the Rosamarina Mt, where a middle-upper
Pleistocene tectonic structure was recognized. A north-verging ramp anticline, developing on a south-
dipping thrust (red lines), involved Mesozoic limestone (white lines) covered in turn by a middle-
upper Pleistocene syntectonic sedimentary wedge of continental deposits with growth strata geometry
(yellow lines); b) geometry of the syntectonic wedge covering both hangingwall and footwall of the
thrust; c, d) detail of onlap geometry in the syntectonic wedge; e) geological map of the Rosamarina
Mt. area displaying the sites of the mesostructural measurements and related stereoplots, and the site

from where the panoramic picture shown in (a) has been shot.
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Figure 4. Seismic reflection profiles crossing the northern submerged SFTB in the Cefalu basin area.
a) and b) Single channel (1kJ Sparker source) seismic profiles across the continental shelf at the
southern margin of the Cefalu Basin: north-vergent reverse fault affect the basal portion of the LQDS
sediments (late Pleistocene-Holocene in age); in b) two small mud volcano are also imaged, problably
related to reverse fault activity. c¢) Structural details of the Solunto Smt. (norther margin of Cefalu
basin) are shown in the single channel (16 kJ) Sparker profile, where the involvement of the Plio-
Quaternary deposits in north-vergin compressional tectonics is evidenced (traces of seismic profiles
are shown in Figure 2).

Figure 5. Multichannel seismic profiles across the Sardinia Channel (a, b and ¢) and the north-western
Sicily offshore (d) showing extensive south-dipping reverse faults. In the Sardinia Channel, a north-
verging tectonic wedge overthrusts the M-reflector forming a Plio-Quaternary accretionary wedge.
Eastward, along the southern slope of the Elimi Chain, the Sicilian Maghrebian units overthrust the
Kabilian-Calabrian unit formerly southward emplaced during Miocene.

Figure 6. Distribution of epicenters recorded since 1970 (red, brown and blue points discrete to
geographic position). The related hypocenter depths have been plotted along three regional cross
sections (1, 2 and 3) where focal mechanism and main regional tectonic elements have been drawn.
See text for more details.

Figure 7. a) Velocity field of the Sicilian region and southern Tyrrhenian area with respect to Eurasia
from permanent and non-permanent GPS networks of selected sites according to different authors (b);
(c) velocity profiles (traces in a) where the different compressive zone along the trace are indicate (red
band).

Figure 8. Schematic structural maps where has been reported the main Quaternary northward-verging
fore-thrust and focal mechanism recognized and discussed in this paper. Down, regional geological
cross section showing both main tectonic features and geometry of the central Mediterranean orogeny

characterized by double verging tectonic structures.
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CHAPTER 2

Explanatory notes of the 585 “Mondello” map sheet 1:50.000

NOTE This chapter is part of Explanatory notes of the 585 “Mondello” map sheet 1:50.000, to be
published by ISPRA in the frame of the Italian official geological mapping project (CARG). The

authors are the followings: Raimondo Catalano, Attilio Sulli, Elisabetta Zizzo, Mauro Agate, Maurizio

Gasparo Morticelli.
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1. Introduction
The Sheet 585 "Mondello" of the Geological Map of Italy on 1: 50,000 scale was carried out in the

frame of the CARG Project, based on a scientific agreement between the Department of Earth and
Marine Sciences of the University of Palermo and ISPRA. The Sheet covers the marine domain of the
eastern sector of the Gulf of Castellammare and large part of the morphotectonic high offshore the
Palermo Mountains (Fig. 1). The Mondello sheet includes a small land area in the south-eastern sector
(Monte Gallo area) and a wide marine area that is mainly the continuation of the carbonate reliefs
outcropping in the eastern sector of the Palermo mountains. It is a large structural high that extends
from the Sicilian continental shelf progressively degrading to the Ustica basin.

The marine sector of the "Mondello" sheet extends for 645 km?, corresponding to the 98% of the total
extension of the Sheet and includes two physiographic units, the continental slope in front of the sector
between the eastern Gulf of Catellammare and the western Gulf of Palermo and the continental shelf,
between the Carini bay and the Bay of Mondello, continuing ENE-wards with La Barra high.
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Fig. 1 Bathymetric map of north-western Sicily offshore with the area of the Sheet 585.

The geological and geophysical surveys of the marine area of the Sheet were performed over several
years by researchers from the Marine Geology Group of the Department of Earth and Marine Sciences
of the University of Palermo. Data acquired in other research projects, in particular the MAGIC

project (Marine Geohazards in the Italian Coasts) have also been used.
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We used as cartographic basis a bathymetric map obtained from the inversion of digital data provided
by the Hydrographic Institute of the Navy (1.1.M) and by morphobathymetric surveys with multibeam
echo sounder, unpublished, collected during oceanographic campaigns, and subsequently validated by
the 1.1.M.

2. Geological Setting
Marine geology studies on this region concern the tectonic structure of the north-western Sicilian

continental margin (Selli, 1974; Catalano et al., 1985; Agate et al., 1993; Pepe et al., 2003; Sulli et al.,
2012), the geomorphology of the continental shelf (Lucido, 1992; Ferretti et alii, 1996), the
stratigraphy of Plio-Quaternary deposits (Agate & Lucido, 1995; Agate et alii, 2004), the sedimentary
dynamics, the Late Quaternary sequence stratigraphy (Agate et alii, 2005), and the marine hazards
(Sulli et al., 2013, 2018). The Sheet covers an area of the northern Sicily continental margin, that
develops in the southern Tyrrhenian Sea, between the north Sicily coastal belt to the Marsili Abyssal
Plain, (Fig. 2) in the transitional area between the Sicilian-Maghrebian chain to the south and the
Tyrrhenian Basin to the north (Malinverno and Ryan, 1986; Catalano et al., 1996; Pepe et al., 2005;
Billi et al., 2006).

The continental margin is composed of: (1) a narrow (<8 km) and steep (up to 2.5°) continental shelf,
with the edge between -95 m and -140 m. Around 40 m water depth the internal sector, with higher
hydrodynamics and mainly terrigenous and locally biogenic sedimentation, is separated by the
external sector of the shelf, mainly characterized by hemipelagic sedimentation; (2) a very steep (7-8°)
upper continental slope ranging in depth from 150 to 1500 m; (3) flat intra-slope basin plains at depths
of about 1500-2500 m; (4) a wide and gentler lower continental slope, and (5) a bathyal plain from a
depth of 3000 m.

The large continental slope appears tectonically unstable and incised by humerous canyons. The wave
regime is characterized by NW, NE and E directions (Astraldi et al, 2002). The storm waves reach
usually 3-4 m in height, have a period of 6 s and an annual frequency of 3% (Istituto Idrografico della
Marina, 1982). The tidal excursion indicate a microtidal regime with a tide height varying between
0.37 and 0.60 m a.s.l. The water salinity has no considerable variation between summer and winter,
remaining between 37.6%o and 38.2%o (Demirov & Pinardi, 2002).

The Northern Sicily continental margin originated as a consequence of a complex interaction of
compressional events, crustal thinning and strike-slip faulting. Following the early-middle Miocene
deformation and thrusting of the Kabilian-Calabrian units and the most internal units of the Sicilian-
Maghrebian chain (Catalano et al., 1985; Sulli, 2000; Pepe et al., 2005), related to the collision
between Corsica-Sardinia and the Sicilian passive continental margin, the opening of the Tyrrhenian
Sea led to the subsidence of the northern Sicilian margin since the Late Tortonian (Baghi et al., 1980;
Fabbri et al., 1981).
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The Elimi chain extends along a west-east ridge from the Drepano Smt to the Anchise-Ustica volcanic
complex and the Sicilian coast. It represents the southern edge of a wedge of imbricate crystalline
units (Kabilian-Calabrian Units) that overthrusted, since the Burdigalian and during a consequent
event just after the Messinian, the Sicilian-Maghrebian units, which represent part of the shortened
African crustal segment (Appeninic units) along the Drepano front (European/African boundary in
Fig. 2) The Sicilian-Maghrebian units show southern and south-eastern vergence and derive from the
deformation of Meso-Cenozoic carbonate and silici-clastic deep sea and shallow-water platform

domains, considered as equivalent to the units outcropping along the Sicilian mainland (Catalano et
alii, 1985).
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Fig. 2. Tectonic-geodynamic map of the Central Mediterranean region.

Late Miocene-early Pliocene north-dipping high-angle reverse faults, involving mainly deep seated,
carbonate platform units, produced structural highs (Avellone et al., 2010), among which those
seaward bounding the intraslope basins, termed peri-Tyrrhenian basins by Selli (1970), filled with
Late Neogene to Quaternary evaporitic, hemipelagic, siliciclastic and volcaniclastic deposits, up to
1200 m thick (Baghi et al., 1980). Later, normal faults partly dissected the back- and fore-limb of the
structural high. Middle-upper Pliocene reflectors clearly diverge towards the normal fault bordering
the basin, thereby demonstrating syn-extensional deposition (Pepe et al., 2003).

NW-SE, E-W and NE-SW-trending normal faults exerted during the Pleistocene a control on the

morphology of the present day shelf and coastal areas (Fig. 3). The tectonic activity of the northern
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Sicily continental margin is outlined by a large upper plate seismicity, producing a seismogenic region
characterized by compressional focal mechanisms to the west, while in the eastern sector extensional
and strike-slip mechanisms prevail. Shallow (<25 km) seismic events of low to moderate magnitude
(max Md 5.6 on September 2002) occur along an E-W trending belt located northward. The focal
mechanisms related to the main seismic shocks are in agreement with a dominant NE-SW fault trend
coupled with a NW-SE compressive offset direction (Agate et al., 2000; Giunta et al., 2009).
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Fig. 3 Structural map along the Northern Sicily continental margin.

As a consequence deep basins (Trapani Basin, Erice Basin, Castellammare del Golfo Basin, and
Palermo Basin, Fig. 4) alternate with high carbonatic structures (Banco Scuso, Capo San Vito
promontory, Palermo high, Fig. 4), Plio-Pleistocene antiformal structures and Pleistocene volcanic
edifices (Anchise and Ustica, Fig. 4).

The Palermo high represents the marine continuation of the carbonate units outcropping in the
northern sector of the Palermo Mountains (Catalano and D’ Argenio, 1982; Catalano et alii, 1996). The
land and marine sectors represented in the Sheet Mondello are composed mainly by Meso-Cenozoic
carbonate platform successions (Panormide) and Cenozoic clastic-terrigenous successions (Numidian
Flysch), covered unconformably by Plio-Quaternary to Recent detritic-organogenic calcarenites marls
and shale (marine to continental deposits).

Along the shelf and the upper slope, the Quaternary deposits consist of seawards dipping clastic and
terrigenous deposits coming from the northern Sicily (Agate et al., 2005), whereas in the basinal areas
hemipelagic sediments are locally intercalated with volcanoclastic sediments (Baghi et al., 1980). In

the continental shelf, the Pleistocene deposits are truncated by an erosional surface formed during the
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last glacio-eustatic oscillation. Local uplift caused the systematic non-preservation of portions of the
oldest sequences (Pepe et al., 2003). Prograding sedimentary wedges of coastal deposits, formed
during the Last Glacial Maximum (LGM, about 18 ka), are present along the shelf margin. The
prograding wedges are absent where the heads of the canyons or failure scars have indented the outer
shelf (Lo lacono et al., 2011). The highest uplift rates during the last 125 ky in northern Sicily
(Ferranti et al., 2010) were found on the inner margin-terraces in the eastern coast (0.8-1.63 mm/y),
whilst the Holocene rates are between 20% and 70% higher than those calculated for the Tyrrhenian

terraces.
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Fig. 4 — Physiography of the Northern Sicily continental margin. (modif. da Agate et alii, 1993). The
sections A-A” and B-B” show the morphotectonic setting of this region.

Further on, both coastal geomorphological and marine geology data demonstrate that while the
mainland sector is uplifted, contemporaneously the offshore area is subsiding, suggesting the existence
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of fault systems parallel to the coastline, separating the inner from outer sector of the continental shelf,
causing different vertical movements (subsidence vs. uplift) (Sulli et al., 2012). The vertical tectonic
rates show a decrease from E to W. Near Cefalu vertical movement rates are lower than 0.2 mm/y,
while between Palermo and the Egadi islands, MIS 5.5 markers show a substantial stability, except for
small and local vertical movements (Gulf of Castellammare, Mauz et al., 1997 and Castelluzzo Plain),
due to the action of transcurrent faults where uplift rates reach 0.1 mm/y (Antonioli et al., 2006).

3. Materials And Methods
Side Scan Sonar data (SSS, Fig. 5), were acquired with a Klein system, using dual frequencies of 100

and 500 kHz, during the 1994 and 2002 oceanographic campaign carried out on the Urania (CNR)
ship, and in the frame of the CARG and GEBEC SUD projects. They cover an area of approximately 8
km? extending from coast to about 50 m of depth, and were used to map morphological features,
sedimentology fields, sedimentary structures and biocenosis. The acoustic facies were calibrated
thanks to the data coming from the numerous seabed sampling carried out using Shypek and Van Veen
grabs. High-resolution morphobathymetric data, covering an area of 1900 km?, were acquired the
Multibeam Echo Sounder Reson SeaBat 8160 system, generating 126 beams at a frequency of 50 kHz,
for an operational depth range of 30-3000 m. The swath overlap was 20% and the nadir filter was
adapted to the different depths. The acquisition of bathymetric data was supported by a Differential
Global Positioning System to acquire an accurate vessel position, a motion sensor to determine the
attitude of the vessel in terms of pitch, roll and heave; a CTD probe to measure the parameters
influencing the sound velocity in seawater. Bathymetric data were stored and processed using the
PDS2000 software. Data processing included the graphic removal of erroneous beams, noise filtering,
processing of navigation data and correction for sound velocity.

Digital Terrain Models (DTM) were produced with a footprint resolution of 20 m. The Global
Mapper and the Golden Software Surfer 9 were used to obtain 3D maps, shaded relief maps, and

bathymetric profiles.

[

Fig. 5. Geophysical and geological data set (seismic reflection profile, SSS data, sediment samples).
A dense network of single-channel seismic reflection profiles provided high resolution data on the

post-Messinian sedimentary succession (Fig. 5). The seismic sources were the Sub Bottom Profiler
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Geochirp Il - CP931 (Geoacoustics) for the Late Quaternary multilayer and the multi-tip sparker array
for the older Plio-Quaternary sequences.

A standard seismic data processing (edit, muting, swell filter, digital filters, AGC, gain) provided good
quality seismic data that were interpreted by using seismostratigraphic analysis, which allowed
depositional units characterized by seismic facies with different characters (seismic attributes, lateral
terminations, internal geometry and external shape) to be distinguished.

The depth of investigation is variable between 100 and 1000 ms while the high resolution power
makes it possible to identify bodies of a thickness between one meter and some tens of meters.
Unpublished or available (VIDEPI project) high penetration seismic data were obtained by using both
Airgun/Watergun sources coupled with multi-channel streamer. The penetration exceeds 6 s (t.w.t.),

with vertical resolution between 10 and 80 m.

4. Marine Geomorphology
The continental shelf extends from 5 to 8 km (Fig. 6). The seabed is characterized by some

morphological features with lateral continuity: concave and convex NE-SW and E-W trending break-
of-slopes, abrasion marine terraces, submerged cliffs, beach rocks, rocky outcrops. In the intertidal
areas, along the rocky coast, furrow grooves, vermetid reefs and abrasion pots have been identified.
Ephemeral sedimentary structures such as coastal cusps, submerged dune or megaripple fields, and
small mud volcanoes are present. The shelf edge is represented by a predominantly depositional
wedge and is erosional only where it is interrupted by the heads of canyons or by the numerous small

gullies.
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Fig. 6. 3D view of the study area showing its physiographic features.
The morphobathymetric features allows to subdivide the continental shelf into two main

morphodynamic zones (see attached Sheet):
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- the inner shelf, between the coast line and the isobath of -40/-60 m, with variable width and a dip
between 0.7° and 3°, influenced by waves and littoral currents, induced by NW, W and SW winds,
which produce sedimentary tractive structures; it is bounded seaward by an erosive slope of variable
height. Recent marine abrasion terraces, bordered by convex break-of-slope forming semicircular
amphitheaters, are present at lower depths;

- the outer shelf, which extends to the edge of the platform, located between —120 m and —160 m, more
regular by extension and morphology, 1-2° dipping seawards, characterized by buried marine abrasion
terrace fault steps, abrasion potholes, and submarine incisions. A series of concave break-of-slopes, at

depths ranging from -90 m to -132 m. Ribbon-shaped beach rocks form reliefs parallel to the coastline.

The continental slope is characterized by depositional and erosional morphologies (see attached
Sheets), such as turbiditic conduits (canyons, channels, gullies), submarine landslide niches, turbiditic
complexes. The channels show single linear NNW-SSE directed conduits, between 50 and 200 m
wide, which branch off from the -120 m isobath.

The average steepness of the thalweg reaches 8° in the upper slope, and reduces to 3° near the base of
the slope. The incisions have a linear course of about 10 km and show a low sinuosity, conditioned by
the tectonic activity. Pockmark aligments are parallel or inside the thalweg of this tectonically
controlled NNW-SSE trending incisions.

The E-W directed depression in the northern sector of the Sheet is a significant intraslope basin
associated with reliefs of various types that interrupt the continental slope. The basin is filled by Plio-
Pleistocene deposits and is characterized by a high subsidence and sedimentation rates.

5. Marine Geological Mapping
The marine geological map of the "Mondello™ sheet shows the distribution of depositional systems and

facies of marine sediments pertaining to the upper portion of the highstand systems tract (HST) of the
Late Quaternary deposition sequence, characterized by a three-dimensional aggradational organization

of facies.

5.1 Seabed deposits
The sedimentological analysis of seabed deposits, sampled in the marine area of the “Mondello” sheet

with a Shipek grab, allowed to distinguish different grain size facies (Fig. 7). The sediments are
classified according to the triangular diagram (Sand-Silt—Clay) proposed by Folk (1954). On the basis
of the lithological and stratigraphic characteristics different depositional systems have been
distinguished, from the inner shelf to the outer shelf and the continental slope, which develop from the
coastline seaward, generally with sharp transition (see attached Sheet): a) shoreface deposits; b) inner

shelf deposits; c) outer shelf deposits; d) slope deposits.
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Fig. 7. Sediments distribution

The continental shelf seabed in the Sheet "Mondello" is colonized by extensive Posidonia oceanica
(L.) Delile and Cymodocea nodosa (Ucria) Asch. grasslands. The Posidonia oceanica meadows lie on
rocky substrate from Capo Rama to Isola delle Femmine. The meadow is in places interrupted in
correspondence of depressions and erosive pockets that host megaripple fields. The Cymodocea

nodosa populations are located within 30 m of depth in the inner sector of the Bay of Carini.

5.2 The shallow marine substratum
The shallow marine substratum map show the distribution of the Noemi supersynthem deposits and

the Late Quaternary Depositional Sequence (Fig. 8).

The most significant seismic units are represented by the Messinian horizon, the Pliocene (PL) to
Pleistocene (PQ) sequence, grouped in the Noemi supersynthem, and the Late Quaternary
Depositional Sequence (Fig. 8).

Due to the lack of lithostratigraphic data from wells and cores in the southernTyrrhenian sea, the
seismic sections were calibrated using data of dredging recovered along submarine slopes beyond the
northern boundary of the Foglio (Selli, 1974; Catalano et alii, 1985; D’Argenio, 1999), and gravity
cores occurring in areas adjacent to the Sheet, for the shallow quaternary succession.

The cartographic methods used for the marine area of the Sheet comply with the guidelines in the
Quaderni del Servizio Geologico Nazionale (Series 111 n. 1, 1992; Series 111 n. 12 (11), 2009).
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Fig. 8. Seismic section showing the relationships between different seismostratigraphic units. Y, top

Messinian; X, Noemi supersynthem lower boundary; Ipc, lowstand prograding complex of the LQDS.

The Noemi supersynthem outcrops along the shelf break and the continental slope in the western
sector of the Sheet. On the continental shelf between the Bay of Carini and Isola delle Femmine it is
characterized by alternating calcarenites and sandy marls (see attached Sheet).

The Late Quaternary Depositional Sequence is mapped from the coastal areas to the base of the upper
slope. The lower boundary on the continental shelf is an unconformity associated with erosional
truncation passing, along the upper slope, to a paraconformity on which multiple detachment niches
are connected. The lower unconformity identifies a type 1 sequence limit (Van Wagoner et alii, 1988)
and is characterized by morphological steps in the inner shelf. Within the sequence, four system tracts
were distinguished: falling stage systems tract (FST); lowstand ST (LST); Transgressive ST (TST),
and highstand ST (HST).

The FST seismic facies is oblique—tangential, more rarely oblique—parallel. The reflectors show low to
medium amplitude. The amplitude and continuity of seismic horizons decrease seawards.
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The LST shows an oblique prograding geometry, with low to medium amplitude and good lateral
continuity reflectors, which towards the sea are arranged in downlap up to pass to greater amplitude
and laterally continuous reflectors of the upper slope. The upper boundary of FST and LST coincides
in the outer shelf with an erosional transgression surface and along the upper slope with a drowning
surface. The TST and HST are bounded at the base by an erosional transgression surface and in the
inner shelf by the sequence boundary. Ribbon-like bodies, elongated parallel to the isobaths in the area
facing the coast of Sferracavallo at -105 m, -95 m, -85 m, -75 m depths, are indicators of successive
stationing of the sea level during its last rise (Lucido, 1992). The upper limit of the TST is a downlap
surface, associated with apparent truncation of the reflectors, which corresponds to the of maximum
flooding surface (mfs). The HST is identified by a prograding wedge whose lower limit is represented

by the maximum flooding surface. The upper limit is represented by the present depositional surface.

6. Marine Tectonic Setting
The interpretation of seismic reflection profiles acquired along the offshore of the Sheet “Mondello”

showed the submerged tectonic structures and allowed the reconstruction of the tectonic evolution of

the marine areas (Fig. 9).

Fig. 9. Tectonic map of the study area

The doubtful chronostratigraphic attribution of the seismic horizons of the Plio-Quaternary succession
prevent to determine the age of the unconformities and of the tectonic events but not the relative

chronology of them.
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In the marine sector the main tectonic edifice is composed mostly Meso-Cenozoic carbonate units,
arranged as a pile of tectonic units with apparent vergence towards ESE, involved, since the upper
Pliocene, in the extensional and/or transtensional tectonics (Fig. 10).

The most significant faults with main trend NNW-SSE and ENE-WSW, responsible for the current
configuration of the shelf-slope system, have their surface morphological expression in the crowns of
the retrogressive landslides and in the development of bypass zones (canyons, channels, rills).

The main elements, recognized also in the outcropping sectors, are the following:

i) compressional deformation involving the Meso-Cenozoic carbonates up to the Messinian layer,
producing folds and reverse faults with NNE-SSW direction and vergence towards ESE. In the
northern sector the tectonic overlap of the Meso-Cenozoic carbonate thrust units is documented,;

ii) extensional (to trastensional) deformation that involve the post-Messinian deposits represented by
W-dipping listrical growth normal faults with large displacements. These structures generated a
system of structural high and depressions.

iii) NNW-SSE to NNE-SSW trending extensional faults involving more recent deposits (mainly up to
middle Pleistocene) rarely displacing the seabed; the fault system appears to influence the genesis of
submarine canyons and channels.

The deformation of the unconformity at the base of the middle Pleistocene sequences indicates a later
compressional phase.

The present-day deformation is in agreement with the focal mechanisms of the earthquakes that
indicate a NW-SE directed compressional stress field. The related deformational pattern is represented
by two main NNW-SSE and ENE-WSW fault systems with extensional to transtensional kinematics.
N-S and E-W trending faults shoe also a strike-slip component. Compressional and transpressional

faults with vergence toward North were recently highlighted in this margin (Sulli et al., 2019).

Isoia delle Fermine o Mean sealevel
—— SSE

Fig. 10. Geological section from depth-conversion of seismic profile crossing the southern sector of
the study area.
Along the outcropping areas, evidence of the Quaternary tectonic activity are given by
geomorphological (fault escarpments, tectonic cliffs) and geological (relationships between faults and
Quaternary deposits) elements. The progressive increase of the accommodation space in the tectonic

depressions on the roof of the normal faults allowed the reworking and the retreating of the scarps of
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fault due to the marine erosion and the deposition of the Marsala synthem deposits on marine erosion
surfaces.

This deposits seal the faults, which have displacements of hundreds of meters, allowing to date the
tectonic event to about 1.5 My (Di Maggio et alii, 2009).

The main directions of these faults are NNW-SSE, ENE-WSW, NE-SW, and NW-SE, In some case
they affect the middle-upper Pleistocene marine terraces or the Holocene debrites of the Capo Plaia

synthems.

7. Seismicity
The Sheet “Mondello” covers a sector of the north-Sicilian continental margin that develops along the

collision limit between African and European plate. For this reason the tectonic processes are still very
active, as evidenced by the strong seismicity of the submerged sector (Fig. 11), which was recently
revealed by the earthquakes of 1998 and 2002, whose epicenters are located in areas respectively
southwest and east of Ustica. These earthquakes are framed within regional seismogenic bands that
develop within the shallow interplate zone of the southern Tyrrhenian Sea.The seismogenic sources
can be extracted from the DISS (Database of Individual Seismogenic Sources), a georeferenced
archive of tectonic structures and seismological data (Fig. 11), created by the National Institute of
Geophysics and Volcanology (INGV). The area of the Sheet “Mondello” holds the composite
seismogenic sources SC ITCS014 (Southern Tyrrhenian) and SC ITCS222 (Southern Tyrrhenian S).
The composite sources are a simplified three-dimensional representation of a crustal fault containing a
number of seismogenic sources. They are not associated with a specific set of earthquakes or
earthquake distribution.

The seismic hazard inside the Sheet area derives mainly from the active seismogenic structures located
in the southern Tyrrhenian (Fig. 11). They are distributed along a compression band that extends in an
east-west direction and accommodates most of the convergence between the African and the Euro-
Asian plates. Instrumental seismicity shows that in the last 30 years several events with a magnitude
greater than 5 originated along this band, including the 2002 Mw 5.9 Palermo earthquake and the 1998
Md max 4.3 earthquake in the area SSO of Ustica (Fig. 11). These are shallow earthquakes with
compressive kinematics, with a maximum compression axis oriented in the NNO-SSE direction (Fig.
11). The faults in the marine sector of the Sheet and those along the coastal areas are consistent with
the present-day stress field determined by both focal mechanisms and geodetic data. Even some
historical earthquakes of moderate magnitude, located inland along the northern Sicilian coast, could

belong to these seismic sources (Guidoboni et al., 2003; Jenny et al., 2006).
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Fig. 11. Seismicity along the Northern Sicily continental margin. The ITCS014 and ITCS222 Southern
Tyrrhenian Seismogenetic source (form DISS-INGV catalogue, Central Mediterranean) and focal
mechanisms of the main offshore earthquakes (1998 and 2002) are shown.

The Composite Seismogenic Source ITCS014 (Southern Tyrrhenian Sea) extends in an east-west
direction from the Sardinia Channel to the Aeolian Islands, about 50 km off the northern Sicilian
coast.

It is a compressional belt that accommodates about 4-5 mm/y of the Africa-Europe convergence
(D'Agostino and Selvaggi, 2004; Serpelloni et al., 2005), (Fig. 11) estimated at around 5-8 mm/y
overall (Goes et al., 2004; Pondrelli et al., 2004). The compressional stress field is consistent with the
motion vectors of the plates derived from the GPS data (Oldow et al., 2002; Pondrelli et al., 2006;
Serpelloni et al., 2007; Devoti et al., 2008; Cuffaro et al., 2011), which have estimated slip rates
between 0.1 and 10 mm/y.

A structure known as the Kabilian-Calabrian Thrust Front, recently reactivated, is considered the
source of the Palermo earthquake of September 6, 2002 in Palermo (Pepe et al., 2005). These

compressional deformations, mainly ENE-WSW oriented, are also accompanied by extensional faults
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(normally oriented NNW-SSE) and strike-slip, both right-lateral (NW-SE) and left-lateral (NE-SW),
in agreement with an Andersonian model of deformation.

The maximum magnitude in this area is that of the earthquake of March 5, 1823, located on the
northern coast of Sicily (Mw estimated between 5.9 and 6.2). The maximum potential is estimated
between 7.0 and 7.6 (Jenny et al., 2006; Billi et al., 2007).

The ITCS222 Composite Seismogenic Source (Southern Tyrrhenian S) extends along a compressive
belt in an east-west direction, just south of SC ITCS014 (Fig. 11), and accommodates about 2-5 mm/y
of the Africa-Europe convergence (D 'Agostino and Selvaggi, 2004; Serpelloni et al., 2007). Several
historical seismic events have been generated by this structure, developing between the offshore of the
San Vito peninsula and the Aeolian islands. It produces shallow compressional events, with a main
axis in the NNW-SSE direction (Goes et al., 2004; Pondrelli et al., 2004; Vannucci & Gasperini,
2004). This source could coincide with the north-vergent reverse faults and thrusts, recently reported
both onland and in the submerged areas (D'Agostino and Selvaggi, 2004; Goes et al. 2004; Sulli et al.,
2019).

The seismic hazard, expressed in terms of peak soil acceleration with a 10% surplus probability in 50

years (return period of 475 years) is estimated in this area between about 0.050 and 0.125 g (Fig. 12).
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Fig. 12 Seismic hazard map in terms of Peak Ground Acceleration, showing focal mechanisms, GPS
values (data from D'Agostino and Selvaggi, 2004; Ferranti et al., 2006, Devoti et al., 2008, Serpelloni
et al., 2007).

The historical seismicity, expressed in terms of macroseismic intensity (which evaluates on a

macroseismic scale the effects caused by a given event in a certain locality), is obtained from
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international databases (such as SHEEC, AHEAD) or from catalogs, like the Italian Macroseismic
Historical Archive from 461 BC to 2014, the Parametric Catalog of Italian Earthquakes from 1000 to
2014, the Italian Macroseismic Database from 1000 to 2014, the Catalog of Strong Earthquakes from
461 BC to 1997, which reported numerous historical events located in the area of the sheet.

Destructive events include those of 1726 and 1940. The earthquake of September 1, 1726 (5.48 MW)
was the most powerful in the Palermo area (VIII-IX MCS). Out of about 100,000 inhabitants of
Palermo in 1726, there were 250 dead and 151 wounded. The earthquake of January 15, 1940 (MW
5.29) had a VII MCS seismic intensity in Palermo; there were one dead and about 50 wounded, some

seriously.
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CHAPTER 3
Growth and geomorphic evolution of the Ustica volcanic complex at the Africa-Europe

plate margin inferred from high resolution marine geophysical data
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Abstract
We present a morpho-structural study based on the new swath-bathymetry, sub bottom profiles,

single-channel seismic reflection records acquired during the last two decades on the submarine region
of the Ustica Volcano (UV) in the South-western Tyrrhenian sea.

This study has unveiled the occurrence of different geomorphic elements forming the complex
morphology of the volcanic edifice and has increased the knowledge of the geological-geodynamic
processes acting in this crucial sector of the Central Mediterranean. The physiography of the volcanic
edifice shows a narrow shelf and extremely uneven submarine flanks, as a consequence of a long
coexistence of volcanic, tectonic, and slope failure processes. We identify four different
morphological zones with specific prevailing characters denoting different processes and genetic
mechanisms. The northern region is characterized by the massive occurrence of well-preserved
volcanic cones in a depth range of 200-1500 m, probably linked to a recent volcanic activity of the
area, despite the Ustica edifice is considered an inactive Quaternary volcanic system. Elongate gullies
and linear furrows, carving locally the shelf break and developing up to the depth of 1700 m producing
slope failures, mainly affect the eastern region. Furrows and gullies may represent the main conduits
for flushing sediments from the shallow sectors to the deep plain, through various types of flows.
Slope failures processes, carving almost totally the shelf edge and originating mainly from collapses of
volcanic cones, shape the southern region. Finally, the western flank is mainly shaped by volcanic
features and fault escarpments that have controlled the biggest slope failures of the study area. The
seismostratigraphic analysis indicates that UV is composed by a multilayer of lava flows and
pyroclastic products, whose geometry can be interpreted as the product of an upward growing and
northward shifting of the volcanic centers.

The main results of this study could be a starting point for an assessment of the geo-hazard potential in
the offshore of Ustica and for a better knowledge of the geodynamic activity between the Northern
Sicily Continental Margin and the Tyrrhenian Basin.

Keywords: Ustica, submarine volcanoes, seamounts, geo-hazard, slope instability, active tectonics.

1. Introduction
Submarine volcanoes are common features in several marine environments and represent an important

proportion of the world's seafloor (Harris et al., 2014).Volcanic islands often represent only the
emerging part of much larger and more complex volcanic edifices resulting from different processes
that contribute to determining their geological and geomorphological features (Quartau et al., 2014;
Casalbore, 2018). The overall morphology is the result of volcanic, erosional, depositional, tectonic,
isostatic, eustatic, and mass wasting processes (Ramalho et al., 2013). Recently several authors have
approximated the shape of individual volcanic edifices to truncated cones (e.g., Smith, 1988; Scheirer

and Macdonald, 1995; Spatola et al., 2018), regular elliptical cones (e.g., Rappaport et al., 1997), or
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more or less regular cones (Romero Ruiz et al., 2000), in order to simplify the measurement of their
shape parameters and their volumes.

Recent studies based on multibeam seafloor mapping have added knowledge on the distributions,
structures and evolution of sub-marine volcanic edifices, in particular intraplate volcanic complexes,
such as Azores and Canary Islands in the Atlantic Ocean and Hawaii in the Pacific Ocean (Clague et
al., 2000; Mitchell et al., 2008; Rivera et al., 2013). Several recent studies, in the Mediterranean Sea
have documented the submarine dynamics along the flanks of volcanic edifices developed in different
geodynamic settings, as in the Aeolian Islands (Chiocci et al., 2008; Casalbore, 2018), Aegean
Archipelago (Nomikou et al., 2013 and references therein), Graham Bank (Spatola et al. 2018), Ischia,
Pantelleria (Conte et al., 2014), Linosa (Romagnoli et al., 2020). These studies have revealed
considerable variability in flank morphology of the submarine volcanoes, indicating that they are
modified by tectonic lineaments, volcanic activity and a range of slope failure processes. The latter
range from debris avalanches generated during catastrophic collapses (Ramalho et al., 2013), to
slumps of more coherent material on submarine slopes (Smith et al., 1999), slide scars generated by
small-scale sliding (Chadwick et al., 2008; Chiocci et al., 2008), flow of volcanogenic sediment away
from submarine and subaerial zones as turbidity currents (Walker et al., 2008), or a combination of
them. However, the different role of these processes in relation to magma composition, structure,
evolution and characteristics of the emerging sectors and associated factors, such as rates of subaerial
and coastal erosion, is still poorly known.

Two separated volcanic complexes develop along the Southern Tyrrhenian Sea, (Fig. 1), the Aeolian
Islands eastwards and the Ustica-Anchise system to the west. Both complexes include emerged islands
as well as submerged seamounts. Some of the eruptive centres of the Aeolian Islands (e.g. Stromboli
Island) are still active. On the other hand the Ustica-Anchise system was affected by short-lived
eruptive episodes separated in time with different geodynamic significance, but is considered inactive
for the last 130 ky (Romano and Sturiale, 1971; de Vita et al., 1998). Anchise seamount was produced
during the Pliocene subduction-related calcalkaline magmatism, while the Pleistocene volcanics of
Ustica reveal Na-alkaline affinity (Schiano et al. 2004; Fig.1).

The Ustica Island, located 58 km north-northwest of the Sicily coast, represents the emergent part of a
wide submarine edifice that rise from the seafloor at about 2200 m (UV in Fig. 1). It lies on the Africa-
Europe plate boundary, just along the thrust front separating the Kabylian-Calabrian tectonic units
from the Sicilian-Maghrebian domain. Despite being on a plate margin, its magmatic products are
considered as being related to anorogenic/intraplate setting (Trua et al 2003). Since it lies in the
geological intersection of prominent tectonic and volcanic processes active in the Southern Tyrrhenian
Sea, the Ustica edifice represents one of the most significant geo-hazard elements for the neighbouring
population in the Southern Tyrrhenian Sea.

Considering the importance of the region in the context of the central Mediterranean geodynamics,

this paper describes for the first time the seafloor morphological features of the Ustica volcanic
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edifice, developing on a 2020 km2 wide area, extending between 8 m and 3330 m below sea level. We
based our analysis on the interpretation of high-resolution multibeam swath bathymetry and single-
channel seismic profiles, collected in the framework of the CARG (Italian official geological
cartography) and MAGIC (Marine Geohazards in the Italian Coasts) projects. Contrary to the quite
well-documented tectonic and volcanological characters of the subaerial edifice, the marine geology of
the seafloor around the island was up to now almost unknown.

The main aim of this paper is to highlight the morpho-structural characteristics of the submerged
volcanic edifice to give a contribution to the knowledge of the geological and geodynamic processes
occurring in this part of the central Mediterranean Sea.

With the aim to describe the main geological processes that control the morphology of the area, we
identified and mapped the main morphological-structural lineaments, with reference to erosional and
instability processes (e.g. slope failures, furrows, and channels), volcanic features and tectonic
structures. The mapping of the seafloor features and related geological processes will contribute to
evaluate the potential of marine geohazard in a very active sector liable to multi-risks events (Chiocci
etal., 2011).

2. Geological setting
The Ustica-Anchise system is located at the eastern edge of the Elimi Chain (Fig. 1), between the

Tyrrhenian Abyssal Plain, floored by young (< 5 Ma) and thin oceanic/transitional crust, and the
Northern Sicily continental margin, characterized by a crustal thickness ranging from 25 to 40 km
beneath the Apenninian-Maghrebian chain (Catalano et al., 2013). In the E-W direction the Elimi
Chain lies above a variably thick continental crust, ranging from 25 km beneath the western Aeolian
Islands to 30 km beneath the study area (Sulli, 2000). It results from the alignment of mainly
metamorphic (Drepano) and volcanic (e.g. Aceste, Anchise, Ustica, Sisifo, Enarete, Eolo) seamounts
and islands (Fig. 1). This area undergoes crustal shortening processes at about 1.5-2.5 mm/yr, as
measured by geodetic data (Devoti et al., 2011), and is affected by moderate (Mw 6) crustal (15-20
km deep) compressional earthquakes with P-axes trending NW-SE (Chiarabba et al., 2005; Billi et al.,
2007; Giunta et al., 2009) linked to the geodynamic setting in which the volcanic system of Ustica is
inserted. One of the most important seismic sequences (about 50 shocks) as reported by Martinelli
(1910) occurred in 1906. The parametric catalog of Italian earthquakes (Rovida et al., 2016) allows to
estimate for this seismic sequences an energy released by the main shock corresponding to Mw=4.63 £
0.46.

The volcanic island of Ustica is located approximately 58 km NW off the coast of Sicily (Fig. 1). It
rises to 245 m as.l., but represents the emergent part of a larger and higher submarine volcanic
complex. The island, elongated in a NE-SW direction, 4 km long and 2.5 km wide, is made up of lava
flows and pyroclastic products, with alkali-basaltic to trachytic composition, lying above a basal
formation formed by oldest pillow lavas, pillow breccias and hyaloclastic breccias (Cinque et al. 1988;
Etiope et al. 1999).
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The subaerial activity, which took place from 0.735 to 0.132 Ma (Barberi and Innocenti 1980; de Vita
et al. 1995), was concentrated along fractures producing small eruptive centres with preferential E-W
and NE-SW alignments (Alletti et al., 2005). Two shield-volcanoes, Costa del Fallo Mt. and Guardia
dei Turchi Mt. (ca. 500 ka in age), are the main morphologic features of the island and bound a large
collapsed caldera to the north; the well-preserved Falconiera volcano (130 ka) forms the eastern part
of Ustica, while the Spalmatore Volcano and the Punta Cavazzi Volcano, partially destroyed, are
located on the west side of the island.

A submarine saddle at depth between 700 and 1150 m connects the Ustica edifice with the Anchise
volcanic seamount to the west, while a depression as deep as 2800 m separates it from the Sisifo,
Enarete and Eolo volcanic seamounts to the east (Fig. 1). The Anchise seamount (Fig. 1) shows the
orogenic volcanism typical of the whole southern Tyrrhenian area, which derives from a mantle
enriched in incompatible elements for subduction (Peccerillo, 2003). The Ustica edifice, younger and
much less affected by mantle enrichment, is considered an intraplate anorogenic volcano (Calanchi et
al., 1984), and related to a wide crustal transtensional fault system (de Vita et al., 1995). The
geochemical characteristics and petrography are similar to those of the eastern Sicily volcanism (Etna,
Iblean Plateau; Fig. 1), leading Schiano et al. (2004) to hypothesize a large mantle plume beneath
Sicily. A NE-SW relevant, gas-bearing structure is interpreted as a component of the mantle degassing
in southern Italy (Etiope et al., 1999).

The structural framework of Ustica is dominated by N-S and NE-SW trending fault systems and N-S
and E-W trending dikes (Bousquet and Lanzafame, 1992), well exposed in the western side of the
island, which are coherent with the main regional tectonic lineaments; they are characterized generally
by alternating extensional and compressional tectonic regimes with left-lateral component (Bousquet
and Lanzafame, 1992) that activated during the Late Pleistocene the Arso fault systems in the south-
western part of the island. This kinematic signature agrees with the recent geodynamic history of the
Southern Tyrrhenian Sea (Billi et al., 2007).

Tectonic activity and erosional processes modified and/or obliterated the former volcanic structures.
The morphological variety of the different sectors, both onland and offshore, are related to the recent
morphotectonic evolution of Ustica (Romano e Sturiale, 1971, Cinque et., 1988; Furlani et al., 2017),
as well as to the different exposure to marine-weather processes. The island is currently widely
terraced at different topographic levels, because of the marine erosion related to sea level oscillations
and the uplift of this area during the Pleistocene, while submarine abrasion platforms at 50, 75-85 and
90-110 m are evidence of low standing of the sea level (Romano and Sturiale, 1971; Cinque et., 1988;
Furlani et al., 2017).
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3. Materials and methods
3.1 Dataset
This study is based on data acquired from the Southern Tyrrhenian Sea between 1991 and 2009 (Fig.
2A), including:
Multibeam data, acquired during three oceanographic surveys carried out in 2001, 2004 (in the frame
of the CARG project) as well as 2009 (MaGIC project). The 2001°s survey was carried out on board
of the R/V "Tethis" using a Reason SeaBat 8111 MultiBeam Echosounder (MBES), with a frequency
of 100 kHz and operational depth range between 35 and 800 m. In 2004 and 2009, the research
expeditions were carried out on board of the R/V “Universitatis” using a Reason SeaBat 8160 MBES,
with a frequency of 50 kHz, and operational depth range of 30-3000 m. In all the scientific cruises, the
acquisition was supported by a Differential Global Positioning System (DGPS) to obtain an accurate
vessel position, a motion sensor to determine the attitude of the vessel in terms of pitch, roll and
heave, and different CTD probes to measure electric conductivity and temperature, influencing the
sound velocity in seawater. Bathymetric data were processed using the PDS-2000 software at the
University of Palermo. Post-processing steps included the processing of navigation data, graphic
removal of erroneous beams, noise filtering, and correction for sound velocity. The Digital Terrain
Models (Fig. 2b) were produced using different cell sizes, from 2 to 20 m, according to the water
depth and merged in a final DTM at 20 m. Maps were generated with open source GIS Software.
High-resolution seismic profiles, acquired during the 1991 cruise (Sicilia 1991) on board of the R/V
Minerva-Uno, using a 1 kJ Sparker source and a single-channel streamer (Fig. 2A). During the 2004
survey a multi-tip Sparker array was used, with a base frequency of 600 Hz, fired every 12.5 m and
recorded with a single-channel streamer with an active section of 2.8 m, containing seven high-
resolution hydrophones, with a recording length of 3.0 s two way time (TWT) at 10 kHz sampling
rate. Data processing of 2004 seismic data was performed using the Geo-Suite software running the
following mathematical operators: trace mixing, time variant filters, automatic gain control, time
variant gain and spherical divergence correction. Signal penetration was found to exceed 400 ms
(t.w.t.t.) and the vertical resolution is up to 2.5 m at the seafloor.
Sub bottom profiles, which are about 600 km of high-resolution single-channel seismic reflection
lines, acquired using a hull-mounted 4 to 16-transducers GeoAcoustics CHIRP 1l profiler (Fig. 2a).
The instrument has an operating frequency ranging between 1.5 to 11.5 kHz, operational depth
between 600 and 2000 m, and a pulse length of 32 ms. The sub bottom data were recorded and
processed using the GeoTrace software by carrying out automatic gain control, time variant gain, swell

filtering and muting.

3.2 Methods
The profiles were visualised and interpreted using Kingdom and GeoSuite Work software packages.

We adopted an average velocity of 1512 m/s for the water and 1700 m/s for the Plio-Quaternary
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(i)

(i)

sedimentary units. This velocity for the Plio-Quaternary sedimentary was derived from
lithostratigraphy and sonic log data collected from a freely accessible database in the southern and
western Sicilian offshore (VIDEPI Project: http://www.videpi.com/videpi/videpi.asp).

The Digital Terrain Models, obtained from Multibeam data, were the base for morphological mapping
and for quantitative morpho-structural analysis.

The morphological mapping was carried out with the Global Mapper software, which allows different
main groups of submarine morphological elements to be identified and mapped: channelized features,
mounds, escarpments, terraces, scars.

Since the development/application of multibeam techniques in seafloor surveys, an increasing number
of papers has demonstrated utility of quantitative morphometric techniques in improving the
geological interpretation of submarine features in different settings (Llanes et al., 2009). Considering
the geological context of the Ustica volcanic edifice, we focused the quantitative analysis on the
mounds, identified as generic, more or less rounded, features rising from the seabottom, whose nature
will be debated in the Discussion section.

We selected the 14 biggest mounds, and for all them we measured the minimum (d), maximum (D)
and mean axis, minimum axis/2 (R), basal surface (Sb), perimeter base (Pb), height (H), summit (Sd)
and basal (Bd) depth, diameter of summit (ds), minimum, maximum and mean slope. We also
estimated the volume (V), basal ratio (bsr, d/D), mean height vs. radius (H/R), and flatness (f= (ds /
2)/d). This method has been proposed in Scheirer and Macdonald (1995) and Rappaport et al. (1997)
and successively modified by Romero Ruiz et al. (2000) and Spatola et al. (2018). We used the “Cut
and Fill” tool to estimate the volume of the mounds. The bases of the features were identified by sharp

breaks of slope in the cross-sectional profile using the high-resolution multibeam data.

4. Results

4.1 Seismostratigraphy

The Sub bottom profiles (Fig. 3A) as well as the high-resolution seismic profiles (Fig. 3B) allowed us
to identify five main acoustic facies:

Facies A (the deepest) is an acoustically semi-transparent to transparent seismic facies. It occurs all
over the study area. It is always bounded at the top by a high-amplitude and discontinuous reflector
(Fig. 3A).

Facies B comprises subparallel, high-amplitude reflectors with good lateral continuity, which alternate

with low-amplitude reflectors (Figs. 3A, 3B). It infills basins or drapes low-gradient seafloor areas.

(iii) Facies C is an acoustically impenetrable body with a strong upper reflection and is associated with

buried positive relief features (Fig. 3A).

(iv) Facies D occurs mainly on top of facies B. It consists of chaotic seismic reflector packages where

continuous reflectors cannot be identified. It corresponds to bodies with an irregular shape and
variable thickness, not more than some tens of milliseconds, forming a hummocky surface (Fig. 3A).

It is present discontinuously along the slopes and at their toe.
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(v) Facies E consists of three main sub-facies, which are organized as follows: Facies E1 has high-
amplitude reflectors with poor to good lateral continuity with evidence of irregular gentle folding (Fig.
3B). Facies E2 consists of high-amplitude discontinuous reflectors strongly folded forming clear
hyperboles geometry (Fig. 3B). Facies E3 has an internal configuration predominantly showing
strong-reflectivity, discontinuously dipping or wavy reflectors. A very high-amplitude reflector that
coincides with the top of the sub-facies E1 marks its base (Fig. 3B).

4.2 Morphology
Our study highlighted for the first time the still unknown morpho-structural features of the Ustica

continental shelf and slope system, developing in a total area of 2020 km?, with a depth ranging
pbetween 8 m and 3330 m. We divided the study area into four zones, based on
morphological/seismostratigraphic features: Zone A, Zone B, Zone C, and Zone D (Fig. 2B), and we
present our main observations accordingly in following chapters.

In the northern part (Zone A in Fig. 2B), the continental shelf has a maximum width of 1500 m and
average gradient of about 2.5°, narrowing considerably to about 800 m eastward, where it becomes
steeper, up to 6° (Fig. 4B). In the western region (Zone B in Fig. 2B ), the shelf reaches the maximum
width, 1800 m, in the whole offshore of Ustica, with gradient decreasing progressively from 4° to 1°
(Fig. 4B). The shelf break is deep up to 120 m, except in the southern part (Zones B, C in Fig. 2B)
where the continental shelf is almost absent and the steep and rugged seafloor, which is widely
affected by channels, quickly reaches high depths. In the south-western part (Zone B in Fig. 2B), the
shelf appear to be largely eroded.

The continental slope has variable gradients in the different sectors, meanly 15° down to a depth of
2000 m, gradually decreasing at deeper depths (Figs. 4A, B), but at places they exceed 40°. The
minimum gradient is measured in the western region, about 10° less sloping than the rest of the island
(Fig. 4B). On the whole the general morphology appears very rugged and affected by different
morphological elements that are characteristic of definite sectors of the offshore of Ustica.

We have identified and distinguished different main groups of submarine morphological elements:

channalized features, mounds, escarpments, terraces, scars (Fig. 4A).

4.2.1 Channelized features
More than 130 channelized features (channels and gullies) extend along the submarine flank of Ustica

and surrounding continental slope, acting as transport paths for sediment supply (mainly terrigenous to
bioclastic material) from the island (Figs. 4A, 5, 6). Some of them are conditioned by the rough seabed
morphologies and show a tortuous pattern, while others follow lineaments or main gradient assuming
straight, often parallel, directions. Most of them have slopes along the thalweg that decrease from
about 14° to about 10° (Fig. 4B). The main channels and gullies were found at and below the insular
shelf edge, where the gradients are higher and erosion could act more deeply. The gradient decreases

considerably at depths higher than 1000 m, and consequently the erosion along the thalweg is reduced.
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4.2.2 Mounds
More than 100 conical-shaped mounds have been recognized on the Ustica submarine flanks down to

a water depth of about 2115 m (Figs. 4A, 5A), most of which are located in the northern region (Fig.
2B). The mounds have circular, elliptic or irregular base, while the 3D shapes range from very
irregular to perfectly conical. They are either aligned ENE-WSW or NNW-SSE or occur as isolated
features (Figs. 4A, 5A).

One of the biggest mounds is the Banco Apollo (BA in Fig. 4A, A in Figs. 5A, 6A), which has been
mapped close to the shelf edge in the western zone. It consists of two large cone-shaped mounds (Al
and A2 in Table 1 and Fig. 6). It is altogether ~2000 m long and ~1300 m wide and has a conical-
shape, and it is associated to a NE-SW directed depression bounded downward by a positive-relief
circular structure, developed at a depth from ~50 to ~450 m, on a surface of 1.8 km2. The gradient is
23° to 29° in the upper part, decreases at 12° just up-slope of the positive-relief structure, where it
reaches again 27°, decreasing downward of the relief. Its top is at the depth of the shelf break (about
120 m). We correlate the flat morphology with the Last Glacial Maximum (Caruso et al. 2011) and we
infer that the Banco Apollo was emerged during the post-LGM.

All the measured and estimated morphological parameters of the biggest mounds (A-N in Fig. 5A) are
tabulated in Table 1. Some values, such as the volumes, were calculated approximating the forms to a
regular shape (Rappaport et al., 1997; Romero Ruiz et al., 2000).

We also mapped about 90 ridges, which are variably distributed across the study area, and they mainly
are aligned about NE-SW, and NW-SE (Fig. 4A).

4.2.3 Escarpments
The continental slope appears on the whole intensively affected by more than 150 very steep

escarpments (Figs. 4A, 5A, 6A-B, 7). They are almost straight lineaments, bounding raised and
lowered sectors. Three main set of escarpments and lineaments were recognized, NE-SW to E-W, N-
S, and NW-SE (Fig. 4A). Some of these trends are the same that were recognized in the Ustica Island
(Cinque et al., 1988; De Vita et al., 1998; Etiope et al., 1999).

The longest escarpment (E1 in Fig. 4A, 6A-B, 7) has been recognized in the south-western region
(Zone B in Fig. 2B). It is about 11 km long, up to ~280 m high, and has a NE-SW trend. A smaller N-
S trending escarpment (~180 m in high) displaces E1. The seismic reflection profile shown in Fig. 7,
acquired across the southern region of the study area, shows two escarpments playing an important
role in the shaping of the seafloor. These escarpments involve both the seafloor and the sedimentary
multilayer of the sub-seafloor (Fig. 7). The seismic line displays also offset seismic reflectors in the
sub-seafloor that seem to be linked to the escarpments (Fig. 7). The second longest escarpment (E2 in
Fig. 4A) that is 9 km long has been recognized in the Zone C (Fig. 2B) in the south-easternmost
region. It is oriented about NE-SW and is affected by five NW-SE channelized features (Fig. 4A). The
third escarpment in length is located in the Zone B (Fig. 2B) in the western region. It is 6 km long and
has a N-S trend (E3 in Fig. 4A).
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4.2.4 Terraces
We mapped a total length of about 18 km of submarine outer margin of terraces (OMT) which are

associated with three main sub-horizontal portions of the seabed (Figs. 4A, 5A, 6A-B). The surfaces of
these terraces are smooth, up to 1.2 km in width, and slope at 2° (Fig. 4A-B). They are characterized
by a clear concave break of slope along the Zones B (west) and D (east), and share similar orientation
to the fault-related escarpments above-mentioned (Fig. 2A). These terraces are elongated about N-S,
and their seafloor morphology is smooth and gently-inclined, in places appearing as step-like (Figs.
4A, 5A, 6A). In the western part of the study area, the terraces are narrower to the south and broaden
to the north (Figs. 4A, 6A).

4.2.5 Scars
More than 150 scars have been identified and mapped across the offshore of Ustica (Fig. 4A, 6A, 7).

They often are associated to seafloor positive-relief structures with different shape, size and depth
forming a hummocky surface (Figs. 3A, 4A, 6A-B). The headwalls of the scars are generally linear to
arcuate, and steep (10-25°) (Fig. 4A-B). Most of the mapped scars are connected to either another scar
or an escarpment at their distal limit.

The smaller scars indent at places the shelf edge (Fig. 4A). They have headwalls 100 m high and an
average width of 0.5 km. The edge of the largest escarpment (E1 in Figs. 4A, 6A-B, 7) is deeply
incised by a large U-shaped scar composed by theatre-shaped heads (S1 in Figs. 4A, 6A, 7). S1 has
headwalls ~250 m high and a width of almost ~2 km, steep up to 20°. It is often associated with large
seafloor positive-relief features forming a clear hummocky surface (HM in Figs. 4A, 6A-B). This scar
is located at a water depth of more than 650 m (S1 in Figs. 4A, 6A, 7), and covers an area of tens of
km2, a perimeter of more than 10 km, and develops in steep slopes. HM1 (Figs. 4A, 6A-B) was
recognized at a depth of 750 m, covers an area of 3.5 km2 and develops in a 15° steep slope downward
of an uneven indented shelf break. It is formed by wavy high amplitude reflectors as shown by the
single-channel sparker profile (Fig. 7).

5. Discussion

5.1 Volcanic processes
We interpret the identified mounds and ridges as volcanic morphologies. Volcanic activities have been

already described only on land in the Ustica Island. It consists of mainly subaerial volcanic products,
generated from 0.735 to 0.132 Ma (Barberi and Innocenti 1980; de Vita et al. 1995), lying above
submarine volcanics (Cinque et al. 1988; Etiope et al. 1999). Similarly, we hypothesize that the cluster
of the recognized submarine mounds could be related to volcanic activity affecting the Anchise-Ustica
System. Our interpretation is supported by:

1. mound shape and morphometry: a) the basal ratio values of the mapped mounds (bsr in Table
1), which are <1 as the typical submarine volcanic seamounts, according to Rappaport et al. (1997)
and Romero Ruiz et al. (2000); b) the flatness values of the mounds (f in Table 1), between 0.03 and
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0.12 for the submarine morphology with a cone shape, 0.2 and 0.31 for the flattened truncated cone
shape. These values are in accordance with Rappaport et al. (1997), which show that the flatness of
submarine volcanic edifices varies from 0.01 (a pointy cone) to 0.57 (a flattened truncated cone).

2. seismic facies: the sub bottom of Figs. 3A shows an acoustic facies (Facies C) that has very
strong analogies with the facies described along the NW Sicily Channel, which has been interpreted as
volcanic rocks (Civile et al., 2010; Spatola et al., 2018). The high-resolution seismic profile of Fig. 3B
shows a complex seismic facies (Facies E1-3). The seismic features of the sub-facies E1, which is
composed of alternating parallel and folded reflectors, could be generated by a multilayer of lava
flows and pyroclastic products. This seismic body, which represent the largest volume of the Ustic
complex, shows an asymmetric shape in section view, considering that it becomes thicker towards the
north, suggesting an upward and northward growth of the volcanic edifice (Fig. 3B). The sub-facies
E2, characterized by hyperboles geometry, can be ascribable to the oldest pillow lavas, pillow breccias
and hyaloclastic breccias, in accordance to Cinque et al. (1988) and Etiope et al. (1999), as well as for
the similarity of this facies with those generated by submarine basalts (Catalano et al., 2000; Aiello et
al., 2012). The sub-facies E3 can be interpreted as produced by lava flows, considering the wavy
internal geometry in the seismic section, and its tabular external shape, as shown by the
morphobathymetric data.

3. positive Bouguer anomalies: a detailed gravimetric map of the southern region of the central
Mediterranean Sea (Barreca, 2014) shows on the study area gravimetric anomalies similar to those
occurring in areas where volcanic activity has been documented (e.g. Graham Bank in the NW Sicily
Channel).

4. magnetic anomalies: the magnetic anomalies map of Italy shows around the study area high
values that could be interpreted as signature of surface volcanism (AGIP s.p.a. 1994). The magnetic
anomalies have high similarity with the values of Marsili Abyssal Plain, Aeolian Islands, and Graham
Bank (Calanchi et al., 1984).

Two main morphological kind of submarine volcanoes were distinguished in the study area. We
suggest this morphological feature depends on two different typology of submarine eruptions: (i)
emission (leakage) of magma from a single source point; (ii) fissional eruptions from a linear source,
which produce characteristic shapes such as ridges.

The largest mounds (e.g. Banco Apollo) pertain to the first type. The occurrence of a crest on the flat
morphology at the top of the Banco Apollo could be due to the preservation of harder rocks during the
phases of submarine and/or subaerial erosion (Fig. 7). While, the minor mounds and the ridges form
adjacent aligned seamounts and have been classified as the results of fissional eruptions. They are
mainly organized with ENE-WSW and NNW-SSE trends. These trends are also the main trends of
faults and volcanic dykes on land and are confirmed by the magnetic anomalies map (Calanchi et al.,
1984). These structures are located in the zone A, where probably a greater magmatic rise is produced

by fissuration along zones of crustal weakness associated with tectonics.
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The main occurrence of preserved submarine volcanoes in the northern region (Fig. 2B, 4A, 5A), the
convex-upward shape of the topographic profile along the northern slope, and the upward and
northward growth of the volcanic edifice (Fig. 3B) could point out the northward migration of the
volcanic activity in the last 130 ky, which is the age of the more recent volcanic activity in the Ustica
island.

5.2 Tectonic processes
We interpret the sets of escarpments and straight lineaments as morphological seafloor expressions of

faults (Fig. 8). Most of these faults are restricted to the offshore area, although a few of them
constitute extensions of outcropping faults.

The most important escarpment (EL in Figs. 4A, 6A-B, 7,) seems to represent the offshore extension
of the N60°E Arso Fault that is the longest outcropping fault. It appears offset by a smaller N-S fault,
and onland it is also affected by conjugated synthetic faults (Cinque et al., 1988; De Vita et al., 1998
Etiope et al., 1999). These evidences are signature of alternative extensional and compressional
deformations phases (Billi et al, 2007). The Arso Fault together with the N-S fault develops in the
southern slope where they are trigger for extensive slope instabilities (Figs. 4A, 6A-B, 7, 9). This
deformational system, which forms a widespread set of NE-SW and E-W oriented faults, fractures,
and dykes, affecting mainly the western part of Ustica Island and relative offshore region, can be
correlated to the transtensional to transpressional system already described in this area (Agate et al.,
2000; Sulli, 2000). Extensional to transtensional kinematics of the N-S and NW-SE fault systems is
inferred from correlation with onland tectonics and seismic reflection data from adjacent sectors
(Agate et al., 2000).

5.3 Erosional processes
The numerous channelized features, evidenced for the first time by the high-resolution morpho-

bathymetric data along the slope, show high similarity with the features described by Lo lacono et al.
(2011) along the offshore of Palermo. They are interpreted as submarine erosional channels, generic
incisions and gullies. They are mainly erosional grooves, which act as preferential transport routes for
the sediment supply from both land and shallow water areas. They show different morphological
characteristics (depth, width, length, longitudinal and transverse section, and sinuosity) according to
their distribution and genetic mechanisms.

The gullies along the southern and eastern region are usually linked to circular scars suggesting
retrogressive movements (Klaus and Taylor 1991; Mulder et al. 2006). Retrogressive movements
along the slope facilitate the upslope propagation of the channelized features towards the shelf margin
(Lo lacono et al. 2011, Mitchell 2005).

The channelized features are almost straight structures, with ENE-WSW, N-S and NNW-SSE trends.
They develop from the shelf edge (-120 m) to the lower slope (-1570 m), mainly in the southern and

eastern regions. Whilst, the channelized features along the northern slope follow the path imposed by
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the volcanic structures. Finally, in the western slope they follow the fault direction, enhancing their
morphologies due to the erosional processes. In this area, they have minor slopes (about 1° - 4°),
owing to the tectonic uplift, which affected the western slope (Furlani et al., 2017).

The terraces that are bordered by minor escarpments are interpreted as shore platforms formed by
subaerial weathering as well as by wave erosion during the last marine transgression when the sea

level raised relative to the land and the shoreline moves toward higher ground, resulting in flooding.

5.4 Slope Failures
The morphobathymetric and seismic reflection data show that the slope failures along the margin have

played a key role in shaping of the seafloor of the offshore of Ustica in both the northern and southern
regions, where the shelf get narrower in relation to retrogressive gravitational processes.

We interpret the scars identified as evidence for slope instability, and we suggest as main style of
deformation affecting the area:

(i) translational sliding, as suggested by the linear to arcuate steep headwalls (Fig. 9) and relative
smooth and planar scars (Micallef et al. 2019; Locat and Lee, 2002);

(ii) debris avalanche (sensu Hampton et al., 1996) sourced by the volcanic seamount through the
gullies, because most of the failed material has been evacuated from the scars. The typical
morphologies associated with a debris avalanche are an amphitheater depression, which
corresponds to the source area, and a hummaocks topography in correspondence of the deposit
with irregularly scattered hills on the surface (Hampton et al., 1996), which correspond to
large blocks immersed into fine-grained sediments.

The seismostratigraphic analysis of the seismic lines shown in Figs. 6, 8 allow us to identify a debris
avalanche along the south-eastern slope in correspondence of volcanic morphologies. The seismic
lines shows that acoustic facies D (Figs. 3A, 7) is generated by an isolated body with variable
thicknesses, and a rugged external shape (hummocky surface). It has been interpreted as a chaotic
deposit linked to slope failures according to Masson et al. (2008), Sulli et al. (2013, 2018).

The most likely preconditioning factor for slope failure is over-steepening and loss of support because
of the volcanic and tectonic activities affecting the area. While we suggest fault systems and
associated seismicity as main trigger. The region between the Arso Fault (E1) and the N-S fault
escarpment (E3) is subject to tectonic stress, which generate slope instability, causing several

collapses and large breaks of slope.

6. Conclusions

For the first time, the combination of multibeam, sub bottom and Sparker seismic data reveals the
geomorphic and structural features along the offshore of Ustica with high-resolution. The main

conclusions of this paper are:
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1) The northern region is mainly characterized by volcanic features such as cone shape and flattened
truncated cone shape volcanoes whose genesis can be easily attributed to magmatic rising associated
to the N-S and NW-SE extensional to transtensional fault systems. The presence of submarine
volcanoes only in the northern region and the asymmetric growth of the whole volcanic complex
points out a northward migration of the volcanic activity in the last 130 ky, which could be related to
the plate margin kinematics.

2) The western region is mainly characterized by fault escarpments such as the ~11 km-long ENE-
WSW trending Arso Fault. This region is also affected by the bigger slope failures documented in this
paper and by numerous N-S channelized features.

3) The southern region is characterized by a narrow continental shelf, widely affected by erosional
processes, and very steep continental slope, mainly its upper part. The area mainly hosts the smaller
volcanic features, volcanic ridges and slope failures.

4) The eastern region is dominated by channelized features, which develop along the steep and
irregular slope from the shelf break down to a depth of 1500 m as well as by NE-SW fault
escarpments and NE-SW ridges.

All these zones individuate areas with prevailing marine hazards, which are related to the occurrence
of submerged volcanic structures, fault systems and fractures, at local and regional scale, slope
failures, and erosional channel. This complex morpho-strucutral setting is enhanced by the strong
widespread seismicity of this area, which is located just along the Africa-Eurasia plate margin.
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Figure captions

Fig. 1. Bathymetric map of the southern Tyrrhenian Sea showing the main morphological-structural

features. Background bathymetry is from EMODnet bathymetry (http://www.emodnet-bathymetry.eu).

AS: Anchise Seamount, UV: Ustica Volcano, Al: Aeolian Islands, EI: Egadi Islands.

Fig. 2. A) Study area showing seismic reflection profiles and multibeam data (highlighted the seismic
lines displayed in this paper). B) Different zones of the offshore of Ustica based on the morpho-
structural setting of the seafloor.

Fig. 3. A) Sub bottom profile acquired on the south-eastern region of the study area showing the
identified acoustic facies as well as the seafloor morphology, with hummocky surface and channelized
features. B) High resolution seismic line (Sparker source) acquired on the eastern region showing
channelized features, offset seismic reflectors. Location of the seismic profiles is shown in Fig. 2A.
Fig. 4. A) Map of principal morphologic elements and features identified across the study area, draped
on a shaded relief map of the seafloor. B) Slope map of the study area.

Fig. 5. A) 3D shaded relief bathymetric map showing the main morpho-structures across the northern
offshore of Ustica. OMT: Outer Margin Terrace. Vertical exaggeration 1:1.5. B-C) Topographic
profiles across the study area. Direction of profiles is illustrated in A. See Table 1 for detail.

Fig. 6. B) 3D shaded relief bathymetric map showing the main morpho-structures of the southern
offshore of Ustica. OMT: Outer Margin Terrace. Vertical exaggeration 1:1.5. B-C) Topographic
profiles across the study area. Direction of profiles is illustrated in A.

Fig. 7. High resolution seismic line (Sparker source) acquired on the south-western region of the study
area showing the escarpments (E1), channelized features, offset seismic reflectors. Location of the
seismic profiles is shown in Fig. 2A.

Fig. 8. High resolution seismic line (Sparker source) acquired in the southern region of the study area
showing the complexity of the seafloor morphology with escarpments and channelized features. The
seismic lines also shows offset seismic reflectors. Location of the profiles is shown in Fig. 2A.

Fig. 9. Sketch map of the translational sliding mapped along the western region of the study area.
Location of the slope failure is shown in Fig. 6A.

Table 1. Measured/estimated size parameters of the mapped mounds located in Zone A in the northern
region (Figs. 2B, 4A, 5A). The values of the mounds were estimated by using the multibeam data.
Location of the mounds is shown in Fig 5A.
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(m) (m) Axis (m) (km?) (km) (Km® (m) (m) (m) slope slope slope
(m) (deg) (deg) (deg)

Truncated-

A1 1100 1050 1075 525 1.00 33 010 330 50 450 095 063 650 0.31 29.00 23.00 26.50 Cone
Truncated-

A2 1350 1000 1175 500 1.00 4 0.09 346 100 400 0.74 069 391 0.20 29.00 23.00 26.50 Cone

B 1500 1380 1440 690 160 56 0.21 420 780 1200 0.92 061 240 0.09 3400 18.00 26.00 Cone

C 1940 950 1445 475 120 575 012 510 580 1100 0.49 1.07 50 0.03 32.00 24.00 28.00 Cone

D 1380 756 1068 378 0.90 35 0.07 480 610 1020 055 1.27 70 0.05 36.00 26.00 3000 Cone

E 2000 850 1425 425 1.10 5 0.09 450 530 980 043 1.08 135 0.08 3400 20.00 27.00 Cone

F 1972 1780 1876 890 3.00 7 059 710 450 1160 0.90 0.80 340 0.10 38.00 28.00 33.00 Cone

G 2640 1450 2045 725 295 72 049 890 710 1600 0.55 1.23 260 0.09 36.00 20.00 28.00 Cone

H 1320 950 1135 475 1.10 39 0.13 550 910 1460 0.72 1.16 58 0.03 36.00 22.00 29.00 Cone

I 1870 1360 1615 680 1.44 49 0.24 490 1130 1620 0.73 072 320 0.12 3200 20.00 26.00 Cone

L 2130 1980 2055 990 2.0 695 054 530 710 1240 093 054 120 0.03 32.00 21.00 27.00 Cone

M 1100 1000 1050 500 0.60 29 0.18 670 290 600 091 134 60 0.03 3200 28.00 30.00 Cone
Truncated-

N1 795 580 6875 290 034 22 0.02 203 362 565 0.73 070 320 0.28 48.00 780 2028 Cone
Truncated-

N2 180 180 170 80 0.02 05 0.00 167 398 565 0.89 2.09 129 040 34.00 7.00 13.00 Cone

Table 1. Sulli et al.,2019
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CHAPTER 4

Late Quaternary Tectonics vs Sedimentation history of the offshore Termini in a
seismically active segment of the Northern Sicily Continental margin (Southern
Tyrrhenian Sea)

NOTE This chapter is a scientific paper in prep. to be submitted to Marine and Petroleum Geology.
The authors are the followings: Elisabetta Zizzo, Attilio Sulli, Daniele Spatola, Christian Gorini,

Maurizio Gasparo Morticelli.

96



Abstract

We investigate the tectonically active Northern Sicily Continental margin, with a focus on the
neotectonic processes affecting the Offshore of Termini (Southern Tyrrhenian Sea) by using high-
resolution seismic profiles and multibeam data. The Meso-Cenozoic sedimentary successions along
the NSCM are the marine prolongation of those outcropping along the Northern Sicily coastal belt.
This region originated as a consequence of a complex interaction of compressional events, crustal
thinning, and strike-slip faulting. E-W, NW-SE, and NE-SW trending, both extensional and
compressional, faults with a local strike-slip component, exerted control on the morphology of the
present day shelf and coastal areas during the Pleistocene. Most of morphological structures that
shaped the margin during the Quaternary were conditioned by tectonic as well as depositional events,
among which we focused on those related to gravitational mass movement and fluids escape. Among
these we recognized repeated deformational features affecting the less-lithified deposits lying above
the northern Sicily continental shelf. These soft-sediment deformational structures are interbedded
with hemipelagic deposits of the transgressive and highstand systems tracts of the Late Quaternary
depositional sequence, whose bottom is dated by chronostratigraphy available a few kms far from the
identified structures. For each interval of this sequence we elaborated an age-model considering a
constant sedimentation rate for the last 11.5 My. In this way we dated the mass movement event,
which we considered as seismic induced structures, and indirectly the earthquakes that originated
them. As a consequence we were able to calculate the earthquakes recurrence times corresponding to

intervals between 680 and 2200 years.

Keywords: Active tectonics, Submarine canyon, Sicilian continental margin, Soft sediment, Southern

Tyrrhenian Sea.

1. Introduction

Most of the Earth seismicity occurs along or near active-tectonics coastline and many large
earthquakes in these areas are recorded by modern depositional or erosional features (Orange, 1999).
In active continental margins uplift and subsidence, erosion and deposition depends largely upon
tectonics and the interplay between deformational processes, sea-level fluctuations, geomorphic
processes and sediment supply shape the seafloor morphology and the stratal architecture (Green et al.,
2002). In most of these regions large-magnitude earthquakes tend to influence occurrence, geometry
and distribution of geomorphic features, (Laursen and Normack, 2002; Le Dantec et al., 2010; Pedley
et al., 2010; Micallef et al., 2014), as well as sediment thickness, structures and fabric (Griffith et al.,
2012).

In the last years multidisciplinary (geological-geomorphological, morphostructural, geophysical) and

multi-scales investigation were used to unravel the erosional-depositional processes associated to the
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recent tectonic activity and seismicity in different regions both onland (Papanikolaou et al., 2015) and
in marine areas (Alonso et al., 1992; von Huene et al., 2004; Lafosse et al., 2018), with the aim to
reconstruct the dynamic processes forcing morphological-depositional evolution along the continental
margins.

The central sector of the Northern Sicily Continental margin (NSCM) has geological, geophysical and
geomorphological characteristics that make it unique, like the presence of tectonic structures, as well
as erosive and depositional features, fluid escaping and bottom currents, which affected the region
since Neogene and very active up today. The occurrence of a complex morphology enhanced by
extensive tectonic processes, induced seafloor instability and drove soft-sediment deformational
structures (SSDS; Owen and Moretti, 2011; Waldron and Gagnon, 2011; Basilone et al., 2016). The
resulting deformed rocks, known as seismites (Pratt, 1994; Lu et al., 2017)), represents sedimentary
indicators of paleoseismicity (Ricci Lucchi, 1995) and their dating has been useful to characterize the
chronology of ancient earthquakes (Kagan et al., 2005; Rudersdorf et al., 2015).

In this study we analyse high resolution geophysical and sedimentological data from the offshore of
Termini, in the central-western sector of the NSCM, to: (i) reconstruct the geomorphic evolution of the
continental shelf-slope system; (ii) understand the role of the Late Quaternary tectonics on the
depositional architecture of the buried succession. Starting from the morphostructural evolution of the
study region, the main novelty of this research is to propose a methodology to calculate the earthquake
recurrence time in this sector of the NSCM from dating seismic induced SSDS. The results of this
research will provide qualitative and quantitative information useful to assess the marine geo-hazard,
and particularly seismic hazard, along the Northern Sicily coastal region. This study was facilitated by
the huge availability of seismic reflection profiles, at different scale of resolution and penetration,
sedimentological data, morpho-bathymetry from MBES surveys, and a deep geological background in
the outcropping region (Northern Sicily coastal belt).

2. Regional setting

2.1 Geological setting
The Northern Sicily Continental Margin (NSCM) is located in a transitional area between the Sicilian-

Maghrebian chain and the south and the Tyrrhenian back-arc basin to the north (Fig. 1). The NSCM is
the result of the postcollisional convergence between the Africa plate and a very complex “European”
lithosphere (Bonardi et al., 2001), represented by the AlKaPeKa element (Boullin, 1986), and the
opening of the Tyrrhenian back-arc basin.

The African element derive from the deformation of both shallow and deep-water Meso-Cenozoic,
passive continental margin-type sequences and foreland basin system successions (foredeep and
wedge-top basins). The Sicilian sector of the Meso-Cenozoic African passive continental margin was
formed by a carbonate-platform depositional environment, recorded by shelf-to-pelagic carbonate

successions, laterally linked to slope-to-basin areas filled with deep-water carbonates, bedded cherts

98



and sandy mudstone successions (Catalano and D’Argenio, 1982). During the Late Oligocene—Early
Miocene the passive continental margin successions were buried beneath a thick terrigenous sequence
(Numidian Flysch) accumulated in a wide foredeep basin (Pescatore et al., 1987; Pinter et al., 2016)
and afterwards involved in the compressional events originating the Sicilian Fold and Thrust Belt
(FTB), characterized by a multi-stage evolution during the last 15 My.

Forethrusting of the FTB started in the early Miocene with the progressive detachment of the Meso-
Cenozoic succession from its basement, triggered by the collision between the Corsica-Sardinia block
and the northern African margin. During this thin-skinned phase, two main subsequent southeastward-
verging tectonic events generated and developed at different structural levels and at different time
intervals (Oldow et al., 1990; Roure et al., 1990; Bello et al., 2000; Avellone et al., 2010). The early
phase involved the thin, deep-water, shales and carbonates, which overthrust thick, more external,
platform carbonates, producing duplex geometry and major tectonic transport since Serravallian time.
During the latest Miocene—early Pleistocene, deep-seated thrusts detached and deformed the platform
carbonates, forming axial culminations and ramp structures. A more recent thick-skinned tectonic
event involved the crustal layers in the inner sector of the chain (Gasparo Morticelli et al., 2015),
accompanied by crustal delamination (Caracausi and Sulli, 2019).

The deformed FTB is covered unconformably by Upper Miocene to Quaternary clastic, evaporitic and
carbonate successions (marine to continental deposits). Along the shelf and the upper slope, the
Quaternary deposits consist of seawards dipping clastic and terrigenous deposits coming from the
northern Sicily interbedded with hemipelagic sediments in the distal areas (Baghi et al., 1980). The
middle Pleistocene deposits are truncated by an erosional surface formed during the last glacio-
eustatic oscillation. Prograding sedimentary wedges of coastal deposits, formed during the Last
Glacial Maximum (LGM, about 20 ka), are present along the shelf margin.

Due to the intense deformational processes, the physiography of the NSCM is presently composed by
a narrow and steep continental shelf, a steep to gentle downward continental slope, interrupted by a
flat intra-slope basin plain, and a bathyal plain at a depth of 3000 m (Sulli et al., 2012).

During Late Pliocene-Pleistocene, a late collisional stage of the Sicilian Fold and Thrust Belt seems to
have decreased in favour of back-verging thrusts and vertical growth, mostly in the inner sector of the
orogen where a large number of N-verging thrusts controlled the tectonic evolution of the uppermost
Miocene-Pleistocene deposits. In the offshore sector (southern Tyrrhenian border). Some of these
tectonic features seem to be responsible for the geometry of the main submerged structural highs that
characterized the physiography of the present day northern Sicily margin. The latest of them were
locally reactivated by a compressional stress field with a dominant NW-SE orientation. During the
Pleistocene, NNW-SSE, E-W, ENE-WSW trending faults have controlled the present day morphology
of the continental shelf and the coastal areas (Sulli et al., 2013). The tectonic activity, during the last

125 ky has triggered an important uplift/subsidence patterns, decreasing from E to W; locally the on
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land areas are raised while offshore areas are subsiding, suggesting the occurrence of vertical
differential movements (Sulli et al., 2013).

The high tectonic activity affecting the NSMC has strongly influenced the sedimentary and
geomorphic processes of the region producing several slope failures, controlled by the gravitational
instability all over the continental shelf and the continental slope, furrowing and fluid escaping.

2.2 Seismicity and geophysical characters of the Northern Sicily Continental Margin
The NSMC is characterized by a crustal and deeper seismicity distinct in two main seismogenetic

volumes (Pondrelli et al., 2006; Billi et al., 2010). The deeper seismicity, concentrated on the eastern
and north-eastern sector of Sicily, is related to the lonian subduction. In this sector the shallow events
are instead prevailingly linked both to extensional fault systems (Pollina, Messina strait) and to right
lateral NW-SE transcurrent systems (Vulcano- Lipari and Tindari-Giardini). The crustal seismicity is
concentrated in the western sector, resulting from the brittle deformation of the Maghrebian chain. In
this area, shallow earthquakes (up to 25 km) of low to moderate magnitude (max Mw 5.9 on
September 2002) occurring along an E-W trending belt and their focal mechanisms are in agreement
with a dominant NW-SE compressive offset direction, with a right strike-slip component, and an
antithetic NE-SW fault trend.

Along the NSMC, the Moho depth ranges from about 10 km, in the Marsili bathyal plain, to about 40
km, towards the northern Sicily coast. The Bouguer anomalies change from 180 mGal in the
Tyrrhenian region to negative anomalies in central Sicily (-100 mGal), while positive magnetic
anomalies characterize the volcanic edifices, both submerged and buried. The heat flow shows very
high values across the southern Tyrrhenian Sea (200 mW/m-2) while decrease (30-40 mW/m-2)
towards the stable sector of the foreland area (Iblean plateau in SE Sicily).

GPS measurements document the active deformation with differential movements of individual blocks
northward directed, in agreement with the shallow seismicity, as well as with the convergence between
Sicily and Sardinia, with values of about 2-6 mm/y (Devoti et al., 2011). This last collisional stage in
the northern Sicily chain seems to be a precursor of a change in the subduction polarity by activation
of northward back-verging compressional faults as a consequence of the ongoing collision of the
African promontory with the thinned continental to oceanic sectors (Algerian and Tyrrhenian basins)
of the European plate (Sulli et al., 2019).

3. Materials and Methods
3.1 Marine geological dataset
This study is based on data acquired from the southern Tyrrhenian Sea between 1991 and 2009 (Fig.
2), including:
a) Multibeam data, acquired during three oceanographic surveys carried out in 2001, 2004
(in the frame of the CARG project) as well as 2009 (MaGIC project). The 2001°s survey
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We

was carried out on board of the R/V "Tethis" using a Reason SeaBat 8111 Multi Beam
Echosounder (MBES), with a frequency of 100 kHz and operational depth range between
35 and 800 m. In 2004 and 2009, the research expeditions were carried out on board of the
R/V “Universitatis” using a Reason SeaBat 8160 MBES, with a frequency of 50 kHz, and
operational depth range of 30-3000 m. In all the scientific cruises, the acquisition was
supported by a “Differential Global Positioning System” (DGPS) to obtain an accurate
vessel position, a motion sensor to determine the attitude of the vessel in terms of pitch,
roll and heave, and different CTD probes to measure electric conductivity and
temperature, influencing the sound velocity in seawater. Bathymetric data were processed
using the PDS-2000 software at the University of Palermo. Post-processing steps included
the processing of navigation data, graphic removal of erroneous beams, noise filtering,
and correction for sound velocity. The Digital Terrain Models (Fig. 2b) were produced
using different cell size, from 2 to 20 m, according to the water depth. Maps were
generated with open source GIS Software.

finally integrated the multibeam data with the EMODnet bathymetry

(http://www.emodnet-bathymetry.eu) (220 m grid resolution).

b)

d)

About 500 km of high-resolution seismic profiles acquired during the 1991 cruise (Sicilia
1991) on board of the R/V Minerva-Uno, using a 1 kJ sparker source and a single-channel
streamer. During the 2004 survey a multi-tip sparker array was used, with a base
frequency of 600 Hz, fired every 12.5 m and recorded with a single-channel streamer with
an active section of 2.8 m, containing seven high-resolution hydrophones, for 3.0 s two
way time (TWT) at 10 kHz sampling rate. Data processing was performed using the Geo-
Suite software running the following mathematical operators: traces mixing, time variant
filters, automatic gain control, time variant gain and spherical divergence correction.
Signal penetration was found to exceed 400 ms (t.w.t.t.) and the vertical resolution is up to
2.5 m at the seafloor.

About 1000 km of Sub bottom profiles were acquired using a hull-mounted 4 to 16-
transducers GeoAcoustics CHIRP Il profiler (Fig. 2a). The instrument has an operating
frequency ranging between 1.5 to 11.5 kHz, operational depth between 600 and 2000 m,
and a pulse length of 32 ms. The sub bottom profiles were recorded and processed using
the GeoTrace software by carrying out automatic gain control, time variant gain, swell
filtering and muting.

Vibrocores: Eighteen cores were recovered using a 6 m-long vibrocoring system during

the 2016-2018 oceanographic survey across the offshore of Termini (Tab. 1).
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3.2 Methodology
The seismic interpretation of the high-resolution seismic lines has been based on the classic seismic

facies analysis methods (sensu Selley, 1979) and allow us to identify and characterise different
depositional units (e.g. seismic-induced mass movement deposits) showing different seismic attributes
along the study area. The mapped depositional units have been classified on the base of the seismic
interpretation according to the general principles sequence stratigraphy (Catuneanu et al., 2011),
adequate to address analyses of Quaternary high frequency glacio-eustatic signals of fourth (100-200
ka) and fifth orders (40-20 ka) according to Tesson et al. (1990); Posamentier et al. (1992);
Posamentier and Morris, (2000). The depositional units have been also accordingly calibrated with the
sedimentological/stratigraphic information from the sedimentological analysis in order to infer their
extent and timing. The VIB10 core, located in this sector of the southern Thyrrehian Sea (Caruso et al.
2011), was used to correlate the seismic reflection data.

We used the mapped mass-movement deposits, interpreted as Soft Sediment Deformation Structures
(SSDS), which are often triggered by local earthquakes, recently highlighted also by Basilone et al.
(2016) along the NSCM, to estimate the earthquakes recurrence interval in the study area. We
correlated the bottom surface of this depositional unit with the surface dated at 11.5 ka by Caruso et al.
(2011) through a high-resolution bio-chronostratigraphic analysis. A constant sedimentation rate has
been considered for the entire Holocene sedimentary succession: it was obtained from the ratio
between the total thickness of the Holocene unit and the related time interval (11.500 years), since
poorly lithified pelagic deposits, whose sedimentation rate can be considered as constant, in this small
time interval, usually form the SSDSS. This method allow us to constrain an age-model of the
identified SSDSS estimating their timing of deposition and indirectly the timing of each presumed
earthquake triggering the Soft Sediment Deformation Structures.

The isopach maps of the seismic sub-unit E1-8 have been generated by interpolating (linear
interpolation technique) the depth estimations of the top and bottom surfaces, extrapolated by the
seismostratigraphic analysis, by Kingdom suite software considering a seismic P-velocity of 1600 m.
The boundaries of the isopach maps have been restricted to the areas where seismic units were
identified.

For the first time in the study area, we correlated the tectonic/stratigraphic framework (mapped
depositional sequences and structural features) with the present physiography of the margin,
interpreted on the basis of its morphometric parameters (e.g. slope gradient, bathymetry), in order to
understand the role played by the tectonics in the shaping of the continental margin.

The collected vibrocore samples were visually logged, photographed, and analysed in terms of
sediment colour on board. Three samples of sand from each cores were analysed quantitatively for
grain size distribution with a complete set of sieves (FRITSCH, analysette 3 PRO) according to the
American Society Standard Material ASTM D 422/63 (1998) at the Earth and Marine Science

Department of University of Palermo. The same sediment samples were also analysed using X-ray
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diffraction (XRD) and X-ray Fluorescence Spectrometers (XRF) in order to determine the qualitative
and semi-quantitative mineralogical composition of the sub-seafloor. Mineral identification was
performed on dried and ground sub-samples using a Rigaku XRD diffractometer. Elemental
composition determination was finally carried out on dried sub-samples using a Rigaku ZSX Primus
(WDS).

4. Results

4.1 General physiography of the continental margin system in the Termini Gulf area

The general physiography of the NSCM is presently composed by: (1) a narrow (<8 km) and steep (up

to 2.5°) continental shelf, with the edge between -95 m and -140 m; (2) a very steep (7-8°) upper

continental slope ranging in depth from 150 to 1000 m; (3) a flat intra-slope basin plain at a depth of

1500 m; (4) a lower continental slope that is wider and gentler than the upper slope, and (5) a bathyal

plain from a depth of 3000 m (Sulli et al., 2012). In the continental shelf, the Pleistocene deposits are

truncated by an erosional surface formed during the last glacio-eustatic oscillation with the last
depositional sequence at its top (Lo lacono et al. 2011; Sulli et al. 2012). While, the prograding
wedges are absent where the heads of the canyons or failure scars have indented the outer shelf (Lo

lacono et al. 2011).

The Gulf of Termini is located between Capo Zafferano and Capo Plaia in the central part of the

NSCM (Figure 3). It covers an area of ~2000 km? and a depth ranging between 50 and up to a

maximum of 1545 m.

We distinguished three physiographic domains based on the geomorphological characters along the

Gulf of Termini (Figure 3):

(i) The continental shelf, ranging from between 0 and 150 m depth below sea level, is characterized
by a gentle slope gradient decreasing westward from 0.5° (offshore of Capo Zafferano) to 2.7°
(offshore of Capo Plaia). The continental shelf is between 2 and 11 km wide. It is wider in the
centre of the gulf (11 km), while it narrows both to the west towards Capo Zafferano, where it is
less than 2 km, and to the east towards Cefalt, where it is ~5 km wide (Fig. 3) In the study area,
the continental shelf can be easily divided into an inner shelf between water depths of 0 and 88 (Is
in Fig. 4), and in an outer shelf between 88 and 147 mbsl (Os in Fig. 4). The seafloor of the inner
shelf shows a regular morphology except where steep escarpments locally affect it in the central
sector of the area. The outer shelf is up to 4 km wide and has a seafloor morphology more
articulated than the inner shelf. The shelf-edge, ranging from 130 to 150 m, has been identified as
a break of slope between the flat outer shelf and a steep area that bounds upwards the continental
slope (slope ledge) (Fig. 3).

(if) The seafloor of the continental slope is located between water depths of 150 and 1400 m and has a
high slope gradient. Its slope gradient is ~4° in the western region and decreases towards the east

(Fig.3). The longitudinal bathymetric profiles shown in Fig. 3 display the complex morphology of
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the continental slope with a concave upwards profile along the eastern part and convex profile
across the western part (Fig. 3).

(iii) The intra-slope basins are bounded by structural highs (Pepe et al., 2005). The region is
subdivided into two sub-basins by a clear ~66 km long NNW-ESE break of slope that has been
identified at a depth 400 m. The Cefalu Basin is located in the lower continental slope, extending
up to 1400 m below sea level. It is a very large basin that develops from the Palermo Gulf offshore
to the Eolian Islands but only an area of ~577 km2 is covered by our Multibeam data (Fig. 3). The
smaller Termini Basin is located between the continental shelf and the upper continental slope
(between 60 and 400 m in water depth) and is elongate about WNW-ESE. It is a narrow basin, 40
km long, up to 5 km wide and covers an area of ~122 km2 that narrows towards both the east and

the west.

4.2 Characteristics and distributions of the seafloor geomorphic features

4.2.1 Scars
The high-resolution bathymetric dataset allow us to identify forty-three scars across the offshore of

Termini. The headwalls of the scars are generally linear to arcuate, with a steepness of 8°-14°. They
mainly are located on the continental slope and only few of them along the shelf edge. The latter are
usually connected to the headwalls of the canyons. Along the western part of the continental slope, the
scars have been mapped at the depths between 770 and 1200. The scars have headwalls up to 300 m
high with amphitheatre shapes, 10-25° steep, and an average width of 2 km. In the eastern region is
located the largest scar occurring along the continental slope (S1 in Fig. 3). It is 3.5 km wide, with

headwalls up to 180 m in height.

4.2.2 Positive features
The inner shelf as well as the outer shelf are characterised by smooth morphology bounded by steep

breaks of slopes. The seafloor is also characterised by fifty positive features, which are either aligned
in W-E or/ NNW-SSE direction or occur as isolated features (Fig. 3). They occur in depths ranging
between 90 and 100 m and are located 1.5 km from the coast of Sicily and they have elliptical shapes.
These positive morphologies are up to 7000 m long, up to 800 m wide.

4.2.3 Negative features
Twenty-seven circular depressions occur in the continental slope and are located 6 km from the coast

of Sicily (Fig. 3). These depressions occur in depths ranging between 240 and 800 m. These structures
have abrupt edges, and they are circular and elliptical in plan-view and have a U to V shaped cross-
sectional shape. They are 150-350 m in diameter, about 15 m deep and the slope gradients of their
walls are up to 23°. These negative features either are aligned in NNW-SSE or/and N-S directions or

occur as isolated features.
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4.2.4 Escarpments
The continental slope appears on the whole intensively affected by more than forty very steep

escarpments (Fig. 3). They are almost straight lineaments, bounding raised and lowered sectors. They
are up to 12 km long and 180 m high with slope gradients higher than 65°. Three main set of
escarpments and lineaments were recognized, NE-SW to E-W, N-S, and NW-SE to WNW-ESE (Fig.
3). These trends are the same that were recognized along the NSCM (Agate et al., 2000; Sulli et al.,
2012) and also they are linkable with the distribution of earthquake epicentres recorded between 1981
and 2019 in the region (data from ISIDE: Italian seismological instrumental and parametric database,
http://iside.rm.ingv.it).

4.2.5 Break of slopes and Submerged Terraces
The seafloor morphology of the continental shelf shows a flat general morphology that is interrupted

by important discontinuous breaks of slope (oriented about E-W) as well as by the continuous shelf
break (Fig. 3). The longest discontinuous break of slope is concave in profile and is located at a mean
depth of 86 m. It is associated with an E-W elongate positive feature that is ~12 km long and ~350 m
wide (Figs. 3). This feature is the physical limit between the Inner and the Outer shelf.

In this paper, we define a submerged terrace as a flat morphology with a slope gradient less than 2°.
We mapped three flat morphologies (ST1-3 in Figs. 3, 4) delimited by three discontinuous breaks of
slope and characterised by a very low slope gradient that have been considered as submerged terraces
by using the high-resolution bathymetric data.

ST1 has been identified in front of the promontory of Capo Zafferano along the continental shelf (Fig.
X). We have been not able to measure its extent because ST1 extends out the area covered by the
multibeam survey. ST1 is a narrow (<I km wide) with a slope gradient of ~1°. It is characterised by a
very discontinuous distal edge that cannot be traced from west to east. ST2 ranging between 61 and
101 m depth is characterized by a slope gradients ranging from 0.5 ° to 1.8 °. It has an edge ~8.5 km
long and covers an area of 5 km?. ST3 is the largest submerged terrace. It is characterized by a slope
gradients ranging from 0.6° to 2°. It is bounded by an edge that is ~10 km long and it covers an area of
8 km?. The bathymetric profiles in Fig. 4 show an asymmetric shape in section view of the ST1-3 as

well as how they become smaller and deeper towards the west.

4.2.6 Submarine Canyons
Both the edge of the shelf and the continental slope are strongly incised by more than 300 “elongate

steep-sided valleys” definite in this paper as gullies and submarine canyons (Fig. 3). They are aligned
in NNW-SSE, N-S and NNE-SSW directions in front of Capo Zafferano (western section of the study
area) and they are aligned in NNW-SSE, NO-SE e ENE-WSW directions in front of Capo Plaia

(eastern section of the study area) (Fig. 3).
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In the western part, the canyons are located 2.4 km from the coast of Sicily and they have a length up
to 3 km. They occur in depths ranging between 200 and 750 m as well as between 1000 and 1400 m.
While in the eastern part, they are longer and they occur in depths ranging between 160 and 380 m as
well as between 1000 and 1200 m.

4.2.6.1 Morphometric analysis of the Capo Plaia Canyon
The longest canyon along the entire continental slope dominates the eastern part of the study area

(Capo Plaia Canyon in Fig. 3). It is ~33 km long, up to 1.5 km wide, up to 700 m deep and covers an
area of ~28 km?. Its depth ranges from 100 m at the head to 1345 m at the mouth. The incision has a
V-shaped cross-section sharp interfluve and pointed head in its upper part (up to 500 m of water
depth) and a U-shaped cross-section sharp in its distal part. We estimate for this feature a sinuosity
index of 1.22, a mean slope of 3° and a maximum slope of 22.6°. The orientation of the canyon
changes along its thalweg profile. We identified five different transects, each of which following a
straight trend and separated from the others by abrupt changes of direction (Fig. 5). In view of this
feature, each transect cannot be considered as a sinuous canyon sensu Wynn et al. (2007).

4.3 Sub-seafloor Architecture

4.3.1 Seismic reflection profiles
The acquired sub bottom profiles as well as the high-resolution seismic profiles (Sparker) allow us to

identify five main seismic units (Fig. 7) on the basis of seismic facies, internal geometry, external
configuration, and seismic features of prominent reflectors.

(i) Unit A: It is stratigraphically the deepest and it comprises two sub-units: (Al) seismically
transparent unit a very high amplitude reflector at its top. It corresponds to the acoustic
basement, and (A2) an unit made of high-amplitude basinward dipping reflectors with good
lateral continuity, at times transparent to chaotic internal configuration. Both Al and A2 are
affected by vertical to sub-vertical offset reflectors (Fig. 6).

(ii) Unit B: It overlies unit A and consists of a package of very high-amplitude basinward dipping
reflectors with good lateral continuity that does not display vertical and lateral changes in
seismic character (Fig. X). Unit 2b has a wedge-shaped geometry (Fig. 6).

(iii) Unit C: It is characterized by parallel high-amplitude basinward dipping reflectors with good
lateral continuity, at times undulating or gently folded with sometime very clear concave-
upward reflectors (Fig. 6). Its lower boundary generally occurs in angular unconformity with
the top of the sub-unit A2 (Fig. 6).

(iv) Unit D: It is made by an acoustically semi-transparent to chaotic facies. It is bounded at the
top by a high-amplitude and continuous reflector. It mainly occurs along the inner continental
shelf and corresponds to the positive features previously described that we identified by using

the high-resolution bathymetric data (Fig. 6).
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(v) Unit E: Unit E, stratigraphically located above unit A, is a complex unit displaying vertical
and lateral changes in seismic character (Fig. 6).

The high-resolution seismic lines show the occurrence of large hydro-acoustic anomalies in the water
column consisting of hyperbolic water-column reflections, which are up to 65 ms high (about 50).
They mainly occur in the central part of the study area at the top of mounds formed of seismic unit D
and/or of escarpments, and they always are associated to offset seismic reflectors (Fig. 8i7).
The Unit E is composed of eight sub-units with chaotic to transparent or seismic signatures. The
internal configuration of the sub-units hardly contains any discernible pattern. They vary vertically
from the seafloor to the top of the unit A, show mostly a wavy to parallel internal geometry, with
discontinuous/chaotic to transparent reflectors to a drape featuring intermediate amplitude and
discontinuous reflectors (Fig. 7i6).
Sub-unit E1-8 cover an average area of ~215 km2 (~25 km x 8 km) (Fig. 6). All the estimated physical
parameters of the sub-units E1-8 are tabulated in Tab. 2 and shown in Fig.6 .
The detailed chrono-biostratigraphic analysis of the VIB 10 core (Caruso et al., 2011), located in the
study area, calibrated the unconformity at the top of the seismic Unit A2 as old as 20.5 ka. The same
core identified a horizon dated as old as 11.5 ka, corresponding to the Late Pleistocene-Holocene
boundary into the Unit C.

4.4 Sedimentological and mineralogical architecture
Sub-seafloor sediments collected from the seafloor along the offshore of Termini predominantly

consist of poorly to moderately well sorted fine to coarse sands covered by a variable thickness, less
than 2 m, of pelitic sediments. The samples that were analysed with XRD and XRF are mainly
composed of carbonates associated with detrital minerals (clays and quartz) and minor other
mineralogical phases (e.g. feldspars, micas). Calcite represents the dominant carbonate phases and is

associated with minor quantities of dolomite (Fig. 9).

5. Discussion

5.1 Geomorphological interpretation

The high-resolution bathymetric data evidence how the seafloor of the offshore of Termini is
characterised by different submarine geomorphic features linked to different geological processes (Fig.
10). In the following chapters, we discuss the main bathymetric and seismic observation related to the
mapped seafloor features suggesting relative potential geological processes.

We interpret the amphitheatre scars on the headwalls of the canyon and/or on escarpment for the high
similarity with the features described by Sulli et al. (2018) along the nearby offshore of Palermo as
landslide scars resulting from mass movement processes.

In respect of the morphology of the mapped canyons as well as their connection to the subaerial fluvial

drainage (Fig. 3), we propose that the submarine canyons mapped on the continental margin are the
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result of a coexistence of complex erosional mechanisms such as: (1) downslope surface flows
probably during a LGM base level fall (Gerber et al., 2009; Pratson et al., 2007; Micallef 2016) and
(i) continues mass movement processes as supported by the several landslide scars mapped along the
headwalls of the canyons (Lo lacono et al. 2011, 2014). Our interpretation is also supported by the
axial incision along the thalweg of the Capo Plaia Canyon demonstrates that active or recent
downslope sedimentary fluxes occur along the slope (Baztan et al. 2005) as in the submarine canyons
described by Lo lacono et al. (2011) along the nearby offshore of Palermo. During the LGM, the
palaeoshoreline and shore were located more near the shelf margin. We suggest this high-energy
hydrodynamics scenario allowed the fluvial sediment supply increased and valleys channelled the
sediments to the outer shelf (Lo lacono et al., 2011; Hernandez-Molina et al. 2002) because unexposed
areas would have been eroded by coarse-grained gravity flows sourced by the fluvial systems. This our
inference is supported by the results of the sedimentological analysis showing a quantitative
abundance of coarse-grained sands in the sub-seafloor.

At support of our second hypothesis on the genesis of the canyon are also the observation carried out
from the occurrence of over imposed chaotic bodies forming the unit E (Fig. 6) mapped by the seismo-

stratigraphic analysis and interpreted in the following chapters.

5.2 Stratigraphic interpretation of the mapped systems tracts
Following the sequence stratigraphy interpretation, the seismic facies and their geometric

relationships, and based on the calibrating age from the VIB 10 core, we interpreted the identified
seismic units as follows:

- Unit A corresponds to the pre 20.5 ka substrate, which in this area is represented mostly by
middle Pleistocene clastics and hemipelagites, whose interbedded setting make this unit well
stratified (sub-unit A2). The transparent unit Al, on the contrary, correspond to emergent
portions of older rocks, which vary from Meso-Cenozoic carbonate successions to Tertiary
terrigenous sequences (Catalano et al., 2011);

- Unit B corresponds to the Lowstand Systems tract of the Late Quaternary Depositional
Sequence. It was drilled by most of the collected cores (Tab. 1), which recovered poorly to
moderately well sorted fine to coarse sands, formed in a littoral environment;

- Unit C corresponds to the Transgressive and Highstand Systems tracts of the Late Quaternary
Depositional Sequence. It is composed mainly by interbedded clastic and, prevailing,
hemipelagites. The 11.5 ka horizon (Caruso et al., 2011) allows to divide the upper
Pleistocene from the Holocene sequence;

- Unit D corresponds to emerging (D1) or buried (D2) mounds, the former corresponding to
positive structures in the morphobathymetry. Considering their transparent to chaotic facies
and that they are often accompanied to hydroacustical anomalies and are bounded by faults,

we interpreted them as fluid flow structures (e.g. mud volcanoes). Also the occurrence of
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negative structures that can be interpreted as pockmark points out the abundance of fluids into
the buried sequences;

- Unit E, mainly distributed in the subseafloor of the continental shelf, was interpreted as
derived from mass movement that formed in a very gentle slope. For this reason we
considered them as SSDS induced by earthquakes. We identified almost 7 different bodies
interbedded with the hemipelagites attributed to the upper part of the Unit C. Based on the
calibration by the VIB 10 core (Caruso et al., 2011), we considered the SSDS as formed
during the last 11.5 ky, that is during the Holocene.

5.3 Implication for the neotectonics

5.3.1 Type and age of offshore faults
We interpret the sets of linear and no-linear escarpments as morphological seafloor features related to

faults affecting the sedimentary multilayer of the offshore of Termini. The majority of the mapped
escarpments have a good correlation with the offset seismic reflectors identified by the
seismostratigraphic analysis.

The faults are mainly organized in main orders of fault systems with the same trends already known
on land: NE-SW to E-W, N-S, and NW-SE to WNW-ESE fault systems according to Agate et al.,
(2000), Catalano et al., (2011), Sulli et al., (2012) (Fig. 11). The focal mechanisms of earthquakes
recorded between 1981 and 2019 (data from ISIDE: Italian seismological instrumental and parametric

database, http://iside.rm.ingv.it) in the vicinity of the faults indicate focal mechanisms in agreement

with extensional to transtensional deformation in the NW-SE to WNW-ESE direction (Agate et al.,
2000; Sulli et al., 2012), as well as compressional kinematics in the NE-SW to E-W direction (Sulli et
al., 2019), as also shown by the displacement of the seismic units (Fig 8). The kinematics of these fault
systems can easily be correlated with onland tectonics and seismic reflection data from adjacent
sectors (Agate et al., 2000). The mapped offshore faults are likely structures that have recently been
active (last 20 ky) because they displace the seismic unit overlaying the angular unconformity dated at
~21.5 ka by Caruso et al. (2011).

5.3.2 Role of the Faults in the evolution of the Capo Plaia canyon
Capo Playa Canyon is the longest submarine canyon in the study area. Its orientation changes at the

least five times forming different straight transects along the talweg of the canyon (Figs. 6, 11) that are
parallel to the main orientation of the mapped offshore normal faults (Fig. 12) as well as with the as
well as with faults documented from different geological data by Agate et al. (2000) and Sulli et al.
(2012) along the western region of the NSCM . In view of this geomorphic characters of the Capo
Plaia canyon, we suggest that the documented offshore faults have played a key role in shaping of the

canyon and that the abrupt changes in canyon orientation are probably fault-controlled.
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5.3.3 Nature and activity of the fluid flow structures
The positive features mapped along the inner continental shelf show acoustic facies similar to the

acoustic anomalies described in Spatola et al. (2018a) and Ceramicola et al. (2018) in this respect: we
interpret these features as mounds resulting from fluid seepage processes.

We interpret the circular negative features, mapped by using the high-resolution bathymetric data on
the basis of their morphological parameters (e.g. size, shape) that are comparable to those of similar
features in the central Mediterranean Sea (Micallef et al., 2011; Lo lacono et al., 2014; Pennino et al.
2014; Spatola et al, 2018a, b), as pockmarks associated to seepage of fluids from the seabed (Hovland
et al., 2002; Judd and Hovland, 1992, 2007; King and MacLean, 1970). The concave-upward
reflectors characterising the unit C have been interpreted as evidence of buried pockmarks (Pennino et
al. 2014; Spatola et al, 2018a, Ceramicola et al., 2018). Our interpretation is strongly supported by the
occurrence of hydro-acoustic water anomalies (Fig. 7), which are interpreted as fluid/gas associated
with active seepage from the seafloor (e.g. Ceramicola et al., 2018; Sauter et al., 2006). The faults
displacing the seafloor and the sedimentary multilayer that are associated to the pockmarks can the a
preferable pathway for the migration of fluid/gas to seafloor.

The pockmarks have mainly been mapped in proximity of the landslide scars or parallel to the
canyons. We suggest, in respect of this spatial distribution, that the fluid flow processes play an
important role in the shaping of the landslide scars as well as of the submarine canyons hosted by the

continental margin.

5.4 Seismic-induced landslides recurrence time
The eight sedimentary bodies forming the Unit E and characterized by a transparent to chaotic seismic

facies show high similarity in terms of seismic features, extent and stratigraphic position with the
features described in Basilone et al., (2016) and have been interpreted as Soft Sediment Deformation
Structures (SSDS). We suggest, in view of the characters of the physiography of the present
continental margin and the spatially distribution of mapped geomorphic features, as most
preconditioning factor for mass movement the over-steepening, loss of support as a result of canyon
erosion and the fluid escape from the seafloor. The seismicity of the area, which is likely linked to the
mapped fault systems, on the other hand, could be the main trigger and in view of this, we interpret the
mass movement deposits as seismic-induced landslides. The seismic-induced landslides, as suggested
by the chronostratigraphic information provided by the accurate sequence stratigraphy analysis of the
Late Quaternary depositional sequence, suggests they have been deposited in the last 11.5 ky with a

recurrence time between 680 and 2200 years (Fig. 12).

6. Conclusions
In the central western sector of the NSCM unpublished high-resolution seismic reflection profiles and

swath bathymetry highlighted the role of active tectonics in shaping the seafloor morphology and

controlling the architecture of Holocene sedimentary sequences. For the first time in the study area
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calibration of seismic horizons with bio-chronostratigraphy available in the area and sedimentological

characterization of the Upper Quaternary deposits were used to provide a chronology of the seismic

events responsible for gravitational processes. The main conclusions of this paper are:

1)

2)

3)

4)

5)

the study area is affected by active tectonics coherent with the regional kinematics pointed out
by focal mechanisms and GPS-measured plate motion. In the study area the deformational
pattern is revealed mainly by NNW-SSE and E-W trending faults, with
extensional/transtensional and compressional kinematics, respectively;

the seafloor morphology is mostly regulated by neo-tectonic processes as suggested by the
alignment of pockmarks and mounds, the direction of gullies and minor submarine canyons.
The variable course of the Capo Plaia canyon, which is the largest one in the study area, and
one of the principal canyons in the NSCM, is outlined by the trends of the fault systems;

the spatial distribution, geometry, and seismic character of mass-wasting deposits suggest that
the fluid seepage, oceanographic processes and the slope over steepening could be important
preconditioning factors, while the tectonic activity showing fault displacements during
earthquakes represent the main triggering factor;

the gravitational instability of recent deposits lying above the slightly sloping continental shelf
was induced by earthquakes shaking unconsolidated sediments, favoured by high fluid
content. Almost 7 seismic-induced landslides were identified into the Holocene sequence;

the age-model of the Holocene deposits, supported by bio-chronostratigraphic calibration,
provided timing of the seismic-induced events. From this we calculated earthquake recurrence
times of 680-2200 years.

These results provide qualitative and quantitative information useful to assess the marine geo-hazard,

and particularly seismic hazard, along the Northern Sicily coastal region.
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Figure captions

Fig. 1. Location map of the southern Tyrrhenian Sea showing the main morphological-structural

features. Background bathymetry is from EMODnet bathymetry (http://www.emodnet-bathymetry.eu).

CZ: Capo Zafferano Promontory, CP Capo Plaia Promontory:, OT:, Ul: Ustica Island, Al: Aeolian
Islands, El: Egadi Islands. Red box is the study area.

Fig. 2. (A) Study area showing seismic reflection profiles (sparker and CHIRP sources), multibeam
data (highlighted the seismic lines displayed in this paper) and vibrocores location. CZ: Capo
Zafferano Promontory, CP Capo Plaia Promontory. (B) Physiographic features of the study area.
Black dashed rectangles: positions of Figs, 3-6.

Fig. 3. (A-B) Map of the main morphologic elements and features identified across the study area.
Longitudinal profiles across the study area. SB: Shelf break; Is: Inner shelf margin.

Fig. 4. Shaded relief map (above) and longitudinal profiles (below) across the western sector of the
study area. IS: inner shelf; OS: outer shelf; ST1: submerged terrace 1; ST2: submerged terrace 2; ST3:
submerged terrace 3; SB: shelf break; SL: slope ledge.

Fig. 5. Shaded relief map showing the detailed morphology of the Capo Plaia Canyon. Lines with
different colors indicate the 5 rectified directions identified along the Canyon stream.

Fig. 6. Seismic units identified both on sub bottom (A1) and sparker (A2 to E) profiles.

Fig. 7. Sparker seismic reflection profile across the central sector of the study area (see location in Fig.
2), showing mounds and associated hydro-acoustical anomalies (above) and offset reflectors in
correspondence of mounds (below).

Fig. 8. Isopach maps of the sub-units identified in the Unit E. For depth-conversion of travel times
from seismic profiles, we used 1.6 km/s sound velocity, as derived from correlation with well velocity
logs in adjacent areas.

Fig. 9. Shepard’s diagram with the mean grain size of the cores collected in the Gulf of Termini.

Fig. 10. A) 3D view of the study area with the main morphological features; B) Longitudinal profile
along the talweg of the Capo Plaia Canyon. Straight lines with different colors point out the transects
with different direction; C) Slope map of the study area from morphobathymetric data.

Fig. 11. A) Detail of the sparker seismic profile (location in fig.2). B) Geoseismic interpretation of the
seismic profile in A. C) Seismostratigraphy, physical parameters and Age Model of the interpreted
SSDS.

Table 1. Location of the vibrocores collected in the Termini Gulf (UTM and Geographic coordinates).
Table 2. Physical parameters and tentative lithological interpretation of the sub-facies identified in the
Unit E.
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ID UTM 33N GEOGRAPHIC
X Y LONGITUDE LATITUDE
VC01 | 376851 4217703 13°35'43,7895" E | 38°05'55,5001" N
VCO01b | 376851 4217703 13°35'43,7895" E | 38°05'55,5001" N
VCO02 | 376942 4217616 13°35'47,5787" E | 38°05'52,7228" N
VC03 | 377033 4217528 13°35'51,3684" E | 38°05'49,9130" N
VCO04 | 377125 4217440 13°35'55,1991" E | 38°05'47,1037" N
VCO05 | 377260 4217355 13°36'00,7928" E | 38°05'44,4127" N
VCO06 | 377396 4217270 13°36'06,4274" E | 38°05'41,7221" N
VC07 | 377531 4217184 13°36'12,0215" E | 38°05'38,9985" N
VCO07b | 377531 4217184 13°36'12,0215" E | 38°05'38,9985" N
VC08 | 377666 4217100 13°36'17,6142" E | 38°05'36,3397" N
VvC09 | 377781 4217003 13°36'22,3940" E | 38°05'33,2493" N
VC10 | 377896 4216907 13°36'27,1730" E | 38°05'30,1914" N
VC1l | 378010 4216810 13°36'31,9115" E | 38°05'27,1005" N
VC12 | 378125 4216714 13°36'36,6903" E | 38°05'24,0425" N
VC13 | 378241 4216666 13°36'41,4806" E | 38°05'22,5418" N
VC14 | 378318 4216618 13°36'44,6702" E | 38°05'21,0222" N
VC15 | 378395 4216570 13°36'47,8598" E | 38°05'19,5026" N
VC16 | 378473 4216521 13°36'51,0910" E | 38°05'17,9510" N
Table 1. Zizzo et al., 2019

Seismic Unit Max Thickness (m) Volume (m?) Interpretation

Sub-unit E8 144 40913 SSDS

Sub-unit E7 9.8 164550 Hemipelagic deposit

Sub-unit E6 7 388088 SSDS

Sub-unit E5 13.2 71733 SSDS

Sub-unit E4 9 25718 SSDS

Sub-unit E3 10.5 55238 SSDS

Sub-unit E2 9 10528 SSDS

Sub-unit E1 7.5 43876 SSDS

Table 2. Zizzo et al., 2019
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CHAPTER 5

Potential Cyclic steps in a gully system of the Gulf of Palermo (Southern Tyrrhenian
Sea)

NOTE This chapter is a scientific paper published in “Springer International Publishing Switzerland
2017 J.Guillén et al. (eds), Atlas of Bedorms in the Western Mediterranean”. The authors are the
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Abstract
Multibeam bathymetric data revealed the occurrence of a train of bedforms along a gully system in the

Gulf of Palermo, southern Tyrrhenian Sea. The observed gullies, located in the westernmost sector of
the Gulf of Palermo, incise the outer shelf at a depth of 120 m and converge at the Zafferano Canyon,
connecting to the Palermo Basin at a depth of 1300 m. Bedforms develop along these gullies and along
the thalweg of the canyon, displaying an average wavelength of 200 m, with maximum values of 340
m. Their gully floor location combined with their wave length, upslope asymmetry and crescent shape
point to a possible cyclic step origin of these bedforms. Preliminary numerical modelling suggests
that, assuming that these bedforms were formed by cyclic steps in turbidity currents, these flows might

have been few meters thick and have had velocities in the range of 0.2-1.5 m/s.

Keywords: Cyclic steps, Gullies, Submarine canyons, Turbidity currents, Gulf of Palermo, Tyrrhenian

sea.

1. Introduction-Study Area
The submarine canyons of the Gulf of Palermo (northwestern Sicily, southern Tyrrhenian Sea) deeply

carve the sedimentary sequence of the Palermo slope and basin system, most of them breaching the
shelf margin, and extend to a depth of 1500 m, coinciding with the deepest area of the Palermo
intraslope Basin (Lo lacono et al. 2011, 2014). A train of bedforms occurs along a gully network in
front of Cape Zafferano, in the easternmost sector of the gulf, where the continental shelf is no wider
than 3 km (Fig. 1). The channel floor location of the bedforms, together with their wave length,
crescent shape and upslope asymmetry, suggests that they might have developed as a result of a cyclic
step process. In such a process, the downstream side of the bedform (the lee side of the bedform) is
continuously eroded by a supercritical flow (Froude Number [Fr] > 1), while the flatter upstream side
of the bedform is shaped by depositional subcritical flows (Fr < 1) (Parker 1996). This process leads to
the formation of a series of asymmetrical upslope-migrating (often crescent-shaped) bedforms (Clarke
et al. 2014). Similar bedforms have been observed in open slope environments (Migeon et al. 2000;
Pratson et al. 2000; Hill et al. 2008; Urgeles et al. 2011) and more frequently along the thalweg of
several submarine canyons and gullies (Fildani et al. 2006; Clark et al. 2014; Covault et al. 2014;
Zhong et al. 2015) and could be interpreted as cyclic steps (Cartigny et al. 2011; Kostic 2011).
Unfortunately, there are no available data to definitely confirm a cyclic step origin of the bedforms
presented here, or even to proof their upslope migration over time.

These bedforms are interpreted here as cyclic steps purely on the basis of their geometry and location.
We aim to present their morphologic interpretation and in second instance to roughly estimate the
main characteristics of the flow potentially responsible for their formation, applying an hydraulic flow

model.
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2. Materials and methods
Swath-bathymetry multibeam (MB) data available for this study were acquired during two different

oceanographic cruises in 2001 (CARG Project) and 2009 (MaGIC Project) (Chiocci and Ridente
2011). The MB system of the 2001 cruise was a Reson SeaBat 8111 generating 105 beams at a
frequency of 100 kHz. The MB system of the 2009 cruise was a Reson SeaBat8160 generating 126
beams at a frequency of 50 kHz. The MB data were post-processed with the PDS-2000 system. Digital
terrain models were produced with a footprint resolution of 20 m. For further details, see Lo lacono et
al. (2011, 2014). Global Mapper and Golden Software Surfer 9 were used to map the trains of
bedforms and to calculate their main morphometric characteristics (Table 1). The bedform steepness
has been defined as the step heights divided by the step lengths (h/L). The asymmetry index (Al)
(Knaapen 2005) is defined as L2-L1/L, where L is the distance between two troughs, L1 is the
distance between upslope trough and crest and L2 is the distance between the crest and the downslope
trough. An Al > 0.02 indicates the presence of asymmetric bedforms. Negative Al values indicate a
downslope asymmetry and positive Al values indicate an upslope asymmetry. The applied numerical
model strongly simplifies the flows by averaging all flow parameters over the depth, by excluding any
exchange of sediment in between the flow and the bed, and by limiting the downstream evolution of
the flow to only include small variations as described in gradual varying flow theory. The numerical
model uses an average grain size (medium sands) and the stoss and lee side slopes of observed
bedforms as input data. The model runs several thousands of simulations for flows combining
different discharges, Froude numbers and sediment concentrations. The synthetic bedform
wavelengths and amplitudes predicted by these simulations are finally compared with the dimensions
of the observed cyclic steps, and the most appropriate characteristics of their genetic flow are then

fitted. More details on the model and its assumptions can be found in Cartigny et al. (2011).

3. Results-Discussion
The cyclic steps of the Gulf of Palermo were mapped in a depth range of 125-1050 m along a network

of 9 gullies breaching the shelf-edge in front of Cape Zafferano, the eastern cape of the gulf (Figsl, 2).
The gullies have an average width of 180 m and are up to 20 m deep. Some of the gullies display a
smoothed and planed morphology of unclear origin within a depth range of 500-700 m (Fig 2). The
mapped bedforms have a wavelength ranging from 110 to 340 m and an amplitude ranging from 0.8 to
5 m. Their steepness ranges from 0.007 to 0.01, this last value corresponding to the most
morphologically pronounced bedforms, where steeper lee (downslope) and stoss (upslope) sides occur
(Fig 3). These bedforms are also the most (upslope) asymmetric, with an Al of 0.27. The general
slope gradient of the gullies along which the most asymmetric and steepest bedforms occur ranges
from 7° to 10°.Based on the assumption that the bedforms developed as a result of a cyclic step
process, rough estimations of the turbidity currents which generated the cyclic steps can be made using

a simple numerical model for a given range of flow characteristics. The bedforms of Cape Zafferano
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displaying a more pronounced morphology are here used as input for the model (Fig 3). The average
characteristics for the selected bedforms (700-800 m water depth) are summarized in Table 1.

The model calculations indicate that the observed cyclic steps are likely generated by flows around 1
m thick, with average velocities of exceeding 1.0 m/s. The maximum velocities at the toe of the steep
lee sides could reach values of ~1.5 m/s, whereas on the flatter stoss sides the flow reaches a
maximum thickness exceeding 2 m combined with a minimum velocity of ~0.2 m/s (Fig 3). As the
model makes several assumptions to simplify the flow dynamics, it is necessary to point out that these
values are only very rough estimates, and are fully dependent on our cyclic step interpretation.

The occurrence of the studied bedforms along the Capo Zafferano Canyon and associated gullies
likely suggests intense turbidity current or a variation in morphology and grain size along these
incisions compared to the other canyons mapped in the Gulf of Palermo, where bedforms are
apparently absent. This observation fits with previous considerations describing the easternmost
canyons and gullies of each gulf along the northwestern Sicilian margin as the most intensely subject
to downslope turbidity flows (Lo lacono et al. 2014). The topography of the eastern Cape Zafferano
and the corresponding decrease in the shelf width probably control the path of the along-shelf currents,
which are diverted towards the canyon heads, promoting the creation of turbidity currents. Few
insights are actually available about the age of the observed bedforms. The reduced steepness of most
of the cyclic steps leads us to interpret these bedforms as no longer active and likely degraded in their
height by sporadic diluted sedimentary flows and bioturbation processes.

4. Conclusions
Swath-bathymetry mapping along the Gulf of Palermo (southern Tyrrhenian) revealed the occurrence

of trains of bedforms along a set of shelf incising gullies connected to the Zafferano Canyon. The
observed bedforms are upslope asymmetric and display maximum lengths of 340 m.

Based on their location and geometry, these bedforms are here interpreted as formed by cyclic step
processes in turbidity currents.

A preliminary and strongly simplified numerical reconstruction suggests that the flow controlling the
development of such cyclic steps is a few meter thick (0.3-2.5 m) and might have reached peak

velocities exceeding 1 m/s.
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Figure captions
Fig 1 Bathymetric model of the study area. Cape Zafferano is the eastern cape of the Gulf of Palermo

Fig 2 Bathymetric model of the submarine gullies and of the Zafferano Canyon, where interpreted
cyclic steps (CS) were mapped

Fig 3 3D bathymetric model of the most pronounced cyclic steps in the area, where numerical models
were applied to reconstruct the intensity (U) and thickness (h) of the corresponding turbidity currents
(section A-A")

Table 1 Bedform characteristics of profile A-A’ in Fig 3.

Lo lacono et al., 2017

Depth range (m)

Fig 1. Lo lacono et al., 2017
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Fig 2. Lo lacono et al., 2017
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Table 1. Lo lacono et al., 2017

Slope stoss Slope lee Length
side (m) side (-) (m)
-0.008 0.164 224

0.026 0.217 198
0.003 0.110 249
—0.038 0.063 286
-0.004 0.138 239
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CHAPTER 6

Seismotectonic map of the Northern Sicily Continental Margin (NSCM) and
implications for Geohazard assessment

NOTE This chapter is a “working in progress” scientific paper in collaboration with: Attilio Sulli,

Maurizio Gasparo Morticelli and Aaron Micallef.
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1. Introduction and geological-geophysical setting
The Northern Sicily Continental Margin (NSCM) is a segment of the Appeninic-Tyrrhenian System

whose upbuilding refers to both the post-collisional convergence between Africa and a very complex
“European” crust (Bonardi et al., 2001) or AlKaPeKa (sensu Boullin, 1986) and the opening of the
Tyrrhenian back-arc basin.

Seismo-stratigraphic and morpho-structural analysis of a large number of available (from ViDePi
project) and unpublished (from Department of Earth and Marine Science of the University of Palermo)
multichannel seismic reflection profiles acquired across the NSCM, together with new
morphobathymetric data, allow us to produce a seismotectonic map, in order to obtain a useful tool for
the assessment of the seismic hazard of the sea-land region.

The NSCM is suitable to test this approach because it is located in a transitional area between the
Sicilian-Maghrebian chain to the south and the Tyrrhenian back-arc basin to the north. Along this
transect the Moho depth ranges from about 10 km, in the Marsili bathyal plain, to about 40 km,
towards the northern Sicily coast. The Bouguer anomalies change from 180 mGal in the Tyrrhenian
region to negative anomalies in central Sicily (-100 mGal), while positive magnetic anomalies
characterize the volcanic edifices, both submerged and buried. While, the heat flow shows very high
values across the southern Tyrrhenian Sea (200 mW/m-2) that decrease (30-40 mW/m-2) towards the

stable sector of the foreland area (Iblean plateau in SE Sicily).

2. Methodology
The seismotectonic map has been compiled from the overlapping of different geological layers that

represent the main identified seafloor and sub-seafloor features (Fig. 1), such as geological map (Fig.
2), tectonic elements (normal and reverse faults), earthquakes, heat flow, gravimetric (Fig. 3) and
magnetometric (Fig. 4) anomalies, Moho depth (Fig. 3), heat flow (Fig. 5), mass-wasting, fluid escape
structures (e.g. pockmarks, mounds, gas flares, and gas chimneys), sedimentary successions (Fig. 1),

ground acceleration and lateral/vertical motions (Fig. 6).
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3. Recent and active tectonics and related processes
The eastern part of the Sicilian continental margin is characterised by a deeper seismicity related to the

lonian subduction, which is prevailingly linked both to extensional fault systems (Pollina, Messina
strait) and to right-lateral NW-SE transcurrent systems (Vulcano-Lipari and Tindari-Giardini). While
the western region shows shallow earthquakes (up to 25 km) of low to moderate magnitude (max Mw
5.9 on September 2002) occurring along an E-W trending belt and resulting from the brittle
deformation of the Maghrebian chain. The focal mechanisms related to the main seismic shocks are in
agreement with a dominant NW-SE compressive offset direction, with a right strike-slip component,
and an antithetic NE-SW fault trend. Evidences of mass-wasting processes have been identified across
the continental shelf and the continental slope and their spatial distribution, geometry, and seismic
character suggest that the fluid seepage, oceanographic processes and the slope oversteepening could
be important preconditioning factors, while the tectonic activity showing fault displacements during
earthquakes is the main trigger. During the last 125 ky tectonic activity is evidenced by an
uplift/subsidence patterns, decreasing from E to W. The continental regions are raised while offshore
areas are subsiding, suggesting the occurrence of vertical differential movements. The GPS
measurements document the active deformation with differential movements of individual blocks
northward-directed, in agreement with the shallow seismicity, as well as with the convergence

between Sicily and Sardinia, with values of about 2-6 mm/y.
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4. The seismotectonic map of the Northern Sicily continental margin
This work produced the detailed seismotectonic map including both the terrestrial and marine areas

(Fig. 7). We distinguished, at a regional scale, different shallow and deep seismogenetic volumes.
Across the NSCM, we defined two main seismogenetic volumes that are produced by a NW-SE
oriented compressional stress field defining an interplate shallow seismogenetic zone. Though these
results are only preliminary, we provide a scientific product that can provide useful information in
terms of seismic hazard in a complex region that includes both continental and marine sectors.
Therefore, the identified geological features may be potentially geohazard elements for the
neighbouring population and for the near goods, as well as submarine infrastructures (i.e. cables) and
our seismotectonic map represent an important tool for monitoring the potentially seismogenic
structures and assessing geohazards in marine and coastal environments.
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Fig. 7. Seismotectonic map of the NSCM. Blue boxes main seismogenetic volumes, including the

1998 and 2002 earthquakes. Black boxes: secondary zones, with strong seismicity and active tectonics.
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CHAPTER 7

Comparing methods for computation of run-up heights of landslide-generated tsunami
in the Northern Sicily continental margin

NOTE This chapter is a scientific paper published in “Geo-Marine Letters” journal. The authors are
the followings: Attilio Sulli, Elisabetta Zizzo & Ludovico Albano (2018). orcid.org/0000-0002-7705-
3632.
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Abstract

The North Sicily continental margin is a very active region located in the Central Mediterranean.
Strong seismicity, active tectonics and volcanism, fluid escape, high sediment supply and widespread
mass movements historically have exposed this region to marine geohazards, with a potential for
tsunami generation. Morpho-bathymetric analysis revealed that one of the most common mechanisms
associated with marine geo-hazards is due to submarine mass failure processes, genetically linked to
the other processes active in this margin. With the aim to assess the risks associated to landslide-
generated anomalous waves, we selected two sectors of this margin, Gulf of Palermo to the west and
Patti offshore to the east. The working flow included analysis of the morpho-bathymetric data,
morphometric characterization, calculation of parameters of landslide-generated waves, and
computation of run-ups by using different algorithms. Assuming that each of the identified landslides
could be a potential tsunamigenic source, we calculated the associated theoretical run-ups, referring to
the main computation methodologies proposed in the scientific literature. In order to identify the
methodology that better suits run-up values for landslide generated tsunami, we compared the known
run-up values of actual, historical cases with those calculated through the different methodologies. The
values obtained with the most suitable algorithm, both for theoretical and historical events, fit a curve
that we used to formulate an empirical law describing the relationships between amplitude and depth,
at the source point, and relative run-up. It can be used to calculate easily and promptly the run-up
associated to a generic Landslide Generated Tsunami.

Keywords: tsunami, run-up, submarine landslide, geo-hazard, morpho-bathymetry, continental

margin.

1. Introduction
Tsunamis are gravity-driven water waves, most of which generated by vertical displacement of the

seabed that propagates through the water column to the surface. The resulting elevated surface wave
collapses owing to gravity and then propagates outward from the source. Dispersion of the original
wave generates a multiple wave train. Tsunamis are mainly (~80%) generated by earthquakes, but
alternative mechanisms include subaerial and submarine landslides and volcanic collapse and
eruption (Tappin 2017). Their main features are represented by both the long wave length (Charvet et
al. 2013) and the height that can vary significantly from the open sea toward the coastal areas
(Ezersky et al. 2013), giving the known destructive effect of tsunamis (e.g. the dramatic events in
Indian Ocean 2004 and Japan 2011). Where the water depth gradually decreases, the wave slows
dramatically, become compressed and grows steeper. Historically known events are referred to
sensational episodes which registered significant values of run-up (Ru), accompanied by the highest
risks with loss of life. So it is a commonplace that tsunamis are generated mostly by earthquakes,

because of presence of seismic stations widespread on the ground that allows the phenomenon to be
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easily attributed to a seismic event, and then focusing the study of the associated risks almost
exclusively on seismic sources. In recent decades, morpho-bathymetric and high-resolution seismic
surveys of extensive marine areas made it possible to investigate in detail the presence of large mass
transport deposits, and other morphological features attributed to tectonics, volcanism and fluids
seepage. As a consequence recent researches have been also addressed to tsunami sources other than
earthquake, paying particular attention to landslides, which can generate large size tsunamis
(Synolakis et al. 2002; Tinti et al. 2008; Liu et al. 2005; Glimsdal et al. 2013). Furthermore, medium-
scale landslides are more hazardous as they occur at higher frequency (Casalbore et al. 2011). In order
to produce an adequate assessment of the potential landslide-generated tsunami (LGT), there are
several statistical, graphical, and analytical methods (Dao et al. 2013; Flouri et al. 2013). The latter
are the most common methods for LGT assessment; they are founded generally on two characterizing
parameters, length and amplitude of the wave near the point source, which can be determined with
algorithms based on the morphometry of submarine landslides in the neighbor of the source area
(McAdoo et al. 2004). The main parameter of tsunamis in the coastal area is the run-up, which is a
measure of the maximum vertical raising of the wave, which is a function of both the height of the
incident wave to the shore, and the morphology of the coastal sector where the water mass is
impacting. Despite of some inaccuracies, these simulations can fruitfully be used for fast tsunami
hazard assessments. For mapping coastal risk, a good estimate of the maximum height reached by the
wave is essential because it is closely linked to the calculation of flooding. Overall, these data are
used to define a buffer zone to protect the coastal infrastructure by tsunami events. Based on these
assumptions, we analyzed the North Sicily continental margin (NSCM), because it is a tectonically
active area with potential for tsunami generation, as in the cases of Messina (1908) (Aversa et al.
2014; Billi et al. 2010) and Stromboli (2002) (Chiocci et al. 2008; Tinti et al. 2005; Tinti et al. 2006).
Morpho-bathymetric and seismic data, recently collected in the frame of MAGIC and CARG projects,
revealed the occurrence of widespread submarine mass transport, genetically related to different
processes affecting this margin (canyon, fluid seepage, volcanism, tectonics). In addition, the
northern Sicily is characterized by coastal mountains and hills, which are part of the Sicily fold and
thrust belt, which yields a great amount of sediments that contribute to the instability of the margin.
We identified two different sectors of this margin, located in the western (Gulf of Palermo) and
eastern (Patti offshore) coasts, chosen based on their morphological, stratigraphic and structural
features, which could act as sources of tsunamis. Considering that most of models were proposed for
open oceanic areas and they are rarely suited to semi-confined and narrow basins, the main aims of
this paper are to assess the potential hazard associated to LGT in the NSCM, and to identify and
verify a fast analytical methodology effective for a basin with the characteristics of the
Mediterranean. We reached this purpose by comparing the results obtained with different methods of

run-up computation applied to the potential Sicilian LGT with those related to actual events of LGT.
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2. Geological setting
The NSCM extends in the southern Tyrrhenian Sea, from the north Sicily coastal belt to the Marsili

bathyal plain (Fig 1). The margin is located in the transitional area between the Sicilian—Maghrebian
chain to the south (Agate et al. 1993) and the Tyrrhenian back-arc basin to the north (Kastens et al.
1988). This region originated as a consequence of a complex interaction of compressional events,
crustal thinning and strike-slip faulting (Pepe et al. 2005). Tectonic activity started in the Miocene
with the thrusting of the Kabilian-Calabrian units followed by the deformation of the Sicilian—
Maghrebian chain until the early Pliocene (Sulli 2000), while the opening of the Tyrrhenian Sea led to
the subsidence of the margin since the Late Tortonian (Fabbri et al. 1981). E-W, NW-SE and NE—
SW-trending both extensional and compressional faults with a local strike-slip component, exerted
control on the morphology of the present day shelf and coastal areas during the Pleistocene. On the
continental shelf, Pleistocene deposits are truncated by an erosional surface formed during the last
glacio-eustatic oscillation. Prograding sedimentary wedges of coastal deposits, formed during the Last
Glacial Maximum (LGM, about 20 ka), are present along the shelf margin (Caruso et al. 2011). In the
Patti sector, the occurrence of fault segments and the alternation of rocks with different competence,
namely the Hercynian metamorphic basement, its Meso-Cenozoic carbonate, Oligocene-Miocene
terrigenous cover and Pleistocene deltaic sands and gravels (Carbone et al. 1998) produced a very
uneven and steep submarine morphology. Due to active tectonics, sedimentation and sea-level
fluctuations, both in the Gulf of Palermo (western NSCM) and the Patti offshore (eastern NSCM),
swath-bathymetry shows a very active continental shelf-slope system, incised by several submarine
canyons and related mass failure. The shaping of the canyons is due to both downslope evolution
along tectonic lineaments, often in correspondence of the mouth of the torrential rivers, and concurrent
up-slope retrogressive mass failures (Lo lacono et al. 2011; Lo lacono et al. 2014). The upper plate
seismicity of the NSCM is defined by compressional focal mechanisms to the west and extensional to
strike-slip mechanisms to the east. Shallow (<25 km) seismic events of low to moderate magnitude
(max M 5.6 in September 2002) occur along an ENE-WSW trending belt, coinciding with the
Kabilian-Calabrian thrust, coupled with a NW-SE compressive offset direction (Agate et al. 2000;
Giunta et al. 2009). The main seismicity of the Patti area (max M 6.1 in 1978) is linked to right-lateral
NNW-SSE transcurrent systems (Neri et al. 1996). High uplift rates during the last 125 ky were found
along the eastern NSCM (0.8-1.63 mm/y), (Ferranti et al. 2010). The vertical rates show a decrease
from E to W, and highlight coseismic activity between adjacent sectors, while comparison between
onshore and offshore sectors suggests the activity of fault systems parallel to the coastline, causing
differential vertical movements (subsidence vs. uplift) (Sulli et al. 2013). The western NSCM shows a
present-day stability, except for local vertical movements in the Castellammare area, where uplift rates
reach 0.1-0.2 mm/y (Mauz et al. 1997; Antonioli et al. 2006).
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3. Materials and methods
To identify the landslides that could generate tsunamis in the NSCM, we used morpho-bathymetric

data, acquired from 2001 to 2010 by the Marine GeoGroup of the University of Palermo, in the frame
of CARG (national official geological cartography) and MAGIC (Marine Geohazards along the Italian
Coasts) projects (oceanographic cruises DFP04, R/V Universitatis; EGUS2001, R/V Thetis;
PUMAZ2009, R/V Universitatis; MACS2010, R/V Universitatis; Patti2003, R/V Thetis). In the
EGUS2001 and Patti2003 cruises, a Reson SeaBat 8111 MultiBeam EchoSounder (MBES),
generating 105 beams with a frequency of 100 KHz and operational range of 20-900 m bsl was used;
in the cruises DFP04 and PUMAZ2009, a Reson SeaBat 8160 MBES, with a lower frequency (50 kHz),
but able to investigate at higher depth (3000 m) was used. We post-processed the collected data with
the software PDS2000, applying graphic removal of erroneous beams, noise filtering, processing of
navigation data and correction for sound velocity. To obtain the Digital Terrain Model (DTM), we
chose different footprint resolution depending on the depth, with a cell size of 10 m in the shelf and 20
m in the continental slope (mean resolution of 15 m). The workflow was developed through the
following steps (Fig 2):

1) Analysis of the morpho-bathymetric data. The first step was to identify and to map a large
amount of submarine landslides, potentially generating tsunamis, in the Gulf of Palermo and in the
Patti offshore. Golden Software Surfer and Global Mapper were used to obtain 3D maps and
bathymetric profiles DTM and to analyse the morpho-bathymetric features.

2) Morphometric characterization. We measured the main morphometric parameters useful to
calculate the potential landslide-generated anomalous wave (Fig 3): length (b) and width (w) of
landslide; its depth (ds) measured in the center point; slope angle at the source area (6); thickness in
the central point (T).

3) Calculation of parameters of the landslide-generated wave near the source point.
Assuming each interpreted submarine landslide as tsunamigenic sources, we calculated the
characterizing parameters of the landslide-generated wave near the source point, wave amplitude (As)
[1], and length (Ls) [2] (Fig 3), by using McAdoo et al. (2004) equations.

1.25
) [sin 0129 — 0.746 sin §22° + 0.170 sin 632°] (i)

ds
[2] Ls = 3.8 [(” dS)O'S]

sin 6

[1] 4s = 0224 T (

w
w+Ls

Tsunami is characterized by large wave lengths, which remain basically unchanged, but the amplitude
changes during propagation, in agreement with the principle of energy conservation, considering that
the wave speed, which is function of water depth, decreases coastward due to the fast depth decrease.
The wave speed near the coast (c) can be calculated using Zhao et al. (2010) equations [3].

[3] ¢ =g (Ac +do)
where dc is the conventional interference depth of wave with sea bottom (10 m), Ac is the wave height

near the coast, and g is the gravity acceleration. This parameter represents the shoaling process, that is
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how the wave amplitude changes with the depth variation. To calculate Ac we used the Green law [4]
that relates the wave amplitude at a generic point (Ac) to the amplitude at the source point (As).

[4] Ac = As (2)0'25
4) Computation of run-ups with different algorithms. The run-up (Ru) is the main parameter
that identifies the magnitude of a tsunami event. In order to estimate the tsunamigenic potential
associated with submarine landslides we calculated the Ru of waves at the coast, through different
algorithms (Synolakis 1987 [5]; Federici et al. 2006 [6]; Didenkulova et al. 2009 [7]; Zhao et al. 2010
[8]; Bryant 2014 [9]), obtained from simple empirical relationships, fluid dynamic laboratory
simulations or numerical modelling (Fig 4), but we didn’t consider dispersive wave models, not
consistent with a rapid computation.
The equations proposed by Synolakis (1987), Zhao et al. (2010), and Bryant (2014), were formulated
for events generated by earthquakes.
In order to simplify the computation, the equations refer to a theoretical coastal sector, where the
height of the waves does not change with the morphology of the coast and during the propagation of

the wave the energy does not decrease.

[5] Ru =dc 2.831(\/cot a) (%)5/4

_ c? Ac
[6] Ru = Ac + \/gtana (Lc + 2tana)
[7] Ru = 3.5Ac\/%

[8] Ru = 3.043 Ac \/c

3Ac (dccota)
4dc3\ Jgdc
[9] Ru = 2.83 vcota Ac™/

To apply these algorithms we had to get other parameters:

a- slope of the coastal strip (we assumed it equal to 1°);

p- Breaking point—coastline interval (considering a breaking point depth of 10 m and a constant slope
of 1° it corresponds to a constant value of 588,23 m).

k —wave number (according to Zhao et al. 2010) [10]

3Ac
4dc3

[10] k =

Lc —wave length near the coastal sector (according to Federici et al. 2006) [11]

4qdc

Ac
V33

[11] Lc =
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Zmax - maximum raising reached by the water respect to the wave amplitude (according to Federici et
al. 2006) [12]

[12] Zmax = \/(%) tan a (LC + (2 tii a))

4.1) Computation of run-ups with different algorithms: run-ups of historical cases. The
considered equations were applied to actual historical cases. We considered historical cases of LGT,
extending worldwide because Mediterranean tsunamis are almost completely attributed to
earthquakes.

We selected LGT with more detailed information, to apply the described equations and to compare
computed theoretical results with real values, to identify the equation that provide more reliable
results. Morphometric parameters were extrapolated from available data, or integrated with low

resolution morpho-bathymetric data available on-line (http://www.gebco.net).

Following the selection of the best method to calculate the LGT run-ups, we put together actual LGT
and potential Palermo Gulf and Patti offshore LGT, and drew the relative fitting curve to extrapolate a
fast empiric equation that allows to calculate quickly run-ups.

4. Results
Throughout the study areas, we identified and parameterized, but not classified, 21 significant

landslides, 18 in the Gulf of Palermo (Table 1) and 3 in the Patti offshore (Table 2) respectively, on
the basis of bathymetric and morphological features, such as size, depth and distance from the coast.

4.1 The submarine mass failures in the NSCM. The Gulf of Palermo
The continental shelf in the Gulf of Palermo occupies an area of approximately 250 km? and is 8 km

wide on average. The Gulf of Palermo shows a very active continental shelf-slope system, incised by
several submarine canyons, which locally indent the shelf-edge, and flow into the Palermo intraslope
basin, at a depth of around 1,300 m. Most of the mass failures of the area are related to canyon shaping
processes and only few of them are not confined to the upper slope (Fig. 5). The continental shelf is
characterized by mounds and pockmarks. The average height of the mounds is approximately 80 m
and their maximum area is about 50000 m?, while the average depth of pockmarks is about 20 m and
the maximum area is 85000 m? (Fig 5). The canyons evolved through concurrent top-down turbiditic
processes and bottom-up retrogressive mass failures, whose average length is about 5000 m, while the
mean width is about 1000 m The main geological feature that controls the evolution of the canyons
and induces sediment instability is the steep (1-10°) slope gradient. Faults and antiforms contributed to
the regulation of mass failure processes, while the alignment of pockmarks and authigenic carbonates
suggests a relationship between structural control, fluid escape processes and mass failures (Lo lacono
et al. 2011). The 18 main submarine landslides of the Palermo Gulf (Fig 5), observed along the upper

slope, are presented from the east to the west in Table 1. The main mass failure is the well preserved
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Priola landslide (PMO-10), affecting the uppermost slope, at a depth of 150 m. The scar (Fig 6), which
is about 900 m wide and 100 m high, displays a semicircular shape and a failure plan flattening
towards the detachment area, indicating a rotational component in a general translational mass
movement. A detailed description of the morphometric characters of the landslides is presented in
Table 1.

4.2 The submarine mass failures in the NSCM. The Patti offshore
In the Patti offshore, the shelf margin is strongly uneven and mainly located at a depth of 140-145 m

(Fig 7). A dense network of canyons, gullies, channel-levee systems, structural steps and highs,
submarine terraces and landslides, sedimentary creep features, show that the margin is very young and
continuously reactivated by tectonic processes. The shaping of the canyons is due to both downslope
evolution along tectonic lineaments, often in correspondence of the mouth of torrential rivers, and
concurrent up-slope retrogressive mass failures. The landslides analyzed in the Patti offshore are
presented in Table 2. The well-preserved Orlando landslide (PTT-01 in Table 2) is located in the upper
slope, at a minimum depth of 153 m. The scar (Fig 8), which is about 586 m wide, has a detachment
surface of 0.48 km? and a perimeter of 2.96 km, shows a semicircular shape and a plane flattening to
the detachment zone, which indicates a rotational component in a translation mass movement. It is

only 3.3 km far from the coast.

4.3 Landslides morphometry and run-up computation
With the aim to compute the expected run-up for theoretical LGT, we measured the morphometric

parameters of each landslide (Table 3), considering them as potential source of anomalous waves. The
morphometric analysis confirms that the Priola (PMO-10) landslide is the main feature in the Palermo
Gulf, while the Orlando (PTT-01) landslide is the most prominent feature in the Patti offshore. The As
and Ls values were calculated to model the hypothetical wave generated near the source point from the
identified submarine landslides, by using the McAdoo et al. (2004) equations, and obtained the related
wave lengths and amplitudes (Table 4). Starting from these values, we calculated the basic parameters
to compute the expected run-ups for each landslide (Table 5). In Table 5 we can notice that the slope
was considered as a constant values (1.0°) to simplify the model, while the major wave amplitude near
the coast is 1,04 m (PMO-10), the minor values is 0,04 m (PMO-15); the major wave length near the
coast is relative to PMO-15, the minor values is for PMO-10.

Subsequently, we computed the values of run-ups referred to the interpreted submarine landslides
(Table 6). By applying the different equations, the run-up values change strongly for the analyzed
landslides. In particular, from the comparison of the different methods used in both sectors (Gulf of
Palermo and Patti offshore), characterized by different geological and morphological characteristics,
the higher values are those obtained with the Bryant (2014) method (PMO-10 and PTT-O1 for
Palermo and Patti respectively), while the lower values are those calculated with Didenkulova et al.

(2009). From our results it is also evident that there are not valuable differences among the run-up
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values obtained with the methods proposed by Zhao et al. (2010) and Synolakis (1987), even if the
Federici et al. (2006) method provide more mean values and minor differences among the obtained
values (Table 6).

5. Discussion
In general, the results show that most of the submarine landslides are confined on canyon walls. As a

consequence they could propagate without significant loss of energy, representing therefore a
significant hazard and a possible threat of tsunamis along the coast. Moreover they could be,element
of potential risk also for underwater installations or cables. But the comparison among swift methods
used to assess run-ups relative to both landslide- and earthquake-generated tsunamis showed that the
obtained theoretical values are very different among them. In order to identify the best method to
obtain the most realistic value of LGT run-ups, we tested all the algorithms with historical events, in
order to verify the values obtained with different equations with actual values.

To do this, we selected historical events of LGT where we found thorough data sufficient to
get the parameters that we have to enter into the equations. In particular we analysed four cases of
LGT:

o Mona Passage (between Hispaniola and Puerto Rico), occurred on October 11, 1918 (L6pez-
Venegas et al. 2008)

o Valdez (Alaska), where on March 27, 1964, a strong earthquake triggered a large submarine
landslide that generated a tsunami, with run-ups of 6 m (Parson et al., 2014; Nicolsky et al. 2010);

o Nice (France), occurred on October 16, 1979 (Labbé et al. 2012);

o Papua (New Guinea) occurred on July 17, 1998 (Tappin et al. 2008; Heinrich et al. 2000);

For these events we calculated the morphometric parameters that are reported in Table 7.

Subsequently we calculated the parameters relative to the height and length of the anomalous wave
near the source point (Table 8) and near the coast (Table 9). Based on these parameters we computed
with the different algorithms the theoretical values of run-up (Table 10) and compared the results with
the actual values. The comparison showed that with the methods proposed by Zhao et al. (2010),
Synolakis (1987) and Bryant (2014), for events generated by earthquakes, as well as those coming
from the Didenkulova et al. (2009) algorithm, we obtained theoretical values diverging very much
from the actual values of run-ups. Differently, the method proposed by Federici et al. (2006) return
theoretical values comparable with the actual run-ups.

The results coming from the algorithm of Federici et al. (2006) returned theoretical values very similar
to the real run-ups for all the considered events, and further the expected values are always higher than
the measured ones. This is a very important aspect because it represents a precautionary element for
the assessment of the geological hazard of LGT. For this reason, we took into account the values

returned by this algorithm to draw a graph in order to relate the expected run-up values (relative to
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both the NSCM and actual LGT events), according to Federici et al. (2006), to the wave amplitude
near the source point (Fig 9). Analysing the resulting graph, it is clear that the distribution is ordered
according to a curve where the highest values of run-ups are in direct proportionality, as expected,
with the wave amplitude. Nevertheless, a small section of the curve shows an opposite trend: for very
low wave amplitude (<0.4 m) values, an increase in run-up values is observed whit decreasing
amplitudes. It means that for amplitudes less than 0.4 m the major contribution to the run-up derives
from the raising (Zmax), While for higher values the greater contribution is given by the value of the
amplitude.

Based on the drawn curve we deduced an empirical equation [13] linking the wave amplitude to the

expected run-ups and fitting the plotted values:

[13] Ru = 34s® + 5As +0.075
v As

This equation has been applied both to the hypothetical LGT events in the NSCM studied areas and to
the historical actual events. The results (Table 11), compared to the run-up values of the actual events
are surprisingly more fitting than those obtained from Federici et al. (2006), even if the differences are
minimal. In this way, we propose an empirical method of tsunami computation that, notwithstanding
the lack of theoretical backing, allows obtaining very promptly run-up values of LGT, which can be
used in rapid assessment or to draw flooding maps in large regions.

6. Conclusions
Analysing the morpho-bathymetry data of the northern Sicily continental margin, a tectonically active

sector of the central Mediterranean characterized by widespread instability, several submarine
landslides were identified. Assuming that each of them could be a potential tsunamigenic source, we
calculated the associated theoretical run-ups, referring to the main computation methodologies
proposed in the scientific literature. In order to identify the methodology that better suits LGT values,
we compared the known run-up values of actual cases with those calculated through the different
methodologies. Once verified that the Federici et al. (2006) method better approximates the values of
actual LGT events, we formulated an empirical law that allows calculating promptly the run-up

associated to a generic LGT having as starting data the amplitude of the wave near the source point.
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Figure captions
Fig 1 Structural map of the NSCM with the main tectonic features (data from Bigi et al. 1992; Sulli

2000). In the bottom left corner the regional setting of the central Mediterranean (from Gasparo
Morticelli et al. 2015).

Fig 2 The workflow used in this analysis.

Fig 3 Morphometric characterization of the landslide and related landslide generated wave (for
symbols see the text).

Fig 4 Schematic models of run-up computation proposed by different authors: a) Zhao et al. (2010), b)
Federici et al. (2006), c) Synolakis (1987), d) Bryant (2014), Didenkulova et al. (2009). See text for
explanation of abbreviations.

Fig 5 Morpho-bathymetric model of the Gulf of Palermo and localization of the 18 mapped landslides.
A detail of the Priola landslide (PMO-10) is shown in the top right. Canyons, gullies and pockmarks
lie in the continental slope as well as the related pockmark-scars and landslides.

Fig 6 Line drawing from the DTM (above) and longitudinal profile (below) of the Priola landslide
(PMO-10)

Fig 7 Morpho-bathymetric model of the Patti offshore and localization of the 3 mapped landslides. A
detail of the Orlando landslide (PTT-01) is shown in the inset.

Fig 8 Line drawing of the 3-D model (above) and longitudinal profile (below) of the Orlando landslide
(PTT-01).

Fig 9 Relationship between the wave amplitude near the source point and computed run-ups of NSCM
(blue dots) and actual (red dots) LGT. The occurrence of a critical amplitude value is outlined at 0.4
m. The R? is higher than 0.7, pointing out a good fitting between values and curve.

Table

Table 1 Main morphometric features of the landslides in the Gulf of Palermo.

Table 2 Main morphometric features of the landslides in the Patti offshore.

Table 3 Morphometric parameters calculated for submarine mass failures in the NSCM.

Table 4 Wave length and amplitudes values at the source point.

Table 5 Basic parameters useful for the calculation of the run-up. The calculations were carried out
considering a theoretical coastal sector characterized by a slope of 1° (average value of inner
continental shelf) and by a depth of interference with the seafloor of 10 m.

Table 6 Computed run-ups, obtained by using 5 methods proposed by different Authors.

Table 7 Morphometric parameters of the submarine mass failures responsible for historical events.
Table 8 Wave parameters near the source point for historical events.

Table 9 Wave parameters near the coast for historical events. We considered a theoretical slope of 1°
in the coastal sector.

Table 10 Theoretical values of run-ups for historical events obtained with the different methodologies.

The last column shows their actual run-ups values.
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Table 11 Spread (A) between the results obtained with the empirical equation compared to those
obtained from Federici et al. (2006), both in relation to the values of actual LGT.
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Table 1

Detachment Perimeter Distance  Crown
LGT Surface from Depth Coordinates
coast
(km?) (km) (m) (m) latitude longitude

PMO-01 3.04 7.91 2.5 118.0 38°08'28.06"N  13°28'31.08"E
PMO-02 0.96 4.53 6.4 331.0 38°10'18.36"N  13°28'45.00"E
PMO-03 2.36 6.48 7.3 540.0 38°11'04.35"N  13°28"9.71"E
PMO-04 0.18 1.68 7.05 415.0 38°10'34.17"N  13°27'56.55"E
PMO-05 222 6.81 6.5 383.0 38°10'47.98"N 13°27'03.27"E
PMO-06 0.36 2.27 3.4 187.0 38°09'55.10"N  13°24'58.97"E
PMO-07 0.41 2.61 4.0 228.0 38°10'31.21"N  13°25'17.65"E
PMO-08 0.22 1.89 44.6 440.0 38°12'01.50"N  13°25'03.80"E
PMO-09 0.13 1.40 15.4 570.0 38°12'31.50"N 13°25"12.89"E
PMO-10 1.22 4.26 3.5 140.0 38°12'22.97"N 13°24'10.33"E
PMO-11 0.59 3.03 8.8 975.0 38°13'52.43"N 13°27'09.10"E
PMO-12 0.49 277 8.2 825.0 38°14'26.59"N  13°26'05.60"E
PMO-13 0.50 3.19 71 675.0 38°14'22.45"N  13°25'11.57"E
PMO-14 0.53 2.80 9.3 900.0 38°15'18.46"N 13°26'01.24"E
PMO-15 0.46 2.83 9.7 995.0 38°15'25.75"N 13°26'35.72"E
PMO-16 0.08 1.1 6.9 305.0 38°1512.85"N 13°23'18.98"E
PMO-17 0.15 1.55 6.9 135.0 38°15'49.48"N  13°22'52.91"E
PMO-18 0.79 3.47 10.5 420.0 38°1814.50"N 13°23'26.52"E

Table 2

Detachment Perimeter Distance  Crown
LGT Surface from Depth Coordinates
coast
(km?) (km) (m) (m) latitude longitude

PTT-01 0.48 2.96 3.3 153.0  38°10'38.82"N  14°42'07.42"E

PTT-02 0.59 3.37 2.4 128.0  38°11'31.84"N  15°00'50.32"E

PTT-03 0.59 3.24 4.5 191.0 38°11'16.86"N  14°45'31.06"E
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Table 3

Length Depth Slope Thickness Width

LGT b ds 6 T w
(m) (m) () (m) (m)
PMO-01 1055.0 250.0 12.0 6.0 1250.0
PMO-02 800.0 500.0 18.0 10.0 750.0
PMO-03 1600.0 700.0 16.0 10.0 1000.0
PMO-04 600.0 450.0 15.0 15.0 700.0
PMO-05 1200.0 490.0 13.0 11.0 770.0
PMO-06 450.0 270.0 16.0 6.0 550.0
PMO-07 900.0 400.0 15.0 7.0 580.0
PMO-08 800.0 550.0 16.0 10.0 400.0
PMO-09 550.0 650.0 16.5 13.0 350.0
PMO-10 900.0 250.0 13.0 20.0 800.0
PMO-11 900.0 1000.0 15.0 10.0 1000.0
PMO-12 600.0 950.0 15.0 10.0 850.0
PMO-13 678.6 749.6 14.5 13.2 894.0
PMO-14 772.3 1000.0 18.0 10.0 593.0
PMO-15 500.0 1000.0 15.0 9.0 550.0
PMO-16 367.0 355.1 18.5 8.0 226.0
PMO-17 368.0 176.3 13.5 5.5 490.0
PMO-18 1300.0 667.3 18.9 15.1 933.0
PTT-01 950.0 150.0 12.0 9.0 586.0
PTT-02 1300.0 250.0 16.0 7.0 460.0
PTT-03 1380.0 260.0 15.5 6.0 480.0
Table 4

Wave length  Wave amplitude

LGT Ls As
(m) (m)

PMO-01 4358.81 0.20
PMO-02 4403.01 0.10
PMO-03 7801.01 0.1
PMO-04 3952.71 0.10
PMO-05 6256.85 0.10
PMO-06 2569.39 0.07
PMO-07 4564.19 0.07
PMO-08 4889.54 0.04
PMO-09 4341.88 0.03
PMO-10 3870.42 0.47
PMO-11 7216.62 0.03
PMO-12 5743.15 0.02
PMO-13 5516.11 0.05
PMO-14 6118.05 0.02
PMO-15 5378.95 0.01
PMO-16 2480.17 0.03
PMO-17 2040.18 0.08
PMO-18 6333.24 0.18
PTT-01 3203.90 0.35
PTT-02 4202.27 0.19
PTT-03 4484.23 0.16
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Table 5

Slope Wave amplitude  Wave length  Speed Depth

LGT a Ac Lc c dc
(°) (m) (m) (m/s) (m)
PMO-01 1.0 0.5 261.4 10.1 10.0
PMO-02 1.0 0.3 339.8 10.0 10.0
PMO-03 1.0 0.3 3133 10.1 10.0
PMO-04 1.0 0.3 3404 10.0 10.0
PMO-05 1.0 0.3 340.3 10.0 10.0
PMO-06 1.0 0.2 4456 10.0 10.0
PMO-07 1.0 0.2 421.2 10.0 10.0
PMO-08 1.0 0.1 525.0 10.0 10.0
PMO-09 1.0 1 627.0 9.9 10.0
PMO-10 1.0 1.0 172.6 10.4 10.0
PMO-11 1.0 0.1 536.3 10.0 10.0
PMO-12 1.0 0.1 654.3 9.9 10.0
PMO-13 1.0 0.1 458.6 10.0 10.0
PMO-14 1.0 0.1 630.4 9.9 10.0
PMO-15 1.0 .0 934.9 9.9 10.0
PMO-16 1.0 0.1 678.4 9.9 10.0
PMO-17 1.0 0.2 445 4 10.0 10.0
PMO-18 1.0 0.5 245.0 10.2 10.0
PTT-01 1.0 0.7 211.9 10.2 10.0
PTT-02 1.0 04 2735 101 10.0
PTT-03 1.0 04 298.0 10.1 10.0
Table 6
Ru Ru Ru Ru Ru
LGT Synolakis Federici et al.  Didenkulova et Zhao et al. Bryant
1987 2006 al. 2009 2010 2014
(m) (m) (m) (m) (m)
PMO-01 4.51 5.46 2.39 4.56 14 .48
PMO-02 2.34 5.85 1.24 2.36 11.12
PMO-03 2.86 5.70 1.52 2.89 12.06
PMO-04 2.33 5.85 1.24 2.34 11.10
PMO-05 2.33 5.85 1.24 2.35 11.10
PMO-06 1.19 6.47 0.63 1.19 8.48
PMO-07 1.37 6.33 0.73 1.37 8.97
PMO-08 0.79 6.94 042 0.79 7.20
PMO-09 0.51 7.52 0.27 0.51 6.03
PMO-10 12.72 5.46 6.75 13.04 21.90
PMO-11 0.75 7.01 0.40 0.75 7.05
PMO-12 0.45 7.67 0.24 0.46 5.78
PMO-13 1.11 6.55 0.59 1.11 8.24
PMO-14 0.50 7.54 0.26 0.50 5.99
PMO-15 0.19 9.09 0.10 0.19 4.04
PMO-16 0.42 7.80 0.22 0.42 5.57
PMO-17 1.19 6.47 0.63 1.19 8.49
PMO-18 5.30 5.40 2.81 5.36 15.42
PTT-01 7.61 5.34 4.04 7.74 17.83
PTT-02 4.03 5.51 2.14 4.07 13.82
PTT-03 3.25 5.63 1.72 3.28 12.68
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Table 7

LGT Length Depth Slope Thickness Width
Cases history b ds 6 T w
(m) (m) () (m) (m)
MONA PASSAGE
(1918) 8500.0 1900.0 9.0 100.0 8500.0
VALDEZ (1964) 450.0 150.0 2.0 10.0 1300.0
NICE (1979) 4000.0 450.0 6.0 25.0 4800.0
PAPUA (1998) 4000.0 1100.0 5.0 600.0 4100.0
Table 8
LGT Wave length Wave amplitude
Cases history Ls As
(m) (m)
MONA PASSAGE
(1918) 39321.6 2.1
VALDEZ (1964) 5382.1 0.0
NICE (1979) 16059.4 1.0
PAPUA (1998) 27497.3 3.5
Table 9
LGT Slope Wave length Wave amplitude
Cases history a Le Ac
() (m) (m)
MONA PASSAGE
(1918) 1.0 63.2 7.8
VALDEZ (1964) 1.0 845.5 0.0
NICE (1979) 1.0 110.0 26
PAPUA (1998) 1.0 52.2 114
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Table 10

Theoretical values

actual
values

LGT Ru Ru Ru Ru Ru Ru
Cases history Synolakis Federici Didenkulova  Zhaoet Bryant
1987 et al. et al. al. 2014
2006 2009 2010
(m) (m) (m) (m) (m) (m)
MONA
PASSAGE 156.98 14.47 14.47 181.37 59.83 3.50
(1918)
VALDEZ 0.24 8.66 8.66 0.24 4.47 6.00
(1964)
NICE 39.21 7.06 7.06 41.53 34.35 12.50
(1979)
PAPUA 252.55 19.82 19.82 305.57 72.37 6.00
(1998)
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Table 11

Ru Ru A
LGT Federici et our equation Ru Federici et al. 2006 — Ru our
al. 2006 equation
(m) (m) (m)
PMO-01 5.46 5.98 -0.52
PMO-02 5.85 6.04 -0.19
PMO-03 5.70 6.01 -0.31
PMO-04 5.85 6.03 -0.18
PMO-05 5.85 6.04 -0.19
PMO-06 6.47 6.30 0.18
PMO-07 6.33 6.28 0.04
PMO-08 6.94 6.93 0.01
PMO-09 7.52 7.77 -0.26
PMO-10 5.46 6.56 -1.10
PMO-11 7.01 7.30 -0.29
PMO-12 7.67 8.29 -0.62
PMO-13 6.55 6.64 -0.09
PMO-14 7.54 8.10 -0.57
PMO-15 9.09 11.70 -2.61
PMO-16 7.80 7.79 0.01
PMO-17 6.47 6.21 0.26
PMO-18 5.40 5.96 -0.56
PTT- 01 5.34 6.27 -0.93
PTT- 02 5.51 5.96 -0.45
PTT- 03 5.63 5.95 -0.32
MONA PASSAGE (1918) 14.47 11.34 3.13
VALDEZ (1964) 8.66 8.46 0.20
NICE (1979) 7.06 8.05 -0.99
PAPUA (1998) 19.82 15.59 4.23
Ru Ru A
LGT actual our equation  Ru actual values — Ru our equation
values

(m) (m) (m)
MONA PASSAGE (1918) 6.00 11.34 -5.34
VALDEZ (1964) 6.00 8.46 -2.46
NICE (1979) 3.50 8.05 -4.55
PAPUA (1998) 12.50 15.59 -3.09
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Conclusions
Putting together the results obtained in the different topics addressed during the research work, based

on the acquisition, processing and analysi of marine geological and geophysical data, we provided new
insights into the sedimentary, tectonic and geodynamic processes of the NSCM, as well as the
assessment of related coastal and marine geo-hazards.

We used seismostratigraphic tools to identify a complex multilayer composed of:

1) Kabylian-Calabrian crystalline rocks, including their Tertiary cover;

2) Sicilian-Maghrebian carbonate successions, including their Tertiary cover;

3) Messinian layers;

4) Plio-Quaternary sequences including gravitational instability deposits, buried or emerging mounds,
and fluid escapes features. The uppermost portions were attributed to the Late Quaternary depositional
sequence composed of Falling Stage, Lowstand, Transgressive, and Highstand Systems Tracts. They
were correlated with the sea level change curve (Silenzi 2004) and tentatively dated as deposited
during different intervals of the Late Pleistocene-Holocene. Their characteristic geometry, stratal
pattern and mutual relationships were useful to create a reference to date geomorphic, depositional,
and tectonic processes.We analysed also several core samples to define the sedimentological
characters of these deposits. The Plio-Quaternary deposits have variations in thickness and tectonic
style, recording the effects of the tectono-stratigraphic events.

On the whole the tectonic edifice is composed mostly of Meso-Cenozoic carbonate units, arranged as a
pile of tectonic units with apparent vergence towards ESE, involved, since the upper Pliocene, in the
extensional and/or transtensional tectonics. The main events, recognized also in the outcropping
sectors, are the following: i) compressional deformation involving the Meso-Cenozoic carbonates up
to the Messinian layer, producing folds and reverse faults with NNE-SSW direction and vergence
towards ESE; ii) extensional (to transtensional) deformation that involve the post-Messinian deposits
represented by W-dipping listrical growth normal faults with large displacements. These structures
generated a system of structural high and depressions; iii) NNW-SSE to ENE-WSW trending faults
involving more recent deposits (mainly up to middle Pleistocene) rarely displacing the seabed. Minor
N-S and E-W trending faults show also a strike-slip component. These faults are responsible for the
current configuration of the shelf-slope system and they have their surface morphological expression
in the crowns of the retrogressive landslides and in the development of bypass zones (canyons,
channels, rills). The tectonic processes are still very active, as evidenced by the strong seismicity of
the submerged sector, which was recently revealed by the earthquakes of 1998 and 2002, whose
epicenters are located in areas respectively southwest and east of Ustica.

One of the main novelty of this research is represented by widespread south-dipping, north-verging
thrusts in the internal sectors of the Sicilian FTB (northern coastal belt and south-western Tyrrhenian
sea). Some of them seem to be responsible of the main submerged structural high geometry (e.g. the

Solunto high) controlling the morphostructural evolution of the NSCM. In some cases, they appear
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very recent and involve the more recent Quaternary deposits, affecting also the sub-bottom sequences.
In the NW sector of the study area (Sardinia channel) the seismic profiles shows that north-verging
thrusts involve also the deepest part of the tectonic edifice. These structures, correlated with seismicity
and GPS measurements, are likely indicative of an important change in the distribution and orientation
of deformation in agreement with the continuous convergence of African and European plates, and
representative of a late collision phase in the mountain building of northern Sicily, following the
ongoing collision of the African promontory with oceanic sectors. The GPS values document the
active deformation with differential movements of individual blocks northward-directed, in agreement
with the shallow seismicity, as well as the convergence between Sicily and Sardinia, with values of
about 2-6 mm/y.

In the Ustica offshore we studied the products of the morphostructural processes affecting a volcanic
complex occurring along the Africa-Europe plate margin. Morpho-bathymetric and sub-seafloor
information lead to individuate different sectors with peculiar morphological and structural features.
The northern sector is characterized by the occurrence of several volcanic centres with different
morphologic characters, such as height, diameter and volume. The larger volcanic structures and the
alignment of small volcanic edifice can be attributed to magmatic upwelling associated to faulting,
producing a genetic link between tectonics and volcanism. The location of the recent volcanic activity
suggest a shift of the deep source northward and/or a movement of the Ustica crustal block southward,
in agreement with the present convergence between Africa and Eurasia plates. The south-western
sector is characterized by fault escarpments and ridges, such as the large N-S ridge and overall the 8
km-long, ENE-WSW trending Arso structure, as well as minor, synthetic faults in the same area. The
south-eastern sector is characterized by a narrow continental shelf, widely affected by erosional
processes, and very steep continental slope. The eastern sector is dominated by channelized features,
as linear furrows, incisions and erosional channels, which develop along the steep and irregular slope
down to a depth of 1500 m.

To provide a chronostratigraphic characterization of the active tectonics along the NSCM we studied
the relationships between the uppermost Pleistocene-Holocene sedimentary sequence and the faults
systems. In the southern margin of the Termini Basin we detected both extensional/transtensional and
hinterland verging reverse faults affecting the oldest reflecting horizons belonging to the LQDS. The
large scale study of the morphological features of the study area brought to the individuation of
different types of elements: pockmarks and mounds, landslides, fault escarpment, canyons and
channels. Some of them were considered as induced by seismic events, particularly the several
landslides recognized both in the continental shelf and slope. Correlating them to the systems tracts
and unconformities of the LQDS, as interpreted following the sequence stratigraphy model, and using
the chronology coming from vibracores collected in this region, we tentatively dated the occurrence of
landslides and calculated the recurrence time of earthquakes that triggered them, considering the age-

model based on a constant sedimentation rate during the Holocene. This is an important outcome that
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can be used to assess the frequency of seismic events in this region. In detail we found almost seven
seismic-induced landslides occurring in the last 11.5 ky, with a recurrence time between 680 and 2200
years.

The detailed study of the morpho-bathymetry highlighted sedimentary processes active in different
sectors of the margin. In the Capo Zafferano offshore we mapped trains of bedforms in a depth range
of 125-1050 m along a network of 9 gullies breaching the shelf-edge. The mapped bedforms were
interpreted as cyclic steps, generated by turbidity currents, with wavelength from 110 to 340 m and
amplitude from 0.8 to 5m. The model calculations indicate that the observed cyclic steps are likely
generated by flows around 1 m thick, with average velocities of exceeding 1.0 m/s. The occurrence of
the bedforms along the Capo Zafferano Canyon and associated gullies likely suggests intense turbidity
current, even if these structures anre degraded by sporadic diluted sedimentary flows and bioturbation
processes.

In order to assess the parameters of anomalous waves and tsunami run-ups we studied two very active
segments of the margin, the Gulf of Palermo and Patti offshore. We identified several submarine
landslides mainly confined on canyon walls. Consequently, if they generate anomalous waves they
could propagate without significant loss of energy, representing therefore a significant hazard and a
threat of tsunamis along the coast. We parameterized 21 significant landslides, 18 in the Gulf of
Palermo and 3 in the Patti offshore respectively, based on bathymetric and morphological features,
such as size, depth, and distance from the coast. The measurement of the morphometric parameters of
each landslide confirms that they can be considered as a potential source of waves of the tsunami.
Assuming that all the landslides could be potential tsunamigenic sources, we calculated the associated
theoretical run-ups, comparing approximation methods proposed in the literature. Subsequently, we
selected historical events of landslide-generated tsunamis (LGT) and calculated their morphometric
parameters. Through the calculation of the parameters relative to the height and length of the tsunami
wave near the source point and near the coast, we computed with different equations the theoretical
values of run-up and compared the results with the actual values. The highest values of run-ups are in
direct proportionality with the wave amplitude, although a small section of the curve shows for very
low wave amplitude values (< 0.4 m) an increase in run-ups with decreasing amplitudes. Finally, we
formulated an empirical law that allows calculating promptly the run-up associated with a generic
LGT having as starting data the amplitude of the wave near the source point.

As final outcome of the PhD research, collecting and overlapping all the interpreted data, we defined
two seismogenetic volumes in the study area, produced by a NW-SE oriented compressional stress
field, defining an interplate shallow seismogenetic zone linked to the convergence of Africa-Europe.
For this purpose we produced a georeferenced map that is composed of overlapping layers
representing features, as lithostratigraphy, tectonic elements, seismicity, heat flow, gravimetry,
magnetometry, Moho depth, horizontal and vertical movement rates, landslides, fluid escape. It is a

basic tool to highlight their mutual relationships and active structures. The seismogenic source, which
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extends in an east-west direction from the Sardinia Channel to the Aeolian Islands, about 50 km off
the northern Sicilian coast, is a compressional belt that accommodates most of the Africa-Europe
convergence (5-8 mm/y). The compressional stress field is consistent with the motion vectors of the
plates derived from the GPS data. These compressional deformations, mainly ENE-WSW oriented, are
also accompanied by extensional faults (normally oriented NNW-SSE) and strike-slip, both right-
lateral (NW-SE) and left-lateral (NE-SW), in agreement with an Andersonian model of deformation.
This source could coincide with the north-vergent reverse faults and thrusts, both onland and in the
submerged areas. This outcome could have important implication for the assessment of seismic risk in
the Central-Western Mediterranean and for the understanding of active structures in marine areas that

could be responsible for marine geological hazard.
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