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A B S T R A C T

We processed crustal seismic profile SIRIPRO, acquired across Central Sicily. To improve the seismic image we
utilized the wave equation datuming technique, a process of upward or downward continuation of the wave-field
between two arbitrarily shaped surfaces. Wave equation datuming was applied to move shots and receivers to a
given datum plane, removing time shifts related to topography and to near-surface velocity variations. The
datuming procedure largely contributed to attenuate ground roll, enhance higher frequencies, increase resolu-
tion and improve the signal/noise ratio. Processed data allow recognizing geometries of crust structures dif-
ferentiating seismic facies and offering a direct image of ongoing tectonic setting within variable lithologies
characterizing the crust of Central Sicily. Migrated sections underline distinctive features of Hyblean Plateau
foreland and above all a crustal thinning towards the Caltanissetta trough, to the contact with a likely deep
Permo-Triassic rifted basin or rather a zone of a continent to oceanic transition. Inhomogeneity and fragmen-
tation of Sicily crust, with a distinct separation of Central Sicily basin from western and eastern blocks, appear to
have guided the tectonic transport inside the Caltanissetta crustal scale syncline and the accumulation of al-
lochthonous terrains with south and north-verging thrusts. Major tectonic stack operated on the construction of a
wide anticline of the Maghrebian chain in northern Sicily. Sequential south-verging imbrications of deep ele-
ments forming the anticline core denote a crust wedge indenting foreland structures. Deformation processes
involved multiple detachment planes down to decoupling levels located near crust/mantle transition, supporting
a presence of high-density lenses beneath the chain, interrelated to a southwards push of Tyrrhenian mantle and
asthenosphere.

1. Introduction

The seismic transect SIRIPRO, long about 100 km, was acquired in
2007 starting from Termini Imerese, in the north, to Gela at southern
coast, crossing Maghrebian belt and Caltanissetta through the slope of
Hyblean and Pelagian platform facing southern Sicily (Figs. 1, 2). It
allowed exploring structures of Central Sicily illuminating the foreland
crust and the large-scale Neogene overthrust of the Maghrebian Chain.
An exhaustive analysis of the profile let us depict important targets: a)
Caltanissetta crustal scale syncline developed between foreland and
hinterland of the Maghrebian Chain with the accumulation of al-
lochthonous terrains; b) nature of the foreland crust and its northwards
thinning; c) collisional mechanism up to recent uplifts and northwest-
southeast compressions even though with slow movements; d) devel-
opment of the frontal shape of the fold&thrust belt constrained by the
inhomogeneity of the foreland plate; e) southward pushes of Tyrrhenian
deep crust and mantle.

Accaino et al. (2011) published preliminary processing of this pro-
file; while Catalano et al. (2013) described upper crust geological

structures from a precise evaluation of available oil wells stratigraphy
integrated with seismic data.

Newly processed data improved signal/noise ratio extracting informa-
tion previously hidden by approximate static corrections and source gen-
erated noise. In fact, data acquisition did not include surveys (down-hole
velocity measurements or refraction profiles) to resolve better near-surface
structure. The choice of a group spacing of 50 m and shots intervals of
250 m (Table 1), necessary to detect reflected energy from deeper inter-
faces, ignored potential complex near-surface structures. To relocate shots
and receivers at a given datum plane, usual assumption of a vertical near-
surface ray-path, when static corrections are applied, looks inadequate for
acquisitions with large offsets and significant laterally varying velocities,
obstacles that did not favor penetration and energy focusing.

To remove missteps from rapid variations of the near surface velo-
city, complex methods, such as Wave Equation Datuming (WED),
should be used. Likewise, we applied WED to remove source generated
noise, increase resolution and signal/noise ratio, which is a correct and
appropriate procedure to improve deep crustal reflections (i.e., Larkin
and Levander, 1996; Barison et al., 2011; Giustiniani et al., 2015).
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Seismic images highlighting the crust of the Central Sicily domain,
distinguished from neighboring blocks derived from Mesozoic frag-
mentation of African margin, was the aim of our new data processing.
Lacking financial resources for data acquisition with higher coverage,
demanded by local geological features to improve S/N ratio and a fine
accomplishment of migrations, has required a support of advanced
processing to recover low amplitude signals from energy scattering in a
complex structural environment. There are few wells, drilled by oil
companies and close to the analyzed profile, but they are not relevant to
recognize stratigraphy of deep layers. Therefore, only a more precise
characterization of reflected signals and seismic facies can contribute
recognizing geometries and structural trends.

2. Geological setting and geophysical constraints

Sicily belongs to Central Mediterranean domain and its geological
evolution outcomes from relative motions and interactions between
African continental margin and European plate.

Part of North African (Nubia) margin, Sicily and the Pelagian block
domain remain close to the boundary of a hot and weak lithosphere of

western Mediterranean and an older and stronger one marking the
Ionian domain (Ansorge et al., 1992). Heat flow measurements are
quite distinct on the two sides (Della Vedova et al., 2001; Jiménez-
Mount et al., 2003) with average values of more than 120 mW/m2 in
Tyrrhenian to less than 40 mW/m2 in Ionian Sea. High values (roughly
70 mW/m2) were measured onland in Hyblean Plateau and in western
Sicily. Values of 80 mW/m2 correspond to the Sicily-channel and Pe-
lagian Sea with more than 100 mW/m2 along the axis of the recent
extension of Pantelleria-Linosa continental rifts (Della Vedova et al.,
1995). Crust and lithosphere thin across the boundary towards north.
The average values assigned to the lithosphere range from 70 km in
Ionian Sea to less than 40 km in Tyrrhenian Sea.

At the beginning of Alpine compression, North African margin
looked as a mosaic of structures inherited from Permian, Late Triassic-
Lias and Cretaceous extensional episodes that was progressively dis-
rupted during Late Cretaceous and Tertiary. Some authors (i.e. Gueguen
et al., 1998; Vitale and Ciarcia, 2013, and references therein), proposed
an eastward rollback of a westward directed Apennine subduction zone,
moved from Balearic area since Oligocene times. Rotation of Sardinia
block followed the slab rollback and associated growth of southeast-

Fig. 1. A sketch map indexing Sicily's main tec-
tonic features discussed in the text: Panormide,
Trapanese, Saccense and Adventure Bank plat-
forms (P, T, S, Ab, respectively); KPC= Kabilian-
Peloritani-Calabrian units; Se= Segesta fault
zone; TL= Tindari-Letojanni fault zone;
AF=Alfeo fault; ME=Malta Escarpment;
H=Hyblean Plateau; SC= Scicli-Ragusa fault;
FTB= frontal thrust belt; GN=Gela nappe;
G=Genuardo thrust-window; JS= Judica
Scalpello thrust-window. A thin dotted line fol-
lows an approximate boundary of the pre-
Messinian flexure. The map evidences the
Neogene to Quaternary clockwise rotation of the
allochthonous Maghrebian units.
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verging orogeny in northern Sicily. During Lower-Middle Miocene
compressive phases, a Maghrebian frontal thrust belt (FTB in Fig. 1)
developed progressively involving stratigraphic successions pertaining
to different Permian to Neogene paleo-geographic domains. Extensional
pulses moved east of Sardinia since Late Miocene and dissected the
Alpine-Apennine chain with the opening of Southern Tyrrhenian basin
at the rear of the orogenic belt. Many authors consider this widely
extended region as a back-arc system where asthenosphere rose in
correspondence of oceanized sectors.

Mantovani et al. (2014) suggested that convergence and collisional
mechanisms of surrounding plates drove the oceanization inducing a
lateral escape of orogenic wedges. They considered the opening of mega
fissures through a plastic-rigid deformation of continental crust as a
side effect of extrusion processes. Specific pushes forced orogenic
wedges to overthrust and load a thinned and rifted continental margins
with lower mechanical resistance, downward flexing the crust and fa-
voring trench-ward sliding.

Locardi and Nicolich (2005) guessed that driving forces of

oceanization processes originated within the same area (internal
forces). They observed that the rate of plate motion from the end of
Miocene, and the during oceanic opening, did not support the forma-
tion of back-arc basins and mountain building, because Sardinia to the
west and Adria to the east remained almost in a fix position. Con-
siderable counterclockwise rotations of Apennines and large displace-
ments of thrusts sheets occurred in the meantime. Consequently they
introduced the hypothesis of a mantle swelling at the top of a migrating
mantle plume into new portions of a cold lithosphere of external do-
mains. Magma, produced at the top of the ascending mantle plume,
accreted at the base of the crust.

Magnaghi and Vavilov west-east triangular mega fissures opened
first around 5 My ago, when eastward directed extensional faults al-
lowed a rise of asthenosphere during Pliocene (Boccaletti et al., 1990;
Locardi and Nicolich, 2005; Prada et al., 2016). Horizontal stresses
affected the whole lithosphere at different levels with various delami-
nations subsequent to asthenosphere uprising.

A compressional belt with European crystalline-metamorphic
Kabylie-Peloritan-Calabrian units (KPC), superimposed over deep-water
carbonates flooring the peri-Tyrrhenian basins of the African margin
(Pepe et al., 2005), represents a boundary between oceanized sectors
and the foreland crust of Sicily. KPC complex outcrops in the NE corner
of Sicily and in the southern sector of the Calabrian Arc. A wide tran-
sition zone, including the Maghrebian accretionary prism, underwent a
clockwise rotation with the occurrence of W-E trending strike-slip
dextral faults, a tectonic that induced large tearing and development of
en-echelon sub-basins with an NW-SE trend (Boccaletti et al., 1990).

Oceanization processes moved from Vavilov to Marsili region ap-
proximately 2 My ago, and lasted for a few hundred thousand years
during Pliocene-Pleistocene transition (between ca. 2.1 to 1.6 My ago).

Fig. 2. Location map with CDP of the processed line as reported
on PN and PS sections. Stars denote the position of oil wells
drilled nearby the profile. Well's stratigraphy in Videpi (www.
videpi.com).

Table 1
Basic recording parameters in seismic acquisition.

Seismic source 20–30 kg of dynamite, single hole drilled to
20–30 m depth.

Shots spacing 250 m, variable
Spread: split, asymmetric

shooting with a gap
6000–150–0–150–6000 m
7000–150–0–150–5000 m

Receivers spacing 50 m; 12–10 Hz geophones per trace
Active channels 240
Coverage 2400%
Sampling rate 2 ms, 24 bits range
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The newest basin opened in an NW-SE direction, about 100 km long,
with an ultra-rapid spreading (19 cm/yr). A relative quiescence fol-
lowed since Middle Pleistocene when that process, coupled with a huge
magmatic inflation, gave rise to a massive Marsili seamount (Nicolosi
et al., 2006).

In conclusion, two concurrent tectonic activities have consequently
involved the offshore northern Sicily: a still ongoing collision between
Nubia and Europe in the North West and an eastward spreading fol-
lowed by strike-slip right lateral displacements towards SE (Cuffaro
et al., 2011). Earlier, Billi et al. (2010) recognized the presence of an
incipient extension zone along the northern margin of Nubia, inter-
esting an area delimited to the southwest by the alignment Cefalù -
Catania. Recently, Barreca et al. (2016) documented a dextral litho-
spheric transfer fault along it, NW-SE trending and about 100 km long.
This shear zone developed probably as STEP (Subduction Transform
Edge Propagator) fault at the time of Pliocene-Pleistocene transition
produced wrenching and progressive structural clockwise rotations.
Reactivated as a transform fault, it separates recently settled exten-
sional zone from the converging sector of the rest of the Sicily Island
and marks a boundary between a thinned crust in the NE Sicily and the
southwest thicker crustal rock fabric towards the Caltanissetta trough.
KPC inner belt presently reveals southward thrusts (Palano et al., 2012;
Barreca et al., 2014a) as well as active northward thrusts (Goes et al.,
2004; Billi et al., 2007), a retro-arc thrusting tectonic that may imply a
possible incipient underthrusting of Tyrrhenian oceanic crust beneath
the Maghrebian orogenic belt (Roure et al., 2012).

Wide-angle refraction/reflection data evidenced a Moho dis-
continuity at less than 10 km (a crustal thickness not exceeding 7 km)
in the oceanized Southern Tyrrhenian and at 30 km depth offshore
northern coastline of Sicily. Foreland Moho gains depths of about 30 km
on southern coasts dipping to 37–38 km beneath Tyrrhenian shoreline
(Cassinis et al., 1969; Colombi et al., 1973; Morelli et al., 1975; Chironi
et al., 2000; Nicolich, 2001).

Roure et al. (2012) proposed a continuous Moho extending from
hinterland (Tyrrhenian Sea) to Sicily foreland, since a reverse fault
offsetting a down folded Tyrrhenian Moho is lacking. The two Moho
segments do not overlap vertically and the lateral push of an astheno-
sphere upwelling in Tyrrhenian should be likely to account for a retreat
of the African slab and to contribute to a decoupling between crust and
mantle. That main decoupling level, located near Moho discontinuity,
separates upper crustal structures from mantle lithosphere, locally
subducted, detached or recycled in the asthenosphere.

From the analysis of earthquakes arrival times and hypocenters
distribution Chiarabba et al. (2008) settled the Aeolian-Tindari-Leto-
janni fault (TL in Fig. 1) as a present boundary between the north Si-
cilian offshore and the extruded arc and subducting slab in Calabria,
separating eastern extensional domain from western collisional and
shear belt. TL corresponds to a dextral transfer fault (Boccaletti et al.,
1984), which accommodated, subsequent to the Marsili Basin opening,
a south-eastward escape of an unconstrained Calabrian block, more
than 20 km thick (Morelli et al., 1975; Lueschen et al., 1991). Other
authors (Casero, 2004, 2009; Minelli et al., 2009; Palano et al., 2015;
Orecchio et al., 2014; Polonia et al., 2016) extended the broad and
highly segmented TL shear zone from the Aeolian Islands to Ionian
Abyssal Plain.

Doglioni et al. (2001) suggested a presence of a STEP fault at same
location. Gutscher et al., 2015 took up this idea and investigated marine
data and Alfeo fault, tentatively prolonged onshore in the Etna area
(Gallais et al., 2013, 2014). Avedik et al. (1995) examined the south
Alfeo fault considering it as a lithospheric transfer zone with dextral
displacements of the extruded Calabrian block (Nicolich et al., 2000;
Casero, 2009).

Activation of extensional events and normal faults accompanied the
opening of Messina Strait (Monaco et al., 1996a; De Guidi et al., 2013)
since Middle Pleistocene. Vertical movements characterize nowadays
the Nebrodi-Peloritani transition zone (Pavano et al., 2015) and the

whole region of Ionian coasts of Sicily (Bianca et al., 1999; De Guidi
et al., 2013). Exemplary the recent activation of the N-S directed Sir-
acusa most impressive segment of Malta Escarpment (Casero et al.,
1984). This escarpment represents a passive margin separating the
Hyblean plateau and Medina-Ragusa axis (Fig. 1) from Ionian deep
Basin. Its development dates back to Mesozoic and attained a present
configuration in Tortonian times.

Etna volcano stands out at the boundary among Maghrebian thrust
belt, Hyblean Plateau and Ionian Basin. Its volcanism can be linked to a
mantle upwelling revealed by seismic tomography (Billi et al., 2010;
Barreca et al., 2016; Mastrolembo Ventura et al., 2014; Di Stefano et al.,
2015). It may correspond to a new geodynamic pulse, arisen less than
0.5 My ago and occurring in a position believed to connect a lateral
flow of asthenosphere escaping the retreat of Ionian slab (Chiarabba
et al., 2008; Gallais et al., 2013, 2014). A STEP fault, which opened an
asthenosphere window, was associated with decompression melting
leading to Etna volcanism. Montelli et al. (2004) showed a probable
link between the mantle upwelling and a much larger and deeper plume
developed within upper mantle.

Major historical earthquakes occurred along eastern coasts of Sicily
on flanks of upwelled mantle. Some were associated to an Etna basal
thrust at the contact with the Hyblean Plateau (De Guidi et al., 2015;
Bianca et al., 1999). Mastrolembo Ventura et al. (2014) indicated the
Catania offshore system of tear faults as the most important source area,
including the strongest 1693 earthquake. Nevertheless, the source can
be simply linked to a region of active mantle dehydration according to
Chiarabba et al. (2008) and Hirn et al. (1997).

Mastrolembo Ventura et al. (2014) emphasized the role of litho-
spheric faults accommodating a lateral escape of tectonic blocks along
re-activated crustal discontinuities or pre-existing weak zones. They
took into account GPS measurements to develop detailed models of
crustal deformations leading to a tectonic fragmentation of Nubia-
Eurasia plate boundary into kinematically independent blocks. The NW
collision between major plates becomes consequently a subordinated
process in the present day kinematics and geodynamic re-organization.
Ben-Avraham and Grasso (1990) had already proposed a segmentation
of foreland sectors indicating non-cylindrical compressive fronts and a
distinctive nature of Central Sicily crust from the Hyblean Plateau and
Adventure Bank in the west. Focal mechanisms allowed improving a
knowledge of main seismotectonic domains. Fault plane solutions
(Presti et al., 2013) display the fragmentation of Sicily into crustal
blocks with independent kinematics separated by seismically active
belts. A stress regime compatible with NW-SE plate convergence be-
tween Africa and Europe plates in the southern Tyrrhenian domain
prevails over back-area extension dynamics. Normal faulting with
strike-slip components dominates northeastern Sicily, north from the
Cefalù-Catania lineament. Dynamic regimes compatible with transcur-
rent kinematics have been found along the TL fault zone. On the con-
trary, contractional deformations are still being accommodated in the
central-western Sicily.

Hyblean Plateau represents a relatively undeformed foreland of the
collisional zone and is part of an N-S axis from Medina Bank to Ragusa
area (Fig. 1). It grew as a resisting block indenting the Maghrebian-
Apenninic chain. Oil wells reached Upper Triassic–Liassic dolomitic
formations and Middle Liassic to Eocene limestones, shales and marls,
while exposed rocks consist of Cretaceous to Miocene carbonates (Bello
et al., 2000). Volcanism affected the Hyblean Plateau from Triassic to
Cretaceous (mainly during Jurassic time), and from Miocene to Late
Pliocene on the northern sector (Longaretti and Rocchi, 1990). The
stretching of the crust produced the Mesozoic volcanism, which con-
tributed to increase the rigidity, after cooling, of the Plateau itself. It is
at present undergoing strike-slip deformations due to an NW continuing
Europe-Nubia collision and blocks re-organization although with slow
movements (Musumeci et al., 2014; Cultrera et al., 2015).

Scicli-Ragusa fault zone, NNE-SSW striking and re-activated with
left lateral motion, bounds the western side of Hyblean Plateau
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(Musumeci et al., 2014). It signs the beginning of a transition from
platform carbonates to slope and basinal facies outcropping in the Ju-
dica–Scalpello structures with step-ramp dominated faults (Ben-
Avraham and Grasso, 1990; Bianchi et al., 1987).

Western Sicily Triassic–Jurassic platforms have similarly indented
Maghrebian structures. Imbricated series of relatively low-displace-
ment, steeply dipping reverse faults characterize the platforms (Barreca
et al., 2014b; Tortorici et al., 2001; Lickorish et al., 1999; Monaco et al.,
1996b), despite the fact that other authors proposed a thin-skinned
tectonic from their interpretation of reflection seismic profiles
(Catalano et al., 2000a).

Casero and Roure (1994) proposed the reactivation during the
middle Pliocene of an NNW-trending syn-compressional Segesta trans-
form zone that separated the western platform from the central zone
crust (Fig. 1). The carbonate facies on platform margins and slopes
along the fault zone matches the transition to deep crustal structure and
accounts for the presence of paleotectonic shears reactivated several
times as trans‑tensional or trans‑pressional faults (Di Stefano et al.,
2015).

Caltanissetta trough, filled with various allochthonous sequences
subsequent to compressional events synchronous with Tyrrhenian
opening, is a highly impressive feature in the central zone. Catalano et al.
(2013) and Basilone et al. (2016), both papers with several references,
described the imbricate thrusts sheets of the Maghrebian belt, regionally E-
W to NE-SW striking and S to SE verging. Most internal units consist of
Panormide shelf carbonates and of Lercara Permo-Triassic turbidites. Im-
erese Jurassic-Oligocene carbonates from deep-water and slope to basin
depositional domains represent a major component of the tectonic stack in
the northern internal parts of the island. Equivalent more external Sica-
nian units hold the deepest parts of Caltanissetta syncline and cover to
some extent the buried Hyblean shelf margin. Thrusts involved the Nu-
midian Flysch (Middle/Upper Oligocene – Lower Miocene) cover and
Burdigalian–Langhian varicolored clays and terrigenous deposits (Serra-
vallian). Messinian evaporites and Pliocene to Lower Pleistocene clastics
filled syntectonic depressions. On the top of the line-drawing (Fig. 8), a
schematic geological cross-section of the first 10 km of the chain is re-
ported replicating the models proposed by Catalano et al. (2013) and
Basilone et al. (2016). In our opinion, some adjustments are needed in
order to make these models appropriate to the images evidenced by the
newly processed seismic data.

Gela nappe, south of Caltanissetta, is the site of thin-skinned thrusts
affecting the upper sedimentary section, while a Pliocene well ex-
pressed foredeep, at the nappe front, documents a post-Messinian
flexure. The detachment plane of southern thrusts rests within Lower
Pliocene sediments, an unconformable cover of the Hyblean shelf
margin. Contraction displacements at the nappes front mostly ceased by
mid-Pleistocene (Lickorish et al., 1999) when plates convergence and
continental collision was transferred to the north-west compressional
belt (Pepe et al., 2005; Billi et al., 2007).

The offshore extension of Tunisian structures with carbonates
platforms built on stretched North African continental crust underlain
Sicily Channel and Pelagian Sea. The Pantelleria-Linosa-Malta non-
linear rifts follow the Quaternary wrench faults system or pull-apart
extensional troughs, with dextral displacements, currently separating
Sicily from African continent (Cavallaro et al., 2017).

Moho reaches less than 20 km depth in Pantelleria (Research Group
for Lithospheric Structures in Tunisia, 1988) and 25 to 30 km when
moving towards Sicily coasts (Catalano et al., 2000b; Chironi et al.,
2000). Reflection seismic data (Nicolich et al., 2000) show a smoothed
transition from a thinned to a normal continental crust across Malta
Escarpment, from less than 20 km in Ionian domain to 30 km depth in
Pelagian domain. Depths of 30 km characterize Moho beneath the
Hyblean Plateau and of only 25 km at its northern edge, as proposed by
earthquake's tomographic analysis (Brancato et al., 2009; Barreca et al.,
2016; Musumeci et al., 2014). Moho depth beneath Etna volcano is of
about 20 km.

A map with magnetic basement depths (Fig. 3 modified from
Cassano et al., 1986) properly marks the three main domains forming
Sicily. Thick dashed gray contours, lying beneath basement topography,
indicate Moho depths as assembled from cited literature data. The
maximum measured Moho depth of about 38 km beneath the northern
belt is reported in the figure.

3. New processing of SIRIPRO seismic profile

Considering the length of the seismic profile (about 100 km, Figs. 1,
2), we decided to divide it into two parts, labeled PN (northern part)
and PS (southern part) from here on, to easily manage a huge amount of
data during processing, especially for WED application. We also limited
listening time to first 12 s to reduce computation times. In fact, WED

Fig. 3. Indicative morphology of the magnetic
basement (modified from Cassano et al., 1986) with
Siripro profile position (CDP's): depth contours in
km. Thick dashed gray lines indicate Moho depths.
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demands heavy computations requiring long-lasting times. A limitation
to 12 s allowed us to have an image of a whole crust on section PS,
whereas the structures of the deep crust and its involvement in the
chain building was our main interest on PN section. We utilized parallel
computing facilities at CINECA (www.cineca.it) center.

Section PN starts at CDP 101 (Termini Imerese) and ends at CDP
2458, while PS starts at CDP 1948 and ends at CDP 4042 in the
proximity of Gela, as shown in Fig. 2. We secured an overlap between
PN and PS to avoid border effects considering full coverage as origin-
ally planned. The main acquisition parameters are reported in Table 1.

3.1. Processing

Amplitude recovery and balance of shots and receivers responses,
deleting parts of records strongly contaminated by noise (spikes, cross-
feeds, random noise), took place at the pre-processing stage.

Since WED application requires a reliable velocity field, we first
proceeded to pick all first arrival times in the field records in order to
perform a tomographic inversion of first breaks. We created an initial
model with square cells, 25 m wide, corresponding to half receivers
distance, by using a commercial software TomoPlus® (GeoTomo LLC:
www.geotomo.com).

The computation considers a minimization of differences between
calculated and observed travel times developing a forward ray-tracing
modeling, carried out after 25 iterations. A first output model was re-
entered in the tomographic process as a new initial model and sub-
mitted again to 25 iterations to complete the inversion. The process
allowed us to build a velocity model for near-surface sequences, where
significant complexities are present, like highly variable lithology and
rough topography. In Fig. 4 an example of the obtained velocity field.

Kirchhoff integral solution to scalar wave equation (using both near-
field and far-field terms; Berryhill, 1979, 1984) can provide a basis
computation to deal in the datuming with irregular surfaces and vari-
able velocities (Wiggins, 1984; Bevc, 1997). In the pre-stack domain,
WED is applied in two steps: (i) common-source and (ii) common-re-
ceiver domains. Operating on a common-source gather, it has the effect
of extrapolating receivers from one datum to another, and, because of
reciprocity, operating on a common-receiver gather, it changes the
datum of the source.

Basically, WED is a process of upward or downward continuation of

the wave-field between two arbitrarily shaped surfaces. Recalling main
principles of the theory, we should consider the importance of distin-
guishing between migration and WED (e.g. Barison et al., 2011;
Giustiniani et al., 2015 and references therein). WED produces an un-
migrated time section at a specified datum plane (Yilmaz and Lucas,
1986); migration involves computing the wave-field at all depths from
the wave-field at the surface. In addition to downward continuation,
migration requires imaging principle. In this respect, WED is an in-
gredient of migration, when we apply migration as a downward con-
tinuation process.

We applied WED utilizing a Seismic Unix package (SU), a free
software developed at Colorado School of Mines integrated by home
codes. The code (based on Liu, 1995) adopts a far field approximation
of Berryhill's original formula for post-stack and pre-stack corrections
(Berryhill, 1984). Tomographic velocities let us evaluate a travel-time
table. To have a velocity field covering the full record length, we added
information from standard velocity analysis and finally a gentle velocity
gradient. Computation of WED demands a regular geometry, i.e. con-
stant distances between receivers and seismic sources. To satisfy this
requirement, we added shots with zero traces and the missed traces
nearby shots (corresponding to the gap interval) by developing home
codes. After this step, the distance between receivers in each common
shot gather and those between shots in each common receiver gather
was equal to 50 m. At last, we removed the introduced zero traces. We
selected a datuming aperture equal to 5000 m and a datum plane cor-
responding to the sea level. The datum surface must be totally below or
above the topography. We lost near surface information where eleva-
tions reached about 1000 above sea level because of the datum level
choice. However, adopted offsets, shot spacing and subsequent scanty
coverage in the upper part of the sections do not reveal plainly near-
surface structures. The planned coverage is reached only at more than
2 s TWT, reserving our attention only to deeper crustal formations. A
suitable acquisition and processing approach is required for prospecting
near-surface stratigraphy.

In Fig. 5 a shot gather and its amplitude spectrum, before and after
WED application is reported. It is clear that WED improves signal/noise
ratio and resolution. After WED, we applied a gap deconvolution on
section PS with an operator length of 240 ms and a lag of 14 ms, while
for line PN a length of 160 ms and 16 ms lag was chosen.

Sorting data in CDP gather, we interactively performed a velocity

Fig. 4. An example of near-surface velocity field obtained by tomography solution from first-breaks picking and imaging thrusts and piggyback basins of Maghrebian chain. Stars indicate
the position of oil wells; arrows indicate towns. Vertical exaggeration 10:1.
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analysis for dynamic corrections and residual statics applications. After
stack, we applied fx-deconvolution and a time-variant trace mixing to
enhance identified signals, defining a lateral window of 5 traces
weighted by symmetrical weighting function towards the central trace
on stacked data. Finally, a post-stack Kirchhoff time-migration, com-
puted reducing and smoothing stack velocities and limiting the aperture
(the maximum angle was restrained to 30°), and a time-variant filter
completed the processing. A processing flow is reported in Table 2 lists
main steps of applied processing sequences.

Fig. 6 shows the migrated seismic section PN, while in Fig. 7 the
section PS is reported. Thin lines overprinted on seismic data connote
horizons marking structural trend as finally reported in the line-
drawing of Fig. 8. The migrated sections without interpretation are
reported in Appendix A (Figs. 1A, 2A). A comparison with the pre-
viously published section by Accaino et al. (2011), without WED ap-
plication, can be accomplished in Appendix A (Figs. 1A, 2A, 3A). Ap-
pendix A includes Figs. 9, 10, and 11 without interpretation (Figs. 4A,
5A, 6A).

4. Discussion

SIRIPRO profile has documented a major tectonic stacking oper-
ating in northern Sicily. Crustal inhomogeneity and/or fragmentation of
the foreland plate appear to have strongly controlled orogeny devel-
oped with an arcuate frontal shape, i.e. the thinned crust of Central
Sicily basin and the two blocks represented by western platforms

system and eastern Hyblean Plateau, each intruded by magmatic pro-
ducts.

The comparison between the processed sections, with and without
the application of the WED (see the Supplementary material in
Appendix A with sections in Figs. 1A, 2A and 3A), let us to recognize
immediately the improvements of the near surface seismic images and
of the deep reflecting markers in the foreland and in the chain. The
newly processed sections better image the shallow structures and
highlight the deeper interfaces improving signals continuity after a
more efficient post-stack migration.

Starting from northern coasts, the profile crosses outcroppings of
Numidian Flysch covering Permo-Triassic deposits. The last sequences
belong to a thrust system that incorporates parts of Flysch and of un-
derlying Imerese deep-water carbonates (CDP: 1 – 350 on section PN in
Fig. 6). The borehole Casteltermini 1, more than 30 km south, re-en-
countered Permo–Triassic formations at a depth of about 5700 m,
probably imbricated or still thrust over Imerese/Sicanian folds involved
in the nappe anticline, according to Basilone et al. (2016).

Fig. 8 shows the top of crystalline-metamorphic basement at about
5 s TWT in the north portion, steeply wedging southwards with a pro-
gression of reverse faults and thrusts. This interpretation matches the
magnetic data inversion that suggests a basement stepping down to-
wards the trough, from around 12 km to more than 14 km (Fig. 3
modified from Cassano et al., 1986) or to more than 17 km (from a
successive interpretation by Cassano et al., 2001).

Buried sub-thrust duplexes involving series of basement as well as of

Fig. 5. An example of a shot gather near CDP 4000 and its amplitude spectrum before (left) and after WED (right).
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deeper (Tyrrhenian) crust, drawn by delamination enucleated from
crust-mantle transition, likely form the core of a huge FTB anticline.
The interval from 6 to 11 s, on PN section at its northern margin (box in
Fig. 8 and the zoomed interval in Fig. 10), shows as well steep south
dipping reflecting markers that could be tentatively associated with
Tyrrhenian crustal segments.

These build up structures accompanied a recent uplift of
Maghrebian anticline under a lateral push of mantle and asthenosphere
upwelling in the Tyrrhenian Sea and likely a crust-mantle decoupling
(Roure et al., 2012).

Bouguer Gravity anomalies (Accaino et al., 2011) range from
+25 mGal (on north coastline) to −100 mGal (few km south of Cal-
tanissetta) and support a presence of heavy lens, a southern wedge of
the Tyrrhenian crust accepted by Catalano et al. (2013).

Interpretation of seismic data reveals a gently dipping foreland
Moho from about 10 s TWT (more than 30 km depth; Figs. 8, 10 and 11)
below southern Sicily coasts, to 37–38 km (Morelli et al., 1975) beneath
Tyrrhenian shoreline. The crust base at 10 s TWT matches times and
depths recognized on seismic profiles acquired in the Pelagian domain
(Catalano et al., 2000b; Nicolich et al., 2000) and on wide-angle pro-
filing (Chironi et al., 2000). Foredeep Moho reaches 11 s TWT on sec-
tion PS beneath Caltanissetta (Figs. 8 and 10). A Moho interface
emerges only for a small extent on profile PN (Figs. 6 and 8), where it
may reach more than 12 s TWT at the northern end. On the contrary, a
newly formed Tyrrhenian Moho dips south from less than 10 km be-
neath the abyssal plain, reaching about 30 km depth approaching north
Sicily coastline. A reflecting marker to associate with the Tyrrhenian
Moho is not recognizable. The two Moho's do not overlap vertically
onshore, or there is no clue to a reverse fault offsetting Moho of the
northern mantle beneath the Maghrebian Chain of Central Sicily.

Offshore data should give a more precise image of the interaction be-
tween the two crusts.

PS section (Fig. 7) crosses a dipping Hyblean shelf margin char-
acterized by high angle normal and reverse north-verging faults. We
identified the top of the Plateau at around 2 s TWT near the southern
end and at more than 6.5 s in the trough (estimated depth around
19 km).

We positioned the top of basement closely to 4 s TWT on PS section
at its southern end (Fig. 8), according to the magnetic data inversion of
Fig. 3 and to the interpretations of onshore and offshore seismic profiles
(Bianchi et al., 1987; Catalano et al., 2000b). Hyblean Plateau crust
looks highly reflective with the location of the top of lower crust, or
crust-mantle transition interval, proposed at about 9 s TWT where re-
flecting markers lay sub-parallel to a suggested Moho interface.

The reflectivity of Hyblean crust could be related to a Mesozoic
geologic evolution of the area with uncertain mechanism. Regions
where spread magmatic intrusions and thermo-metamorphic processes
may occur, like in Tuscany or in the Verona gravity high province (i.e.,
Giustiniani et al., 2015; Nicolich, 2015), documented similar re-
flectivity. An explanation should come from the origin and nature of the
deep crust underlaying the platform that may consist of different layers
of statically re-crystallized magmatic rocks.

Already, Scribano (1987) suggested that Hyblean deep crust should
have a complex nature related to upper mantle composition owing to a
possible presence of a mantle diapir. From the analysis of xenoliths and
volcanic products, Manuella et al. (2015) concluded that typical con-
tinental crustal rocks are absent. They assumed an oceanic nature of
Permo-Triassic basement with serpentinites forming dominant litholo-
gies, specifically in the Hyblean area. Actually, wells drilled by oil in-
dustry have not reached a metamorphic-crystalline basement and there
is no evidence of presence of granites.

Ismail-Zadeh et al. (2003) sketched a model of Sicily-Ionian crustal
domain utilizing sedimentary sequences identified in wells and calcu-
lating the subsidence from Trias onward. This model highlights a rapid
tectonic subsidence of southern Sicily in Late Triassic, with 4 to 6 km of
deposits accumulated in Hyblean region, and foresee a stretching phase
of continental crust during Late Jurassic in the course of an updoming
of asthenosphere and upwelling of mantle. The last event initiated the
thinning of crust and lithosphere and filtration and accumulation of
magmatic melt inside an asthenosphere bulge. Crystallization of melts
followed the upward transport of magma and formation of magmatic
lens within the lowest crust parts and uppermost mantle. Early Cre-
taceous subsidence and Ionian basin inversion during Tertiary might be
associated to phase changes in uppermost mantle, like a transition into
eclogite rocks during cooling in Ionian and sinking of heavy lens.

In the interpretation of section PS (box in Figs. 8 and 10), the Hy-
blean shelf edge terminates before Caltanissetta, at the contact with a
highly reflective layer, less than 2 km thick, that may indicate the
presence of a Permo-Triassic basinal succession, overlaying the base-
ment. We have not recognized seismic facies indicating a possible
northward continuation of Hyblean structures (an allochthonous Hy-
blean platform) on the PN section. The north-verging reverse fault, at
the edge of a thinned Hyblean shelf margin (Fig. 10), may represent an
early deformation of the margin linked to Africa progressive northward
movements from late Cretaceous occurred prior of the large-scale
Neogene southeast verging thrusts.

We propose a basement top at more than 7 s TWT (around 21–22 km
depth) beneath Caltanissetta and can estimate the depth of the lower crust
interval starting at about 28 km (more than 9 s TWT). Its thickness should
correspond to 4–5 km (less than 1.5 s TWT), comparable to evaluations for
the crust-mantle transition section in western Ionian Basin (Nicolich et al.,
2000). Foreland crust thins from southern coasts to Caltanissetta area,
with a reduction of approximately 8 km. This behavior attends the gravity
anomalies, ranging from +25 mGal near Gela to −100 mGal in Calta-
nissetta.

A complex imbrication of northern and southern basement segments

Table 2
A flow chart with principal processing
steps.
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with slices of the deepest crust occurs immediately north of termination
of the Hyblean shelf margin. This structural setting corresponds to the
presence of a crustal wedge probably decoupled from mantle litho-
sphere, moved from the Tyrrhenian domain and colliding with the
Sicilian foreland edifice.

Line-drawing in Fig. 8 shows a piling up within the Caltanissetta
trough of allochthonous terrains, primarily slope-deep water Mesozoic-
Paleogene rock successions (Imerese and Sicanian sections) with thrusts
and folds covered by thick Neogene terrigenous deposits with clastites,
varicolored clays, tectonic mélange, Numidian Flysch, Messinian eva-
porites and Pliocene sequences filling syntectonic thrust–top basins.
Allochthonous terrains appear to be detached from Permian-Triassic
basinal deposits with a transport directed towards foreland and hin-
terland, becoming the backthrusts a distinct feature in the central part
of the profile. Backthrusts have passively accommodated in higher
structural levels more recent NW-SE shortening at depth, which re-
stricted the Caltanissetta syncline (Bello et al., 2000). Deep-seated
thrusts occurred during Late Miocene and during Late Pliocene-Early
Pleistocene. The detachment surface within the Lower Pliocene sedi-
ments, which uncomformable covers the Hyblean foreland signs a last
southeastward transport.

Sicanian folds outcrop in Judica-Scalpello area (Bianchi et al.,
1987), emerging like transitional successions between platform setting
of Hyblean Plateau and basinal setting of Caltanissetta trough (JS in
Fig. 1). Bello et al. (2000) recalling the slope-to-basin depositional
environment of Upper Triassic carbonate facies, accepted the presence
of transitional basinal to oceanic sequences detached and progressively
transferred from the trough to the M.te Judica shortening and out-
croppings. The corresponding thrusts in the PS SIRIPRO section can be
found south of the Braemi well position (CDP's 3000–3350, 3–5 s TWT).

Fig. 9. A zoom of northernmost sector of PN section (see the box in Fig. 8) with de-
formational processes and tectonic stack. B = top of basement; dotted lines denote Tyr-
rhenian crust structures, dipping south. A star indicates the position of the Cerda 1 well.

Fig. 10. A zoom within Caltanissetta deep trough (box in Fig. 8) showing the termination
of Hyblean shelf and imbrications of southern and northern deep crust structures. Hy, B,
LC = top of Hyblean shelf, of basement, of lower crust; M = Moho; stars indicate the
projection of oil wells.

Fig. 11. A zoom at the southern end of PS section (see the box in Fig. 8) with Hyblean
highly reflective middle-lower crust. M = Moho interface; LC = top of lower crust;
B = top of basement. A star indicates the position of the Settefarine well.
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Near the borderline from Saccense platform to Sicanian Basin suc-
cessions, to the west, outcroppings at Genuardo Mount (G in Fig. 1)
show similar transitional stratigraphic units.

5. Conclusion

The SIRIPRO profile has an inappropriate coverage. To increase
energy penetration and signal recovery more shots/km should have
been adopted. This expensive solution could have contributed to have
large amplitudes of the stack signals and a more reliable migration
process. The energy dispersion factors and common depth point scat-
tering associated to the tectonic complexity produced few distinct re-
flecting horizons with a good continuity. Anyway, improving signal to
noise ratio and preserving reflections amplitudes by the application of
the WED, let us differentiate seismic facies, offering a direct image of
ongoing tectonic setting and of variable lithology and petrophysical
properties characterizing distinctive nature of Central Sicily crust.
Clearly, the new seismic images allow an interpretation that differs in
some points from that one published by Catalano et al. (2013). The
main points coming out from this study are listed in the following:

1. Migrated sections underline continuity of high amplitude horizons
within middle-lower Hyblean crust (Fig. 11) that we guess it should
derive from re-crystallization of magmatic rocks and thermo-meta-
morphic phenomena with a possible layering of sub-horizontal sills
fractured and filled by hydrothermal minerals. The data confirm
that Hyblean crust remarkably thins towards the Caltanissetta
trough.

2. Post-nappe sub-thrust duplexes occurred in northern Sicily, where
major tectonic stack operated on the construction of a wide anticline
(Figs. 8, 10). A southward push of Tyrrhenian mantle and asthe-
nosphere and a progressive northward migration of contraction
tectonics during late Pleistocene have accompanied the chain uplift.
Analyzing the seismic facies, the presence of shallow water carbo-
nates platforms covering the basement in the PN section is ques-
tionable, but possible, whereas this presence can be very likely ex-
cluded within the deep Caltanissetta trough and over the Hyblean
platform. Mostly debatable the existence of an allochthonous Hy-
blean platform.

3. Deformation processes involved multiple deep detachment planes
and a passive deepening of the detachment surfaces down to de-
coupling levels located near the crust/mantle transition, supporting
a presence of high-density lenses beneath the chain, interrelated to
Tyrrhenian mantle activity (Fig. 9). The correlation with offshore
deep seismic profiles is needed to fix a marker associable to the base
of the Tyrrhenian crust.

4. The Caltanissetta crustal scale syncline developed starting from a
first inversion at the edge of the Hyblean Plateau, which occurred
before a large-scale Neogene overthrust. Rigid bodies of the foreland
plate, the western platforms, and eastern Hyblean Plateau delimited
the Central Sicily Basin and accompanied a major tectonic transport
with a huge anticline and a wide synform, guiding the progression of
the frontal shape of the fold&thrust belt.

5. Sequential south-verging imbrications of deep crustal elements
(Fig. 8) represent a crustal wedge indenting the foreland structures.
Accumulation of allochthonous terrains inside the trough, with
southeast and northwest-verging thrusts, followed the above geo-
dynamic evolution.

6. A preferred detachment of allochthons seems located within
Permian clastics and carbonates or Middle Triassic marls, at the top
of a thinned crust corresponding to the presence of a deep-rifted
basin or zone of continent to oceanic transition (Fig. 10) nearby the
base of the trough.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2017.08.034.
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