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The Sicilian Thrust System (STS) is a south-verging (Africa-verging) fold-and-thrust belt including a Mesozoic-Paleogene sedimentary
sequence. This thrust stack owes its origin to the deformation of pre-orogenic strata deposited in different palaeogeographic domains belonging to passive margins of the African plate. The STS was deformed during the Neogene, following the closure of the Tethys Ocean
and the continental collision between the Sardo-Corso Block and the north Africa margins. The thrust pile was detached from the underlying basement during the Miocene–Pleistocene. The regional-scale structural setting recognized allows us to reconstruct the tectonic
evolution of the STS as follows: I – piggy-back thrusting from the Late Oligocene to the Langhian, inducing the building of the Inner Sicilian Chain (ISC); II – piggy-back thrusting from the Langhian to the Tortonian, inducing the formation of the Middle Sicilian Chain
(MSC); III – generalized extensional deformation in the chain-foredeep-foreland system from the Tortonian to the Early Pliocene; IV – a
new onset of piggy-back thrusting after the Early Pliocene allowed the building of the Outer Sicilian Chain and out-of-sequence thrusting
in the previously developed ISC and MSC.
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INTRODUCTION

During mountain belt evolution there commonly exist close
relationships between different types of structures (e.g., thrust
faults and normal faults) or between different deformation regimes (shortening vs extension). Many geologists believe that
thrust faults are produced by outward propagation from the internal, core parts of a mountain chain (Roure et al., 1990a and
references therein). These faults are defined as normal-sequence thrusts (or in-sequence thrusts). Out-of-sequence
thrusting involves younger, higher thrusts that formed by
breaking an older thrust sheet within a pile of already-formed
thrusts.
To understand how thrusts system form, we need to know
the sequence of development of thrusting, that is, whether new
faults developed towards the foreland or towards the hinterland. The simple foreland-breaking sequence of deformation

characterizing the accretion of a sedimentary wedge during the
subduction stage can be interrupted either by backward vergent
deformation, syn-orogenic extension or backthrusting/thickening near the orogenic backstop (Platt and Vissers, 1989; Willett
and Brandon, 2002; Smit et al., 2003). The dynamics of wedge
growth may be partly dictated by localized extensional forces
which may support basin formation both in the back of the
wedge (piggy-back basins) and in its toe region (foredeep-foreland basins; e.g., Oldow et al., 1993; Mantovani et al., 1997).
The evolution of chain-foredeep-foreland systems is characterized by contractional structures coupled with extensional
structures, both at the chain-foredeep and at the foredeep-foreland transition zone (Dewey, 1988). As a consequence, the architecture of most foredeep depressions is generally envisioned
as controlled by active regional thrusts and coeval subsidiary
normal faults in their inner and outer edges. These structures
may contribute to the accommodation of flexure in foreland
plates induced by the load of advancing thrust sheets
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(Sciscianni et al., 2001). Also, during continental collision,
out-of-sequence deformation is widespread across foldand-thrust belts. The thrust systems accommodate substantial
horizontal crustal shortening and these systems are composed
of shallowly dipping faults. Most thrust systems are dominated
by the progressive cutting of fault ramps and fault splays into
the footwall block and thus towards the foreland. Thrust faults
in a thrust system need not all have the same vergence as the
sole fault that underlies the thrust complex. Faults cutting progressively into the hanging wall block, and thus towards the
hinterland, are present at least locally and are called out-of-sequence thrusts or back thrusts. A process that results in the
common development of back thrusts is called tectonic wedging. In a variety of tectonic settings, faults called back thrusts
may develop that have opposite vergence. Out-of-sequence
faults are responsible for internal deformation of wedges
(Chapple, 1978), and are caused by reactivation of older in-sequence thrusts or by the development of new thrust faults
through a deformed thrust sheet (Morley, 1988).
Foreland propagation seen in thrusting does not show continual development. Many factors causes the thrust sheet to
stick. In order to overcome the sticking of the sheet an outof-sequence fault is formed (Morley, 1988). Out-of-sequence
faults are also found associated with deformation seen in the
sedimentary rocks that come from the underlying plate as the
thrust sheet spreads towards the foreland (England and
McKenzie, 1982).
Oldow et al. (1993), Keller et al. (1994) and Carmignani et
al. (1994) indicated that the tensional stress field observed in
the inner part of the Apennines co-exists with a compressional
stress field in the foreland part of the belt. This dynamic aspect
means that extensional structures are kinematically linked with
compressional structures and may represent the evolution in
time of the collision processes. The same concept was assumed
by Giunta et al. (2000, 2002) for Sicily and by Tricart et al.
(1994) for northern Tunisia.
In Sicily we still lack a kinematic model relative to mountain chain building, including the development of in-sequence
and out-of-sequence thrusting and also folding and the development of extensional structures (e.g., normal faults). The aim
of this paper is to provide constraints to help unravel the structural evolution of the Sicily chain using stratigraphic data and
geometric relationships between different map-scale types of
structures.

MAIN GEOLOGICAL OUTLINES
The tectonic setting of the central Mediterranean is dominated by subduction in the Calabrian Arc and by collision between the African and Arabian plates with Eurasia (McKenzie,
1970; Jackson and McKenzie, 1988). The central Mediterranean region exhibits various tectonic phenomena, from continental collision to escape tectonics with major continental
strike-slip faults, subduction of continental and oceanic lithosphere and associated back-arc spreading. The combination of
convergence and extension has been an enigmatic feature of
this region.

The tectonic regime along the plate boundary in north Africa and in a large part of Sicily reflects the convergence between Africa and Eurasia and shows a dominantly NW compressive trend. However, in the Calabrian Arc the stress regime
is complex, and diffuse in orientation and depth as well as in the
style of deformation. According to Rebai et al. (1992), the
stress regime is close to radial extension. In the southern
Apennines normal and strike-slip faulting prevail, with extension perpendicular to the trend of the chain (Frepoli and Amato,
2000).
The Sicilian-Maghrebides belt represents the emergent segment of the central Mediterranean Suture Zone, extending from
the Sardinia Channel to the Sicily Strait. On land, a southwards-verging accretionary wedge crops out. Inside it, different deformed successions crop out, derived from the Meso-Cenozoic carbonate platforms and intervening pelagic basins. The
Calabrian accretionary wedge is a partially submerged
accretionary complex located in the Ionian offshore region and
laterally bounded by the Apulia and Malta escarpments. The
Sicilian-Maghrebides belt has its axial culmination in western
Sicily and axial depression in NE Sicily; this trend results from
the increasing rotation in oblique convergence (Channell et al.,
1980; Nairn et al., 1985; Grasso et al., 1987; Oldow et al., 1990;
Nigro and Renda, 2001a). The African lithosphere appears
flexed in eastern Sicily by thrust loading and elastic bending of
the foreland caused by crustal stacking (Adam, 1996).
Jiménez-Munt et al. (2003) concluded that Africa/Arabia versus Eurasia convergence cannot be the only active tectonic
mechanism in the Mediterranean. Additional forces, such as
slab pull and suction, in the case of the Calabrian Arc, are necessary in order to reproduce the prominent features of the
WSM2000 map (Mueller et al., 2000) that contains the information on the stress field in the central Mediterranean area. A
common feature of the Alpine orogens in the central Mediterranean region, is in geodynamic evolution during the Cenozoic,
is the migration of the subduction trench concomitant with progressive forward propagation of the frontal thrusts in the foreland domain and crustal extension in the back-arc regions
(Alvarez et al., 1974; Dewey et al., 1989; Jolivet and Faccenna,
2000). The concomitance of extension and shortening settings
has been documented by integrating structural and petrological
data coming from high pressure metamorphic units presently
exposed in the hinterland regions of the Calabria-Peloritani Arc
(Wallis et al., 1993; Rossetti et al., 2004; Heymes et al., 2010).
From the Triassic onwards, Sicily experienced deformation related to the opening of the Tethys Ocean. Coeval normal,
strike-slip and oblique-slip faults, developed in the framework
of a transtensional regime induced by oblique rifting of the Africa and Europe continental passive margins, affect the Upper
Triassic to Late Cretaceous strata of northern Sicily (Catalano
and D’Argenio, 1982; Nigro and Renda, 2005). From the
Paleogene onwards a reversal in the general relative plate motion induced convergence followed by collision of the European and African margins. The Maghrebides thrust front in Sicily forms an arcuate salient (Fig. 1) where the trend-lines converge at the end points, suggesting basin-controlled bending
during Paleogene-Neogene collision.
Variously protruded foreland plate indenters flank this basin, where growth of the orogenic wedge, generated by the ac-
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Fig. 1A – main structural elements in Sicily (modified after Nigro and Renda, 2001b);
B – simplified tectonic map of the western Mediterranean region (modified after Platt, 2007)
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Fig. 2A – schematic cross-section (modified after Nigro and Renda, 2004a);
B – structural sketch of Sicily
MSC – Middle Sicilian Chain, ISC – Inner Sicilian Chain, OSC – Outer Sicilian Chain

cretion of syn-tectonic sediments, is represented by a stack of
tectonic slices. The two indenters are respectively affected by
extensional deformation in southeastern Sicily, and contractional deformation in western Sicily (Finetti et al., 1996).
The thrustal system of Sicily progressively developed starting in Oligocene (Fig. 2). The tectonic units of the Sicilian

Thrust System (STS) were piled up along shallowly-dipping
thrusts and were transported southwards during the construction of the Apennine-Maghrebide fold-and-thrust system
(Ogniben, 1960; Scandone et al., 1974; Catalano et al., 1979;
Catalano and D’Argenio, 1982; Broquet et al., 1984; Nigro and
Renda, 2000).
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The STS and the Calabrian–Peloritan belt are the link between the Apennines in Italy and the Maghrebides in north Africa. The Calabrian–Peloritan belt is composed of a nappe pile
of metamorphic rocks comprising ophiolitic units with their
Mesozoic-Cenozoic sedimentary cover derived from the
Tethyan oceanic domain (the “Liguride Complex”; Ogniben,
1973), which are overlain by a large sheet of pre-Alpine continental-derived metamorphic rocks with local remnants of a
Mesozoic-Cenozoic cover (the “Calabride Complex”;
Ogniben, 1973).
The arc shape of the Calabrian–Peloritan belt has been acquired during the opening of the Tyrrhenian basin since the
Tortonian (Rosenbaum and Lister, 2004).
As shown by the thrusts and folds within the thrust stack of
the Apennine-Maghrebide fold-and-thrust system (Giunta and
Nigro, 1999), the tectonic transport direction has been changing from generally E–W to NW–SE and N–S through time
(from the Late Paleogene to the Neogene). Flexural-slip folding occurred during this progressive thrusting (Oldow et al.,
1990; Roure et al., 1990a, b; Nigro and Renda, 2001a). Faultpropagation-folding processes have produced widespread
frontal ramp anticlines inside the thrust stack. The thrust stack
shows ramp-flat geometries with a large spacing of order of
hundreds metres.
Propagation of piggy-back thrusts occurred during the Late
Oligocene-Late Miocene displacements. Foreland propagation
of different flexural foredeep basins developed in front of the
thrust belt, as revealed by the age and geometric relationships
of the syntectonic deposit fills of the Oligocene-Pleistocene
foredeep basins (Nigro and Renda, 2000 and references
therein).
The Sicilian Thrust System is typically divided into three
main domains (Fig. 2): the Inner Sicilian Chain (ISC), the Middle Sicilian Chain (MSC) and the Outer Sicilian Chain (OSC)
(Tavarnelli et al., 2003; Nigro and Renda, 2004a). The ISC extends mainly in an E–W direction in northern Sicily and results
from the Oligocene-Early Miocene thrust tectonics which
dominated the early Africa–Europe collision (Ogniben, 1960;
Roure et al., 1990a, b; Giunta, 1991; Catalano et al., 2000). The
MSC and OSC mostly consist of Oligocene-Pleistocene
foredeep deposits cropping out in central and southern Sicily,
which were progressively involved in the contractional deformation (Broquet et al., 1966; Grandjacquet and Mascle, 1978;
Giunta, 1985; Nigro and Renda, 2000) from the Serravallian
on. The growth of the orogenic wedge of the STS since the
Pliocene, generated by the accretion of syntectonic deposits, is
represented by a stack of tectonic slices known as the “Gela
Nappe” (Beneo, 1958), which belongs to the OSC.
Starting from the northern Sicily coast, a process of crustal
attenuation and subsidence affected the STS since the Late
Tortonian (Kezirian et al., 1994; Giunta et al., 2000).
During the Pliocene-Pleistocene time interval, dextral
transcurrent faults affected northern Sicily and its Tyrrhenian
offshore domains (Boccaletti et al., 1982; Finetti and del Ben,
1986). Strike-slip deformation inland was mainly accommodated by the development of an E–W-striking narrow shear
zone with dextral movements (Ghisetti and Vezzani, 1984). In
the southern Sicily off-shore region the submerged segments of
the western and eastern edges of the Hyblean-Pelagian foreland
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plate are located, and have a strong structural contrast, compared to the “Gela Nappe”.
The occurrence of a shortening-extension pair in the
Calabria-Peloritani Arc (CPA) has been proposed and linked to
the dynamics of the Apennine trench that was active during the
Paleogene (Faccenna et al., 2001; Jolivet et al. 2003; Rosenbaum and Lister, 2004; Rossetti et al., 2004). Orogenic wedge
dynamics (Davis et al., 1983; Platt, 1986; Willett, 1992) have
been identified as a feasible scenario to frame the relationships
between hinterland extension and frontal shortening in the
Calabria-Peloritani Arc (Wallis et al., 1993; Knott, 1994;
Thomson, 1998; Rossetti et al., 2001).
There is no a general agreement concerning the structural
architecture of the CPA (Carrara and Zuffa, 1976; Cello et al.,
1996; Bonardi et al., 2001; Rossetti et al., 2004; Iannace et al.,
2007). Contrasting tectonic interpretations are proposed for
the Early Miocene (from ca. 20 to 15 Ma) ages from the
orogenic hinterland of the CPA, that are related either to rock
exhumation during crustal thinning operated by extensional
tectonics (Rossetti et al., 2004) or to rock burial during renewed orogenic construction (Iannace et al., 2007). However,
extensional tectonics is documented in the Calabride Complex as being active at about 30 Ma (Platt and Compagnoni,
1990; Heymes et al., 2008; Grande et al., 2009) concurrently
with the main phase of tectonic denudation (Thomson, 1994)
and the onset of exhumation of the Liguride Complex (Knott,
1994; Rossetti et al., 2001). Many points suggest that Miocene shortening of the outer units of the CPA was concomitant with extensional tectonics leading to crustal thinning and
progressive unroofing of the HP-metamorphic units in the
orogenic hinterland of the CPA.

MESOZOIC PRE-OROGENIC
STRATIGRAPHY
The Sicilian deposits display significant facies and thickness variation, indicating that they were deposited onto differently subsiding, fault-controlled blocks (Scandone et al., 1974;
Biju-Duval et al., 1977; Catalano and D’Argenio, 1982). The
facies distribution reflects carbonate platforms and an intervening pelagic basin during the Mesozoic-Paleogene/Eocene time
interval. From the ISC towards the south they are: Peloritani,
Sicilide, Panormide, Imerese-Sicanian and Hyblean-Pelagian
(Fig. 3).
Nigro and Renda (1999) indicated that the palaeogeographic domains developed on crust of different thickness. The
crust was thinner beneath the Imerese-Sicanian and Sicilide
basins and thick beneath the Hyblean-Pelagian carbonate platform.
From the Late Triassic onwards, shallow-water (evaporitic,
lagoonal, biohermal and tidal flat) deposition occurred on carbonate platforms. In the intervening deep-water basins, finegrained carbonate deposition occurred. The carbonate platform
deposition of Triassic-Early Jurassic time was replaced by pelagic sedimentation (Abate et al., 1982), onlapping above the
Early Jurassic neritic strata. Siliceous limestones and bedded
cherts represent the slope-to-basin plain deposition. The basin
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Fig. 3. Pre-orogenic lithostratigraphy sketch of sedimentary rocks in the Sicilian sector
of the Sicilian-Maghrebides orogenic belt (modified after Nigro and Renda, 2005)

slopes were characterized by re-sedimentation processes, expressed as thick bodies of dolomitic breccias and olistostromes
with olistoliths interbedded within the pelagic deposits at different stratigraphic levels.
Jurassic dykes are commonly observed within the carbonate platforms (Wendt, 1965; Truillet, 1966; Mascle, 1970,
1979; Bernoulli and Jenkyns, 1974; Bouillin et al., 1992; di
Stefano et al., 2002).
Jurassic-Early Cretaceous deposition is represented by condensed and deep-water deposition above the neritic strata.
Starting from the Late Cretaceous, carbonate platform deposition was drastically reduced in Sicily. Deposition reflects a progressive physiographic uniformity, represented by basin-plain
marly limestones, progressively lying over the pelagic deposits
and the fragmented neritic carbonates. Late Cretaceous sedimentation is also represented by turbidites and deep-water deposits of the so-called Sicilide Basin.

NEOGENE SYN-COLLISIONAL
STRATIGRAPHY
By Late Oligocene onwards, inversion tectonics and thrusting of the innermost African continental margin started, as a

consequence of the Sardinia–Corsica Block
counterclockwise rotation (Cherchi and
Montadert, 1982) – a drastic change of the
sedimentary processes took place.
The collision between the Sardinia–Corsica Block and the most internal African
continental margin produced, in the Maghrebide areas, foredeep systems mostly
filled by siliciclastic and subordinate carbonate deposits. The STS was realized through a progressive forelandwards migration
of the chain-foredeep system, progressively
incorporating syntectonic deposits, which in
turn carried piggy-back basins (Fig. 4).
Characteristic for this stage of orogenesis is
the development, in migrating foredeep basins, of olistostromes and olistoliths derived
from the front of advancing nappes of the
ISC (Beneo, 1958; Flores, 1959).
The distribution of the syntectonic facies
associations (Nigro and Renda, 2000 and
references therein) allow reconstruction of a
prograding turbiditic fan system developed
in the inner foredeep edge from the Oligocene to the Late Miocene (Fig. 5). Distal
turbiditic bodies filled the axial zone of the
foredeep, while its outer edge saw foreland
carbonate and/or pelagic sedimentation
(Fig. 4). Figure 5 outlines the facies distribution of the inner-axial-outer foredeep-foreland system (including piggy-back deposits)
for six time intervals. During the Late
Oligocene-Early Miocene (Fig. 5A) the ISC
built up and during the Langhian-Middle
Tortonian (Fig. 5B) the MSC was progres-

sively developed.
From Late Tortonian to Early Pliocene time (Fig. 5C–E)
sedimentation was affected by extensional deformation (see
Figs. 8, 9 and next paragraphs) and evolved from mostly clastic
in the Tortonian, to evaporitic in the Messinian and to pelagic in
the Early Pliocene.
During the Plio-Pleistocene (Fig. 5F) the OSC built up.

CONSTRAINTS FOR OLIGOCENE-PLEISTOCENE
FOREDEEP-FORELAND SYSTEM MIGRATION
On the basis of syntectonic sedimentary facies distribution
and the geometric relationships between the tectonic units of
the STS, a deformation chronology during the Late
Paleogene-Neogene may be summarized as follows:
1. Starting from the Late Oligocene, the incipient opening
of the Ligurian Basin and Sardinia–Corsica Block rotation
(Cherchi and Montadert, 1982) induced a progressive change
of the African Continental Margin physiography, connected to
the early deformational stages affecting the inner Peloritani domains. Thus, the inner Sicilian carbonate platforms/basins were
progressively involved in the collisional deformation (ISC displacements). A foredeep-foreland system developed (Numidi-
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Fig. 4. Syn-collisional stratigraphy of sedimentary rocks in Sicilian sector of the Sicilian-Maghrebides orogenic belt
Different distribution of the foredeep-foreland facies during the displacement of the Sicilian Thrust System,
and the main tectono-eustatic events

an Basin; Giunta, 1985). Its internal edge was filled by
terrigenous syntectonic deposits. The Numidian foredeep was
included in the ISC from the Late Langhian (Pescatore et al.,
1987), when the Sicilide Basin deformation took place, with its
emplacement over the Panormide sectors and of both over the
internal sector of the Imerese-Sicanian Basin.
2. During the Serravallian-Middle Tortonian the MSC built
up. The Numidian foredeep was completely involved in the
MSC building. The foredeep basin migrated forelandwards, as
a consequence of the progressive deformation of the
Imerese-Sicanian Basin. The outer foredeep edge developed on
the Imerese-Sicanian successions, where the sedimentation began to acquire a clastic contribution deriving from the erosion
of the uplifting ISC and MSC thrust sheets.
3. During the Late Tortonian-Messinian, the ISC and MSC
thrust stacks were partly emergent (Peloritani, Sicilide,
Panormide and internal Imerese-Sicanian deformed domains).

Extensional deformation affected the chain-foredeep-foreland
system. Sedimentation filled intramontane basins (Abate et al.,
1988). In the axial-outer foredep basin of the MSC, marine sedimentation again acquired a clastic contribution deriving from
erosion of the chain. In the emerging internal chain body,
evaporitic deposits filled the Tortonian extensional basins,
while in the MSC foredeep they also filled several perched basins on the back of the piled-up tectonic units (outer
Imerese-Sicanian Basin and Hyblean-Pelagian margin p.p.).
4. From the Early Pliocene, the youngest OSC suffered renewed thrusting. Marly and sandy sedimentation developed on
the Hyblean-Pelagian margin, which continued to inflect because of chain loading, thus promoting the Plio-Pleistocene
foredeep development, forming the Valle del Belice Foredeep
(Vitale, 1990). Thrust and fold tectonics completely affected
the Imerese-Sicanian Basin and the Hyblean-Pelagian margin
in western Sicily.
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Fig. 5. Distribution, in the Sicilian Thrust System, of the facies of the foredeep-foreland and piggy-back deposits
from the Oligocene to the Pleistocene that underwent a sequence of contractional and extensional events

STRUCTURAL PATTERN
Neogene thrust tectonics had an oblique component of
movement, as suggested by the palaeomagnetic data of Oldow
et al. (1990), who recognized a progressively clockwise rotation of thrust sheets during their evolution.
The structural data provide evidence for kinematic constraints on oblique thrust stacking in Sicily (Nigro and Renda,

2002). The relationship between the amount of shortening during oblique convergence and the uneven shape of the foreland
plate deflected trajectories near the foreland indenter template,
whose lateral margin acted as a regional-extended oblique
ramp during contractional strain.
The outcrop-scale contractional structures are not uniformly distributed in the STS throughout the deformed multilayer. The non-uniform horizontal distribution of the contractional structures from the hinterland to the foreland is consis-
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Fig. 6. Examples of geological cross-sections from the northern part of the Sicilian Thrust System

tent with the strain partitioning rate, decreasing in pervasive
characters forelandwards. In fact, overprinting relationships of
outcrop-scale structures are much better developed in the ISC
than in the MSC and OSC, and there is more displacement
(Catalano et al., 1977; Lickorish et al., 1999). Otherwise, its
vertical non-uniform distribution may reflect control by mechanical anisotropy of the multilayer.
Compressional stress on a mapscale is represented by the
development of a set of thrust sheets, characterized by frontal
ramp anticlines, and splays. The general strike of axial planes
of contractional structures indicates an African vergence of
these structures. The cross-sections in Figure 6 show the
collisional geometries of both the eastern and western sectors
of the STS, including the so-called “Gela Nappe.
Within the ISC, thrusts dip towards the NW in western Sicily, towards the N in the middle sector of northern Sicily and towards the NE in NE Sicily. In western Sicily, the STS largely
overthrusts the deformed external shallow substrate with a very
low angle of the thrust planes (Catalano et al., 2000; cross-section E–F of Fig. 6). Thrust step-up geometries are characterized
by only a few degrees of dip. Forelandwards, the STS link
along a sole thrust and show more highly thrust step-up angles
of reverse faults. The deformed foreland is affected by an emergent reverse fault system in SW Sicily, where thrust step-up geometries are characterized by very high values of dip
(cross-section H–G of Fig. 6). In western Sicily, the edge of the
foreland plate is strongly affected by contractional structures
(cross-section H–G of Fig. 6), where the Imerese-Sicanian
units (pelagic basin rocks of the OSC) thrust over the
Hyblean-Pelagian carbonate platform, made of slope facies
successions (cross-section E–F of Fig. 6). This sector of the
OSC is dominated by thin-skinned thrusts, with ramp-flat geometries and moderate spacing of the sheets of the order of tens
or hundreds of meters. Step-up angles progressively increase
from pelagic to carbonate platform successions, due to both flat

and ramp development. Detachments inside the multilayer provide examples of multi-harmonic folding, splays and duplex
geometries. Duplex geometries are more evident in eastern Sicily (ISC and MSC p.p.; cross-section A–B of Fig. 6) than in
western Sicily. Thrust spacing, as well as shortening, increases
abruptly eastwards. In the Caltanissetta Basin (central Sicily),
the inner tectonic units (the so-called Sicilidi) are superposed
onto the Imerese-Sicanian units, suggesting a greater amount of
contraction in the centre of the MSC (p.p.) and OSC belts.
Due to compressional stress, the foreland plate of western
Sicily is deformed by high-angle faults both oriented on-land
and in the off-shore of southern Sicily, where Plio-Pleistocene
sequences are involved in the contractional deformation. Positive inversion of pre-orogenic normal faults occurred in places
during chain building, in the ISC and MSC and in the foreland
plate (Fig. 7).
Extensional deformation is mostly represented by low-angle detachment systems dipping in to the chain, which have
back-slid the tectonic units (Giunta et al., 2000). The common
fault linkage of the normal fault ramp segments with the
contractional shears and thrusts suggests that negative inversion of the tectonic units was the dominant process as regards
the extensional stresses (Figs. 7 and 8), allowing stretching and
STS thinning. Normal faults are recognized at different scales,
from 1 m to several kilometres. The main ramp segments determine the outcropping fault steps which segmented the thrust
stack and allowed the lowering of the STS orogenic belt towards the Tyrrhenian Sea.
MODES OF INVERSION
TECTONICS
Reactivated structures may represent the effects of inversion tectonics and may transform basin subsidence into uplift
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Fig. 7. Examples of positive inverted structures in western Sicily (ISC and deformed foreland plate)
The GI on the right-hand side is the growth index, defined as (hangingwall-footwall thicknesses)/footwall thickness; note the opposing dip
change of the Monreale Faults in cross-section A, and the same sense of displacements (normal), although reverse slip
is demonstrated by the compressional structural relief (modified by Giunta et al., 2002)

with generation of folds and thrusts. Inversion tectonics may
act from extension to compression (positive inversion) or from
compression to extension (negative inversion; Williams et al.,
1989; Sciscianni et al., 2002).
POSITIVE INVERSION

The main geometric feature of the positive inverted structure is the complex variation in stratigraphic separation along
the main faults of the STS. The separation pattern is overall exhibited by the lateral thickness variation of the syn-extensional

growth lithological unit in the hanging-wall and in the foot-wall
near the re-activated reverse fault, which cannot be balanced
with only one slip motion. Examples of positively reactivated
structures recognized in western Sicily are shown in Figure 7.
The cross-sections exhibit different-scale reverse faults involving Mesozoic-to-Upper Miocene successions; their semi-quantitative restorations and the mesostructural data provide evidence of inversion of fault-plane motion. The fault dip with respect to the tectonic transport direction should indicate younger
geometry modification. Cross-section A was drawn across the
ISC, and cross-sections B and C across the foreland plate.
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Fig. 8. Geological cross-sections in the ISC, depicting several examples of negative inversion during the Late Miocene
North-dipping extensional ramps linking along shallow flats are very common; in places, extension determined the exposure
of geometrically deeper strata in a younger-on-older geometry; Late Tortonian and Messinian deposits unconformably overlie these structures

Extensional deformation occurred both in the Mesozoic,
during the passive margin evolution, and after the Neogene
compressional deformation. Mesozoic extensional tectonics
is revealed both by facies associations and by thickness
changes along the carbonate platform-pelagic basin slopes
and by alkali-basaltic effusions within the slope-basin plain

successions. During the Neogene compressional tectonics,
the strain partitioning was often controlled by the inherited
weakening of carbonate platform-pelagic basin boundaries, as
suggested by the thrust geometries (Lickorish et al., 1999;
Nigro and Renda, 2002).
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Fig. 9. Example of negative inverted structures in northeastern Sicily (ISC)
The superposition of calcite fibres and slickensides along the master fault surfaces (site a) suggests thrust negative inversion coupled
with a new generation of normal faults (site b); the reverse fault segments preserved from the negative reactivation often coincide
with the front of the tectonic unit (site c) (modified after Nigro and Renda, 2004b)

Extensional tectonics affected the Neogene foreland synchronously to the thickening of the Sicilian wedge-shaped chain
both of the ISC and MSC. The related structures were also inverted due to the outward propagation of the STS thrust front.
NEGATIVE INVERSION

Synorogenic extension has been recognized in northern
Sicily. The extensional deformation is mainly represented by
low-angle detachments and shear bands. A common kinematic process seems to have affected the other sectors of the
STS during extension and is represented by a generalized
negative inversion of previous layer-parallel shear bands and
detachments related to the thrusting. The extensional deformation occurred during the Late Miocene. It significantly
modifies the older architecture of the STS through the sliding
back of the tectonic units.
Figures 8 and 9 outline some examples of negative inversion of thrust faults, mostly within the ISC and in part within
the MSC. The cross-section of Figure 9 was drawn across NE
Sicily (ISC) and shows the overprinting relationships between
thrusts and normal faults. The collected mesostructural data reveal partial reactivation (negative inversion) of thrust surfaces

(site a) and contemporaneous new generation of normal faults
(site b), linking down-section along previous mechanical discontinuities. The cross-sections of Figure 8 were drawn across
western Sicily (ISC). The normal fault ramps generally link
down-section along the Lower Miocene thrust planes, which
were reactivated and later inverted. The listric-like geometry of
the extensional faults is expressed by tilting of blocks (section
A–A’). They deform with high angle the Mesozoic-Eocene
carbonates, and with low angle Oligo-Miocene foredeep deposits. Extensional ramp faults, inducing tilting of Jurassic carbonate blocks, link along the older thrust surfaces (section
C–C’). Accentuation of hangingwall tilting is in places revealed by roll-over geometries, where portions of older tectonic
units backslide along thrust surfaces. The trend of these structures has a main peak of frequency towards the NW–SE,
swinging to an E–W direction. The thrust system overall gently
dips towards the N–NE. The listric ramp-flat extensional faults
are superimposed onto a tectonic edifice and have inverted the
older thrust surfaces. Extensional detachments locally determine tectonic omissions in the frontal portions of the negatively
inverted thrust, as indicated by tectonic superposition of the
Oligo-Miocene foredeep deposits over the Lower Triassic deposits of the Imerese-Sicanian Basin (section B–B’), in a younger-on-older geometry.
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POST-MIOCENE RENEWED THRUSTING
IN THE ISC AND MSC
In the ISC and MSC p.p. thrust sheet geometries overprint
the Late Miocene extensional faults and deform the Early Pliocene deposits (cross-sections B and C of Fig. 10). This thrust
generation is coeval to displacements of the OSC in central-southern Sicily.
Cross-sections of Figure 10 show post Late Miocene-Early
Pliocene thrust geometries. The ISC suffered renewed thrusting allowing the “inversion” of the geometric relationships between the Sicilide Basin and the Oligocene-Lower Miocene
foredeep deposits (section C). Ramp-flat geometries characterize the renewed thrust system, that displace the older one, in
places buried by the Upper Miocene perched deposits (crosssection A) and inducing folding of Miocene faults (section B).
The Pliocene thrust system affected the ISC-MSC thick skins
of the already emplaced chain in an out-of-sequence
forelandwards migration.
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BOREHOLES DATA
Data from sixteen boreholes have been analysed to better
constrain the surface data of thrust timing in the STS (Fig. 11;
borehole data are available from Regione Sicilia, Assessorato
Industria). The boreholes are distributed across the ISC, MSC
and OSC. Borehole stratigraphy has been collected featuring
pre-orogenic strata, foredeep and foreland strata. Also, the
foredeep was featured in the Oligocene-Middle Miocene (ISC
emplacement), Middle-Late Miocene (MSC emplacement) and
Plio-Pleistocene (OSC emplacement). The thrust timing is the
same as in Figure 11. The position of the out-of-sequence thrust
of Figure 10 is also shown.
In the ISC, the Oligocene-Middle Miocene foredeep deposits were incorporated in the collisional wedge between the
Early and Middle Miocene (boreholes 7, 8 and 16). In the
MSC, the Middle-Late Miocene foredeep deposits were incorporated between the Middle-Late Miocene and the Early Pliocene (boreholes 4, 5, 12, 13, 14 and 15), whereas in the OSC the

Fig. 10. Geological cross-sections (A, B, C) across the ISC and MSC depicting the structural
pattern acquired during the post Early Pliocene compression
Out-of-sequence reverse faults cross-cut previous thrusts and in places are involved in the shortening of the Early Pliocene deposits;
fault overprinting may also determine thrust folding, as depicted in the rectangle
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Fig. 11. Stratigraphic data from 16 selected deep boreholes located in the ISC, MSC and OSC
The foredeep deposits were assembled in the Oligocene-Middle Miocene (ISC emplacement), Middle-Late Miocene (MSC emplacement)
and Plio-Pleistocene (OSC emplacement); thrust timing is also outlined within the outcrop data of Figure 10,
suggesting out-of-sequence deformation suffered by the ISC-MSC sectors of the STS

foredeep deposits were incorporated during the Plio-Pleistocene (boreholes 1–3 and 9–11).
Thrust timing reflects an overall in-sequence forelandwards migration of the chain front. Between boreholes
14–16, out-of-sequence thrust propagation confirms the surface data of Figure 10, suggesting that the earlier shortening of
the ISC-MSC is coeval with the OSC emplacement and
post-dates the Late Miocene extension.

DISCUSSION
The Neogene tectonics of the central Mediterranean are related to the subduction and trench rollback of the Ionian Basin
under Eurasia, causing the opening of the Liguro-Provencal
and Tyrrhenian back-arc basins and the formation of the
Calabrian accretionary wedge. In the central Mediterranean,
subduction is primarily related to intermittent trench retreat
producing back-arc extension at an average rate of a few centimetres per year, and to a lesser degree to the slow convergence
between Africa and Eurasia. The latter usually did not exceed
1 cm/yr (Jolivet and Faccenna, 2000; Faccenna et al., 2001).
Extensional deformation accompanied the growth of the
accretionary wedge in the back-arc region

The stratigraphic and structural data allowed demonstration
of fold-and-thrust belt evolution in the STS as follows:
1. In-sequence thrust stacking and folding from the
Oligocene to the Late Miocene (ISC and MSC emplacement);
2. Extensional deformation from the Late Miocene to the
Early Pliocene (thinning of the ISC, MSC and foredeep-foreland systems);
3. Renewed thrusting from the Pliocene, allowing
out-of-sequence thrusting in the ISC and MSC p.p. and the emplacement of the OSC.
Our results provide new insight into the style of accretion in
a weakly convergent setting, which is typical for the Mediterranean region. So as to be able to fully understand the kinematic
history of a mountain belt, in terms of strain partition (in the interplay of compressional and extensional forces), the variation
in crustal thickness of the foreland plate and the ratio between
the shortening and lengthening rates must be evaluated.
The development of an orogenic wedge during continental
collision results in the thickening of the crust. The excess mass
of this thickened crust acts as a load on the underthrust plate,
causing it to flex downwards close to the load, thus developing
a foreland basin (Beaumont, 1981; Sinclair and Allen, 1992).
The variation in thickness of the STS foreland plate has
been described by Nigro and Renda (2001a, 2002), who portrayed STS fold-and-thrust belt geometry in terms of foreland
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indenter shape and non-uniform crustal thickness, because
these latter exert firm control over strain partition during chain
building, which results in regional-scale oblique thrusting.
The foredeep-foreland system of the STS migrated outwards with respect to the orogenic front from the Oligocene onwards (Nigro and Renda, 2000; Fig. 6). This suggests progressive loading and flexuring of the underthrust plate. Moreover,
Pedley and Grasso (1992) argued that the progressive bounding and chain-dipping faulting of the outer foredeep edge was
to be referred to thrust stack thickening and migration
forelandwards.
The innerwards thickening of the STS, outlined in Figure 6,
is consistent with progressive crustal loading during thrust
front migration forelandwards.
The wedge-shape geometry of the STS has also been described by Bello et al. (2000) on the basis of deep seismic reflection data. They refer to post-Miocene thrusting which allowed for deep duplex geometries (and crust thickening), that
involved the foreland plate through underplating mechanisms.
Lavecchia et al. (2007) also described the crustal geometry
of Sicily using seismic data. They described the large internal
structures of the STS wedge-shape, deducing that the basal
décollement, as well as several thrust and/or normal faults, are
still active. They also portrayed negative inversion of thrust
faults in the ISC and MSC.
The implication of treating accretionary wedge complexes
on convergent tectonic margins by continuum mechanics as
weak wedge-shaped bodies above a décollement surface leads
to two predictions:
– deformation within the wedge may include large
amounts of horizontal extension as well as shortening;
– extensional deformation may take place while plate
convergence is continuing and before continental collision (Wallis et al., 1993).
Wedge thickening may be analysed by taking into consideration the sedimentary signal of the foredeep deposits, in
terms of the distribution of facies and thickness. Figure 12 outlines the tectonic evolution of the Sicily Belt in terms of involvement of the preorogenic strata and their relationships with
the foredeep-foreland system:
1. During the Oligocene-Early Miocene the foreland plate
was represented by the Hyblean-Pelagian Block and the outer
Imerese-Sicanian Basin. The ISC emplacement induced crustal
loading. A peripheral bulge was formed in the foreland plate.
The thickness of the foredeep deposits decreased forelandwards.
2. During the Middle-Late Miocene further chain thickening and loading (MSC emplacement) induced increases in the
peripheral bulge in the foreland plate. The fault-controlled
foreland-foredeep margin was reactivated, as suggested by
Nigro and Renda (2005), thus determining subsidence and then
accommodation space for the foredeep basin fills that were
higher than in the chain toe. The thickness distribution of the
MSC-related foredeep deposits increased forelandwards.
3. During the Late Miocene-Early Pliocene, generalized
extensional deformation thinned the chain-foredeep system.
Geodynamic reconstructions suggest that extension started
during the Early Oligocene with the opening of the LigurianProvençal Basin, accommodated by counterclockwise rotation
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of the Corsica–Sardinia Block (Westphal et al., 1976; Vigliotti
and Langenheim, 1995; Rollet et al., 2002). Closer to the former European southern palaeomargin, in the Calabrian–Peloritan belt (Rossetti et al., 2004, Platt and Compagnoni, 1990) reported Oligocene-Miocene extensional tectonics, the geometry of which has recently been clarified by
Heymes et al. (2008, 2010): all across the Calabrian–Peloritan
belt, its direction is NNE–SSW, perpendicular to the SE direction assumed for the Tethyan slab retreat.
Some authors have suggested that the tectonic units forming the Calabride Complex originated either from the northern
margin of the African plate (Bonardi et al., 2003) or from a
microplate sandwiched between the African and the European
plates (Cello et al., 1996; Liberi et al., 2006). However, on the
basis of geometric reconstructions of the Mesozoic sedimentary sequences, meso- and microstructural observations, and
palaeomagnetic measurements, the tectonic units forming the
Calabride Complex are generally considered to have originated
from the southern European margin (Bouillin, 1984; Dietricht,
1988; Bouillin et al., 1992; Gueguen et al., 1998; Faccenna et
al., 2001; Rosenbaun et al., 2002; Rosenbaum and Lister,
2004). According to this model, plate kinematics resulted in the
progressive closure of the Tethyan oceanic domain during the
Eocene, accommodated by northwest-directed subduction underneath the southern European continental margin. The tectonic pile of the Calabrian–Peloritan belt was built up during
this convergence and transported onto the African–Apulian
palaeomargin.
In southern Calabria, a new geochronological study in the
Aspromonte Massif provides new age constraints on the Alpine evolution of the Calabride Complex (Heymes et al.,
2010). A SE stacking phase was probably initiated before
45 Ma (Late Eocene), as suggested by K-feldspar ages from
different structural levels in the Aspromonte Unit. The
top-to-the-NE extensional reworking of the pile is dated at
28.6 Ma (Middle Oligocene), but new data indicate that the
deepest units were partly exhumed after the Early Oligocene
(36–33 Ma). This could suggest that the exhumation of southern Calabria was accommodated by several tectonic pulses
from 45 to 28.6 Ma, with significant kinematic changes in this
interval. In the Peloritan Mountains of Sicily, the tectonic
evolution of the Calabride Complex is similar but both kinematic directions and ages for successive steps are poorly constrained (Somma et al., 2005).
4. An overall Plio-Quaternary thrust propagation was expressed by the formation of flexural foredeep systems. During
the Pliocene, wedge thickening (OSC emplacement) and foreland bulging started again. Faults systems controlling the foreland-foredeep margin yet again suffered reactivation, allowing
new accommodation space for the foredeep basin fills that were
higher than in the thrust front region. Only shortening occurred
in stage 1 (ISC and MSC p.p. emplacement, Oligocene-Middle
Miocene). Active thrusting occurred only in the toe region and
the thrust stack was passively carried. Thrust loading progressively and then created the conditions for incipient extension in
the back of the wedge coeval to the compression in the thrust
front (MSC full emplacement, Middle-Late Miocene, stage 2).
The arcuate shape of the Calabrian Arc, in particular,
formed mostly between the Serravallian, after the end of the
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Fig. 12. Proposed tectonic model of the structural and sedimentary evolution of the Sicilian chain-foredeep-foreland system
since the Oligocene, depicting the deformation of the pre- and syn-orogenic strata deposited in the different
palaeogeographic domains and in the foredeep-foreland system
The ISC (Peloritani, Sicilide, Panormide and Imerese-Sicanian p.p.) and MSC (Imerese-Sicanian p.p.) were deformed from the Oligocene to the Late Miocene; an extensional setting developed during the Late Miocene–Early Pliocene, allowing the deposition of evaporites and deep-water marls (Trubi Fm.);
these conditions allowed renewed deformation of the Imerese-Sicanian and previous foredeep deposits (“Gela Nappe emplacement; modified after Nigro
and Renda, 2000); Ge – “Gela Nappe”, Ib – Hyblean-Pelagian, Is – Imerese-Sicanian, Pa – Panormide, Pl – Peloritani, Si – Sicilide
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Liguro-Provençal oceanic spreading phase (Faccenna et al.,
2004, 2005; Cifelli et al., 2007; Mattei et al., 2007; Chiarabba
et al., 2008) and the Late Miocene and the Pleistocene, during
the opening of the Tyrrhenian Sea. Between 15 and 10 Ma, the
retreat drastically decelerated (Faccenna et al., 2001). Assuming the outer wedge as a tectonic complex, in the evolution of
the accretionary complex, most of the post-Messinian shortening can be accommodated by growth of the outer wedge and
consequent underplating of the Meso-Cenozoic Ionian sedimentary sequence. Minelli and Faccenna’s (2010) interpretation of seismic reflection profiles in the Ionian offshore sheds
new light on the structure and evolution of the Calabrian
accretionary wedge, a key area for the geodynamics of the
Mediterranean compressive margin. These new data allow us
to divide the evolution of the Calabrian accretionary wedge
into two main phases: pre-Messinian and post-Messinian. The
Messinian salinity crisis represents an important break in the
evolution of the wedge, as the basal décollement ramps up onto
the Messinian salt deposits, producing a dramatic and fast forward propagation of the frontal thrust and resulting
underplating of the underlying crustal Ionian sequence during
progressive trench rollback.
In stage 3, during Late Miocene-Early Pliocene, thrust
break in the thrust front, and the negative inversion of the thrust
in the ISC and MSC, took place. Starting from the Pliocene, the

595

extensional rate in the back of the chain reduced to zero. In the
outer STS, erosion during bowing-up of the isostatic adjustment encouraged renewed deformation in the toe (Gela
Nappe). The Plio-Pleistocene thrusting is also expressed by
out-of-sequence and breaching mechanisms in the STS, as well
as in the southern Apennines (Patacca and Scandone, 1999).
Restart thrusting (stage 4) allowed for the in-sequence emplacement of the OSC, as well as for the out-of-sequence deformation in the ISC and MSC. Figure 13 depicts the
map-view evolution of the Sicily Belt. As argued by Nigro
and Renda (2001a, 2002), oblique slip thrusting closely constrained the present-day map-view wedge shape of the STS.
Western Sicily suffered transpressional regimes related to the
foreland fault indenter shape in turn related to the direction of
the tectonic transport.
The Hyblean-Pelagian Block represents a variably thick (up
to 5 km; Bianchi et al., 1987) leading element of the African
plate (Grasso et al., 1995; Moretti and Royden, 1998). The
Hyblean-Pelagian Block is undetached from its continental
crust in eastern Sicily and is bounded by inherited transfer
structures (Reuther et al., 1993; Lickorish et al., 1999; Ragg et
al., 1999). Its margins, controlled by Mesozoic faults, may have
controlled the location of ramp bends during Oligocene-Pleistocene collisional, as discussed by Nigro and Renda (1999).

Fig. 13. Schematic map of the structural evolution of the STS
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Fig. 14. Speculative, simplified scheme of timing of pre-, syn- and post-orogenic deformation episodes
in the Sicilian sector of the Sicilian-Maghrebides orogenic belt (modified after Œl¹czka et al., 2012)

Rotation processes during the Miocene-Pliocene evolution
of the STS were postulated by Channell et al. (1980), Nairn et
al. (1985), Grasso et al. (1987a) and Oldow et al. (1990). Indeed, palaeomagnetic data indicate clockwise rotations progressively more developed towards the east of the different tectonic units, from about 30o in the Trapani-S. Vito Mts. up to 90o
in the Peloritani Mts. The rotations within the STS since the
Late Oligocene have generally been related to the rotation of
the Sardinia–Corsica Block (Cherchi and Montadert, 1982),
the counterclockwise Africa rotation (Dewey et al., 1989) and
the “post-collisional” tectonics of the African continental margin (Boccaletti et al., 1990).
The control of the Hyblean-Pelagian Block over the structural trend-lines of the Sicily chain is inherent in its different
deformation patterns in western and eastern Sicily (Lickorish et
al., 1999), and in the arcuate geometry of the thrust front. The
relationships between the amount of shortening produced during oblique convergence and the uneven shape of the foreland
plate consist of deflecting trajectories near the foreland indenter template, whose margin acts as a regional oblique ramp
during contractional tectonics, as predicted by the model of
Macedo and Marshak (1999).

The curvature development may be related to the transport-parallel simple shear model of Ferrill (1991), in which a
uniform displacement direction and an along-strike variation in
the displacement magnitude and/or internal shortening cause
simple shear parallel to the direction of transport. The simple
shear parallel to the transport direction rotated and extended
fold axes, initially nucleated perpendicular to transport. Rotation and associated strain resulting from the “differential displacement/differential shortening” may have been internally
accommodated by small-scale fracturing and faulting, causing
rotation of the map-scale marker lines.
Similar geometries characterize the western-central Sicily
belt, where the smallest amount of thickening and shortening
in its toe (so-called Gela Nappe) is recognized in the arcuate
thrust-front region (Nigro and Renda, 2002). The curvature of
structural markers gradually converges farther away from the
thrust front apex towards a NW–SE trending bend, where rotations of different magnitude are constrained by palaeomagnetic data.
The Hyblean-Pelagian Block underwent contractional tectonics diachronously from west to east (Nigro and Renda,
2002). In the west, its margin developed obliquely with respect
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to the orogenic front and was affected by transpression, producing reverse faulting and related folding from the Late Miocene. Eastwards, strike-parallelism induced Plio-Pleistocene
supracrustal growth of the orogenic wedge (Gela Nappe) and
the bending of the Hyblean-Pelagian Block, which was affected by internal foreland-type extensional deformation. Figure 14 shows the tectonic evolution of Sicily from Tethys opening, chain building, until the Tyrrhenian opening.
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ative inversion tectonics) and by mechanical accommodation
of the different sectors related to thrust-sheet advance and then
to the lithospheric applied loads.
Lithospheric flexure under static loads generated
down-bending flexure proximal to the front of the orogenic
belt, allowing the opening of a system of foredeep basins,
which migrated as the load advanced forelandwards.
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CONCLUSIONS
Progressive structural evolution of the STS has been characterized by repeated fault reactivation (both positive and neg-
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