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We performed an in-depth analysis of the ongoing tectonics of a large sector of southern Sicily, including the
Hyblean Foreland and the front of theMaghrebian Chain, as well as the Ionian Sea offshore, through the integration
of seismic and GPS observations collected in the nearly two decades. In particular, a dataset consisting of more than
1100 small-tomoderate-magnitude earthquakes (1.0≤ML≤4.6) has beenused for local earthquake tomography in
order to trace the characteristics of the faulting systems, and for focal mechanisms computation to resolve the
current local stress field and to characterise the faulting regime of the investigated area. In addition, GPS measure-
ments, carried out on both episodic and continuous stations, allowed us to infer the main features of the current
crustal deformation pattern. Main results evidence that the Hyblean Plateau is subject to a general strike–slip
faulting regime, with a maximum horizontal stress axis NW–SE to NNW–SSE oriented, in agreement with the
Eurasia–Nubia direction of convergence. The Plateau is separated into two different tectonic crustal blocks by the
left-lateral strike–slip Scicli–Ragusa Fault System. The western block moves in agreement with central Sicily while
the eastern one accommodates part of the contraction arising from the main Eurasia–Nubia convergence.
Furthermore,weprovided evidences leading to consider theHyblean–Maltese Escarpment Fault Systemas an active
boundary characterised by a left-lateral strike–slip motion, separating the eastern block of the Plateau from the
Ionian basin. All these evidences lend credit to a crustal segmentation of the southeastern Sicily.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Foreland segmentation, approaching an active convergent margin,
has been widely observed worldwide. Among others, active segmenta-
tion was recognised along the Kuqa foreland basin of the Tarim Basin
(Lu et al., 2000) and the Junggar Basin in China (He et al., 2004), along
the Qilian Shan at the margin of NE Tibet (Tapponnier et al., 1990), at
the Sierras Pampeanas, at the eastern margin of Central Andes (Iaffa
et al., 2013), and along the easternmargin of Italy in the Adriatic–Apulian
foreland (Oldow et al., 2002). The mechanism of segmentation depends
on several factors such as the convergence rate variations along the
convergent margin strike, the basement structures, the block thickness,
the rock strength, etc. (e.g. Jordan et al., 2001). Furthermore, the patterns
may be complicated by the presence of pre-existing structures that
can be reactivated in order to accommodate the deformation related
to the convergence process. Here we focus on the Hyblean Foreland
(or Hyblean Plateau in Fig. 1a), one of the most seismically hazardous
zones in the central Mediterranean region, where the presence of active
faults suggests a possible segmentation of it.
The current tectonic setting of the Hyblean Foreland is related to the
long-term Eurasia and Nubia convergence (e.g. Faccenna et al., 2001;
Fig. 1). The boundary of these plates, running through Sicily and the
Ionian Sea, gives rise to a very complex tectonic framework, with sever-
al tectonic blocks, inwhich all of the structural domains characterising a
collisional belt are exposed: the Maghrebian fold-and-thrust Belt, the
Gela-Catania Foredeep, the Pelagian Block and, further to the east, the
subduction complex of the Ionian oceanic basin beneath the Calabro-
Peloritan Arc (see Finetti et al., 2005; Mantovani et al., 2009 and refer-
ences therein). The outcome of this structural framework is the high
seismic potential that characterises the region. In particular, in historical
times it experienced several destructive events such as the 1169 and
1693 earthquakes (MCS intensities of XI, with estimated magnitudes
of about 7 or higher; Boschi et al., 2000), and more recently, a ML =
5.4 earthquake occurred on December 13, 1990, about 10 km offshore
(Amato et al., 1995).

Recent advances achieved through geological (e.g. Barreca, 2014;
Bousquet and Lanzafame, 2004; Catalano et al., 2008), petrological
(Manuella et al., 2013), seismological (Brancato et al., 2009;
Musumeci et al., 2005; Presti et al., 2013; Scarfì et al., 2007) and geodetic
studies (e.g. Devoti et al., 2011; Ferranti et al., 2008; Mattia et al., 2012;
Palano et al., 2012) have contributed to depict the rough picture of the
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Fig. 1. Simplified tectonic map of Sicily (a); abbreviations are: SC, Sicily Channel; HP, Hyblean Plateau; CB, Caltanissetta Basin; HMEFS, Hyblean–Maltese Escarpment Fault System. The
Maghrebian Chain and the Calabro Peloritan Arc are parts of the Apennine–Maghrebian orogen (b), a large scale fold-and-thrust belt formed during the Neogene-Quaternary convergence
betweenNubia and Eurasia plates. (c) Simplified structural sketchmap of southeastern Sicily: 1) Recent-Quaternary sedimentary deposits; 2) Late Pleistocene-Holocene Etnean volcanics;
3) Plio-Pleistocenic Hyblean volcanics; 4) Maghrebian Chain units; 5) Meso-Cenozoic carbonate sediments; 6) main faults, 7) main thrust fronts; 8) seismic stations; 9) continuous GPS
stations; 10) episodic GPS benchmarks; 11) GPS solutions coming from Ferranti et al. (2008). Abbreviations are: CP, Catania Plain; SLG, Scordia–Lentini Graben; AB, Augusta Basin; FB,
Floridia Basin; PRFS, Pozzallo-Rosolini Fault System;MdRB,Marina di Ragusa Basin; SRFS, Scicli–Ragusa Fault System. Tectonic structures redrawn fromCatalano et al. (2010) and Polonia
et al. (2011). The white arrow shows the convergence vectors between Nubia and Eurasia according to the Morvel Plate model (DeMets et al., 2010).
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tectonic features in southeastern Sicily. However, several aspects relat-
ed to the ongoing tectonic processes and to the geometry, kinematics
and dynamics of individual faults or fault arrays have still not been
satisfactorily explored. Moreover, there is a poor consensus regarding
the location and extent of the faults involved in the historical earth-
quakes. As an example, various causative sources (Visini et al., 2009)
have been suggested for the 1693 earthquake (Fig. 2), which struck a
large portion of eastern Sicily, affecting with maximum intensities the
area around Catania and the whole Hyblean Plateau (Guidoboni et al.,
2007). These sources range from the Hyblean–Maltese Escarpment
Fault System (e.g. Argnani and Bonazzi, 2005; Azzaro and Barbano,
2000; Bianca et al., 1999) to a NNE-oriented 60 km long-fault nearly
overlapping the Scicli–Ragusa Fault System (Sirovich and Pettenati,
2001) or to a segment of the S-verging basal thrust of the Maghrebian
Chain (Lavecchia et al., 2007). Consequently, the detection and the
characterisation of active and seismogenic crustal faults, as well as an
improved image on the active tectonic processes, ensure a significant
challenge in this area.

Exploiting localmonitoring network high-quality data,weperformed
an in-depth analysis of the ongoing tectonics of southeastern Sicily,
through the integration of seismic and GPS-based geodetic observations
collected in nearly two decades. In particular, we carried out a simulta-
neous inversion of both 3D velocity structure and distribution of seismic
foci. This resulted in more accurate hypocentres and into mapping the
velocity anomalies, which, being strictly dependent on the crustal struc-
ture, is of help in the seismotectonic interpretation by tracing the charac-
teristics of a faulting system. In addition, the fault plane solutions for the
best recorded earthquakes were determined and used to resolve the
current local stress field and to characterise the faulting regime of the
main seismogenic sources.Moreover, a dense combination of continuous
and episodic GPSmeasurements allowed us to infer the main features of
the current crustal deformation pattern. The results were combined to



Fig. 2. Routine earthquake locations from 1994 to 2013 and historical earthquakes are shown by circles and squares, respectively. Star shows the location of the ML 5.4 1990 earthquake
(from Amato et al., 1995). Historical earthquakes are from Guidoboni et al. (2007). See inset for symbols and colours.
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achieve a coherent geodynamic scheme and to better characterise the
active tectonics of the region.

2. Tectonic setting

The current geological–structural setting of southeastern Sicily must
be considered in the frame of the complex tectonic features of the
Mediterranean basin, which is dominated by the ~N20°W (according
to the Morvel plate model; DeMets et al., 2010) Neogene-Quaternary
convergence between Nubia (the African plate west of the East African
Rift) and Eurasia plates (Faccenna et al., 2001).

Southeastern Sicily is mostly represented by the Hyblean Foreland
(HP in Fig. 1a), consisting of an isolated and elevated forebulge structure
formed since the early Miocene time by bending of the foreland litho-
sphere beneath the load of the advancing Maghrebian Chain (Billi et al.,
2006). It is located at the northeastern end of the mostly submerged
Pelagian Block extending up to Sicily Channel, the Maltese islands and
Tunisia (e.g. Boccaletti et al., 1990; Malinverno and Ryan, 1986; Patacca
et al., 1990). The autochthonous sedimentary wedge (about 7 km thick)
consists of Triassic to Pleistocene carbonate succession with intercalated
dominantly submarine hydro- and volcaniclastic units and minor lava
flows (Grasso et al., 2004). At the present, the Plateau plays the role of a
crustal indenter that, confined between the flexured continental crust
area of the Caltanissetta Basin (Fig. 1a), to the west, and the oceanic
domains of the Ionian Basin Sea (Finetti and Del Ben, 1996), to the east,
has impinged against the front of the Maghrebian Chain.

Eastward, the Hyblean Foreland is bounded by the NNW–SSE-striking
Hyblean–Maltese Escarpment Fault System (HMEFS in Fig. 1a), aMesozo-
ic lithospheric boundary separating the Pelagian Block continental crust
from the Ionian oceanic basin (Nicolich et al., 2000; Torelli et al., 1998).
The HMEFS has been interpreted as a right lateral active transtensional
system overprinting the pre-existing Mesozoic continent–ocean transi-
tion between Sicily and the Ionian basin (Doglioni et al., 2001). Recently,
Argnani and Bonazzi (2005) suggested that along the segment north of
Siracusa, the Hyblean–Maltese Escarpment is characterised by active
faults while the southern part is not affected by lithospheric tearing.
Seismic reflection profiles and bathymetric surveys also revealed the
existence, eastward of HMEFS, of active faults segmenting the Ionian sub-
duction complex (Fig. 1c). Among these, a structure, located about 70 km
eastward of the coastal line, has been interpreted either as a crustal-scale
structure marking the continent–ocean boundary of the Ionian oceanic
basin (Chamot-Rooke et al., 2005) or as a major lithospheric structure
that accommodates different rates of slab motion (STEP fault in Fig. 1c;
Polonia et al., 2011).

On the other hand, the northern and the northwesternmargins of the
Hyblean Plateau are flexed and downbent to form a foredeep basin floor
beneath the Catania Plain (Fig. 1c). The collapse of the foreland plate
margin was coupled with progressive forelandward migration of the
Maghrebian thrust wedge (the Gela-Catania Foredeep) into precursor
late Neogene and the successor Pleistocene foredeep basins (Butler
et al., 1992). The frontal thrust belt was considered locked since the
Middle Pleistocene (Butler et al., 1992; Tortorici et al., 2001), but
recent studies, based on geological (Bousquet and Lanzafame,
2004; Catalano et al., 2008; Spampinato et al., 2013), seismological
(Lavecchia et al., 2007; Visini et al., 2010) and geodetic (see Palano
et al., 2012 for an overview) observations have detected the occur-
rence of active contraction.

Westwards, theHyblean Plateau is cut by amajor N–S oriented shear
zone, 70 km long, known as Scicli line or Scicli–Ragusa Fault System
(SRFS in Fig. 1c; Ghisetti and Vezzani, 1980; Grasso and Reuther, 1988).
Extending from the frontal thrust belt of the Appennine–Maghrebian
Chain (in the north) to the southern offshore, it is formed by three NS-
trending main fault segments and second-order structures with NE–SW
en-echelon arrangement that accommodate the shear deformation
(Catalano et al., 2010). Available seismic reflection lines allow the Scicli
offshore to be mapped for a minimum length of 40 km (Grasso et al.,
2000). The geometry of the SRFS, as awhole, is the product of a prolonged
dextral strike–slip deformation that reactivated a Cretaceous-Late
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Tertiary fault zone (Grasso and Reuther, 1988). The effects of the dextral
motions are well evidenced by the development of both restraining and
releasing bends between the distinct en-echelon segments of the fault
system. However, detailed geological studies (e.g. Catalano et al., 2008)
have inferred that since about 0.85 Myr, the northern fault segments of
the SRFS, have been partially reactivated by left-lateral motions.

Furthermore, recent morphological features of the Hyblean Plateau
result from the extensional tectonics that affected this region during
the Quaternary (e.g. Bianca et al., 1999). In the northeastern and south-
western borders of the plateau, two N50°E-oriented tectonic troughs,
the Scordia–Lentini Graben and the Marina di Ragusa Basin (SLG and
MdRB in Fig. 1c), can be recognised. In the eastern part, the NW–SE
oriented basins of Augusta–Siracusa and Floridia (AB and FB in Fig. 1c)
correspond to tectonic depressions separated by uplifted ridges con-
trolled by impressive normal fault segments.

3. Seismic data

In total 1128 small-to moderate-magnitude earthquakes (1.0 ≤
ML ≤ 4.6) have been recorded in southeastern Sicily between January
1994 and March 2013 by a local network operated by the Istituto
Nazionale di Geofisica e Vulcanologia (yellow triangles in Fig. 1c). This
network configuration, originally equipped with three component
short-period sensors (Musumeci et al., 2005), has been considerably
enhanced since 2005 by 24 bit digital stations equipped with broadband
sensors. The events (Fig. 2), selected from the “Catalogo dei terremoti
della Sicilia Orientale - Calabria Meridionale, INGV, Catania” (Gruppo
Analisi Dati Sismici, 2013), have been employed as data source for a
simultaneous inversion of a 3-D velocity structure and hypocentre
parameters and focal mechanism computations (see also Scarfì et al.,
2013 for a focal mechanism comparison).

3.1. Crustal structure and earthquake location

The seismic velocitymodelling of southeastern Sicilywas carried out
by applying the tomoDDPS algorithm (Zhang et al., 2009), which is able
to solve simultaneously for VP, VS and VP/VS ratio. Compared to more
simple algorithms, this code uses a combination of both absolute and
differential arrival time readings, between couple of events of an earth-
quake cluster. This essential feature allows to considerably improve the
relative locations and to sharpen the velocity images near the source
region, preventing also the risk that velocity perturbations outside the
well illuminated area are mapped into it. Moreover, including of the
S–P times, the code produces a reliable VP/VS model, avoiding to get it
by means of a simple division of P and S models, which could be differ-
ent in quality and resolution.

For the tomographic inversion, the initial dataset was filtered accord-
ing to thequality criteria of location. In particular,we selected only events
with at least seven observations (P- and S-phases), root-mean-square
(RMS) residuals smaller than 0.35 s and horizontal and vertical location
errors lower than 3.5 km and 4.5 km, respectively. The final dataset con-
sists of about 880 earthquakes (see Fig. A1 in the Auxiliary Materials)
with a total of 6131 P and 3668 S absolute arrival times and 52980 P
and 30138 S catalogue-derived differential times. Following the one-
dimensional reference velocity model of Musumeci et al. (2003), data
inversion has been performed by considering an horizontal grid of 7 ×
7 km node spacing (covering an area of 110 × 110 km) and a vertical
step varying between 3 and 6 km, from the surface to 28 km of depth.
This mesh configuration allowed to achieve a better spatial resolu-
tion with respect the other tomographic studies carried out in the
region (Brancato et al., 2009; Scarfì et al., 2007), also ensuring a
good over-determination factor (i.e. the ratio between known and
unknown parameters).

As first hint to assess the calculated model quality, we considered
the zones with a reasonable illumination, plotting the derivative
weigh sum (DWS), a statistical parameter which quantifies the ray
density around each model node. Overall, travel time residuals, DWS
and other parameters furnish first-order diagnostics for the assessment
of the resolution, whose real significance depends on the individual
conditions of the inversion problem and whose understanding needs
intuition.

Hence, we carried out numerical experiments with synthetic models,
which give an immediate and straightforward idea of the inversion sta-
bility, potentially insignificant or artificial features and the sensitivity
with respect to the choice of the startingmodel. In practice,we calculated
theoretical travel times for some velocity test models (i.e. chequerboard
and characteristic models; for details about the test procedures see
Husen et al., 1999 and Scarfì et al., 2007, 2009). The synthetic data were
inverted using the same starting model and control values as for the
real data. Then, we checked the zones where the target models (i.e. test
models) were not restored (low resolution areas). As expected, these
tests proved that large sectors of the investigated volume, coinciding
with areas with a reasonable illumination (DWS ≥ 100 for VP and ≥50
for VS), fulfil the requirements for the interpretation (see Fig. A2 in the
Auxiliary Materials).

Maps and sections in Figs. 3 and 4 display the 3D VP velocity model
obtained. The tomographic images reveal several sharp lateral velocity
perturbations pointing out meaningful discontinuities in the crust,
which can be related to the major tectonic structures. In particular, in
the north-western sector, about corresponding with the Gela-Catania
Foredeep, a clear low VP anomaly, striking about NE–SW (NW dipping),
is recognisable between 3 and 20 kmof depth. Location and geometry of
this feature suggest that it may be related with the Hyblean crust bend-
ing beneath the Maghrebian Chain. Coastal and offshore zones, from
Catania to Siracusa, are accompanied by considerable velocity contrasts,
well identifiable down to a depth of about 20 km. These anomalies likely
mark the known fault systems, striking about NNW–SSE to N–S, such as
the HMEFS and those faults bounding the Augusta Basin. Toward south,
a deep low velocity zone, trending NE–SW, characterises a band near
the coast. Finally, in the western sector, velocity anomalies between
36.9 and 37.3 of latitude well mark at depth the existence of the
Scicli–Ragusa Fault System, highlighting discontinuities striking about
N–S and NE–SW.

S-wave velocity structure, retrieved by the inversion, exhibits a very
similar trend to that of the VP, while the images of the VP/VS (Figs. 3 and
4) show widespread high values (1.8–1.9) overlapping seismic layers
and neighbouring zones, which might be indicative of highly fractured
zones (e.g. O'Connel and Budiansky, 1974; Thurber et al., 1997).

Current results, compared to the previous tomographic inversion of
Scarfì et al. (2007), maintain the fundamental characteristics but at the
same time show an improved detail, thanks to the larger amount of
available data,which results in a higher density of seismic rays sampling
the spatial mesh.

The finely tuned velocity distribution was then used to relocate by
TomoDDPS code thewhole dataset of events recorded in the investigat-
ed region. This provided an improvement in the quality of thefinal loca-
tions, reducing the average travel time residual (RMS) of about 70%,
with almost all of events having a final RMS smaller than 0.1 s, and an
higher clustering which emphasizes lineaments, some of which corre-
sponding to the crustal discontinuities pinpointed by the velocity
images. However, the seismicity is neither uniformly distributed nor
confined to one linear zone (Fig. 5). To the north and northwest, earth-
quakes appear distributed along the edge between the foreland and
the chain, with depth increasing toward NW, down to about 40 km, to
outline a flexure of the seismogenic layer below the chain domain.
Toward south, in the western district, the epicentres finely overlap to
the Scicli–Ragusa Fault System, along the main direction striking about
N–S and the NE–SW associated structures. Moving eastward, seismic
events are concentrated in the area between Siracusa, Noto, Palazzolo
Acreide and Augusta, where the typical seismogenic depth is between
15 and 25 km. Seismicity becomes sparse or lacking beyond the onshore
edges of this zone of the plateau, namely to the south, to the north (in the
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Scordia–Lentini Graben area) and between the Scicli–Ragusa Fault Sys-
tem and the Tellaro Line (Fig. 5). Lots of the events are also concentrated
along the coastal area, matching quite well the faults that border the
Augusta and Floridia basins. In the plateau, the geometry of several clus-
ters seems indicate theWNW–ESE direction as themain direction of the
seismogenic structures. In the nearby Ionian offshore, earthquakes lie
along the HMEFS, between Catania Gulf and Siracusa, while a cluster,
striking in NNW–SSE direction, is detectable 30 km east from Siracusa.
Further east, events are scattered, although some NW–SE lineaments
can be traced. Here the seismogenic depths range between 20 and
40 km, but this last findingmust be read with caution as the geometrical
gap of the network could create artefacts.

3.2. Focal mechanisms and stress inversion

In this study,we used FPFIT algorithm(Reasenberg andOppenheimer,
1985) for focal mechanism determination. It is a simple and conventional
method using P-wave polarity data and their spatial distribution on the
focal sphere. First, polarities were accurately re-picked from the digital
seismic waveforms, then the algorithm, with rays traced through the
computed 3D velocity model, has been used.

From the initial dataset of 195 earthquakes withML N 1.2 and at least
8 clear P-wave polarities (71% of the 195 shocks had 10 or more first-
motion readings, 15 on average), we discarded fault-plane solutions
(FPSs) with any one of the following criteria: i) ratio NDisc/NPol
(NDisc is the number of discrepant observations and NPol is the number
offirst readings used in the solution) greater than 0.2; ii) large uncertain-
ty in P- and T-axis orientation and regions overlapped; iii) averaged
uncertainties in strike, dip and rake greater than 20°, and iv) number of
multiple solutions greater than 2. The selection criteria yielded 165
well-constrained FPSs. Locations and corresponding fault plane solutions
are given in Fig. 6, while focal parameters of each event are given in
Table S1 of the Auxiliary Materials.

All types of mechanisms are represented, although strike–slip solu-
tions outweigh normal and reverse ones (Fig. 6). In particular, most of
the solutions exhibit left-lateral strike–slip motions on fault planes
that strike NE–SW up to N–S or dextral–lateral strike–slip motions
when the NW–SE striking planes are considered (Fig. 6). Only a small
minority, namely seven events, exhibits reverse faulting, with rupture
planes mainly northeast–southwest oriented. Nineteen events having
normal faulting features on fault planes that strike mainly N–S (north-
wards) and NW–SE (southwards) are also observed. Thrust and normal
faulting events are not concentrated in a special geographic zone or
depth interval of the investigated area, but they seem to be spread ran-
domly in space.

For each earthquake the projection of P- and T-directions, represen-
tative of the local maximum and minimum principal strain axis, is
shown as inset in Fig. 6. The plot shows that the average compressive
stress axis is nearly horizontal and in the NW–SE direction, while the
tensional axes have an average trend that is nearly horizontal and in
the NE–SW direction. Although some vertical compressive and tension-
al axes are observed, they are less numerous in comparison to the
horizontal ones, confirming that they have much less quantitative
importance than the strike–slip faulting.

Assuming that local faulting is controlled by large scale dynamics,
the integrated analysis of seismic sources belonging to a given crustal
block can supply information on the regional stress field (Wyss et al.,
1992). To this purpose a standard numerical technique (Gephart,
1990; Gephart and Forsyth, 1984) has been applied to invert the 165 se-
lected focalmechanisms and determine the principal stress axes (σ1,σ2,
σ3) and the dimensionless parameter R= (σ2− σ1) / (σ3− σ1), which
represents the shape of the stress ellipse. Themethod identifies the best
stress tensor model that most closely matches all the fault plane solu-
tions of the source region. It requires the basic assumption that the
stress is uniform in space and time domains in the investigated volume.
Moreover, a variablemisfit (F), given by the angular difference between
the observed slip direction on a fault plane and the shear stress derived
from the stress model, is introduced in order to provide a guide to how
well the assumption of stress homogeneity is fulfilled (Michael, 1987).
Following Wyss et al. (1992), Gillard et al. (1996) and Cocina et al.
(1997), we assumed that the condition of a homogeneous stress distri-
bution is fulfilled if themisfit is smaller than 6° and that it is not fulfilled
if F N 9°. For F values between 6° and 9° the solution is considered ac-
ceptable, but it may reflect some heterogeneities. We also computed



Fig. 4. Vertical sections through the VP (left) and VP/VS (right) models. The traces of the sections (AA‴, BB‴ and CC‴) are reported in the sketch map. Contour lines are at an interval of
0.25 km/s for VP and 0.1 for VP/VS. Red curves contour the zones with DWS N 100 for VP and DWS N 50 for VP/VS. Relocated earthquakes, within ±10 km from the sections, are plotted
as grey circles. Abbreviations as in Fig. 1.
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the 95% confidence level, which states the degree to which a measure is
constrained, using the statistical procedure described by Parker and
McNutt (1980) and Gephart and Forsyth (1984).

The main findings for the entire dataset can be summarized as
follows: F = 6.6°, R = 0.6, σ1 = N320° dip 0°, σ2 = N203°E dip
89°,σ3= N50°E dip 1° (dataset A in Table 1 and Fig. 7a). The results indi-
cate that the area is affected by a strike–slip regime with a NW–SE com-
pressive field, associated with a NE–SW tensional field. However, the
average misfit of 6.6° indicates somewhat heterogeneous conditions.

Expecting that the subdivision of the dataset into smaller groupswill
give solutions with smaller misfits, we employed the cumulative misfit
method (Wyss and Lu, 1995). The method is based on the cumulative
misfit of individual fault-plane solutions, calculated assuming a refer-
ence stress tensor. Plotting the cumulative sum of misfits as a function
of earthquake number (N), sorted by increasing depth, longitude or
latitude, we may identify the points where the curve changes slope,
indicating boundaries between regions of different stress. To reduce
the subjectivity in the identification of changes in slope and to estimate
the statistical significance of these changes, we computed the standard
Z values resulting from the comparison of all possible divisions of the
dataset in two halves (Wyss and Lu, 1995).

By using the overall average stress direction as a test tensor (dataset
A in Table 1) and applying the Z test to the dataset ordered for growing
depth or latitude, no break in slope has been identified. Conversely, two
change in slope (significant at ≥95% confidence level), defining three
areas of potentially different stress conditions, have been identified
when growing longitude was considered (Fig. 7b). The first important
change in slope occurs at earthquake number 38 (longitude of 14.753),
the second change occurs at earthquake number 105 (longitude of
15.202). These longitude boundaries coincide roughly with the Scicli–
Ragusa Fault System and the Hyblean–Maltese Escarpment Fault System
(Fig. 1). Within each segment we performed separate inversions, all re-
vealing stress tensors characterised by a strike–slip regime (datasets B,
C and D in Fig. 7c and Table 1). The best-fit stress tensor for the events



Fig. 5. Final event locations in map and vertical sections. The main fault systems and the traces of the sections (DD‴, EE‴ and FF‴) are also shown in map. TL, Tellaro Line; other
abbreviations are as in Fig. 1.
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to a longitude greater of 15.202 (datasets D) shows a low average misfit
(F = 4.9) corresponding to a condition of homogeneous stress distribu-
tion. However, the attempt to reduce the average misfit in the Hyblean
block to significantly lower values than F for the total dataset was futile
(see datasets B and C in Table 1). Thus, wewere leftwith the information
that the stress tensor in the Hyblean block changes (from cumulative
misfit), but we cannot reliably resolve how much it changes.
This is also confirmed (Fig. 8) by the inversions on a grid inmapview
obtained by using the software package ZMAP (Wiemer, 2001). All
events inside a radius of 15 km around a grid cell 15 × 15 km spacing
have been selected and their focal mechanisms inverted usingMichael's
approach (Michael, 1987). The resulting directions of the principal
stress axes (σ1) are plotted as lines on map along with the colour-
code of the variance of the resulting inversion at each node. Blue to



Fig. 6.Map of the 165 earthquakes selected for stress tensor inversion and relative focal plane solutions. Plunges of P- and T-axes have been used to divide focal mechanism datasets into
themain stress regime categories, according to the Zoback (1992) classification: red, strike-slip fault; blue, normal fault; black, inverse fault. In the inset the projection of P and T directions.
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red colours indicate an increase of variance. As obtained by the individ-
ual inversion results and their uncertainties using Gephart and Forsyth
approach (1984), also in this case the Hyblean Plateau, showing red
areas, highlights regions where only a poor fit to a homogeneous stress
tensor has been obtained.

Summing up, the area, apart from local minor variations, is substan-
tially undergoing a strike slip deformation with a difference in the exten-
sional or compressional component in the blocks identified. In particular,
the sector to the west shows a more relevant extensional component
with respect to nearby blocks.
4. GPS data

Geodetic GPS-based monitoring of the Hyblean area is currently car-
ried out since 2005 by INGV through the set-up of a permanent GPS
network in the framework of the “Rete Integrata Nazionale GPS (http://
ring.gm.ingv.it)”. In addition, a network comprising a local trilateration
network and a levelling route managed by the International Institute of
Volcanology (merged into INGV in 2001) and the Istituto Geografico
Militare Italiano (www.igmi.org) respectively, was surveyed in 1998,
2000, 2005 and 2006. In this study, in order to increase station density
on the study area, we also analysed somemeasurements collected during
Table 1
Seismogenic stress tensor.

Dataset No F (°) σ1 σ2 σ3 R

Pl Az Pl Az Pl Az

A 165 6.6 0 320 89 203 1 50 0.6
B 37 6.5 52 355 35 145 15 246 0.3
C 68 6.2 8 140 73 258 15 48 0.6
D 60 4.9 1 320 88 196 2 50 0.6

N, F and R are, respectively, the number of events, the average misfit corresponding to
the stress solution found and the measure of relative stress magnitude. Plunge and
azimuth of the maximum (σ1), intermediate (σ2) and minimum (σ3) compressive stress
axes are reported. For the corresponding dataset, see the text.
the last decade mainly for mapping, engineering and cadastre purposes.
All GPS data were processed by using the GAMIT/GLOBK software
(Herring et al., 2010) following the strategy described in Palano et al.
(2011). To improve the overall configuration of the network and tie
the regional measurements to an external global reference frame, data
coming from 12 continuously operating IGS stations (AJAC, BRUS,
CAGL, GRAS, GRAZ, JOZE, LAMP, MATE, MEDI, NOTO, NOT1 and ZIMM;
see Beutler et al., 2008 for details about the whole IGS stations) were in-
troduced in the processing. To adequately show the crustal deformation
pattern over the investigated area, estimated GPS velocitieswere aligned
to a fixed Eurasian reference frame (Euler vector parameters: N55.963,
E-97.169 andΩ= 0.262°/My; Palano et al., 2013). The geodetic velocity
map is reported in Fig. 9a.

Under the assumption that the crust deforms as a continuum medi-
um (e.g. England and Molnar, 1997), we computed the 2D strain-rate
tensor over the studied area. In particular, in afirst step, by taking into ac-
count the observed horizontal geodetic velocity field and associated co-
variance information we derived a continuous velocity gradient tensor
on a regular 0.1° × 0.1° grid (whose nodes do not coincide with any of
the GPS stations) using a “spline in tension” technique (Wessel and
Bercovici, 1998). The tension is controlled by a factor T, where T = 0
leads to a minimum curvature (natural bicubic spline), while T = 1
leads to a maximum curvature, allowing for maxima and minima only
at observation points (in our computations we set T = 0.4). Sites IGAT,
IP18, IP03, IP13, PZLA, CLTG, POZZ, and CONS (reported as blue arrows
in Fig. 9a) have not been used for the velocity gradient computation
since they are biased by large uncertainties or show suspicious motion
with respect to nearby sites. As a final step, we computed the average
2D strain-rate tensor as derivative of the velocities at the nodes of each
grid cell. The estimated strain-rates are shown in Fig. 9b.

The geodetic velocity field depicts a general NNW-directed motion
with an N–S increasing gradient across the Scordia–Lentini Graben,
passing from values of about 3.0 mm/yr on the northern rim of the pla-
teau itself to values of about 5.5 mm/yr, along the southern-central sec-
tor of the Hyblean Plateau (Fig. 9a). Sites installed across the northern
sector of the Scicli–Ragusa Fault System show a diverging pattern,
depicting a trantensional behaviour of the fault systemalong this sector.

http://ring.gm.ingv.it
http://ring.gm.ingv.it
http://www.igmi.org
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Fig. 7. (a) Orientations (lower-hemisphere projection) of the principal stress axes obtained by inverting the 165 FPSs. Grey areas indicate the 95% confidence limits of σ1 and σ3 orienta-
tions. (b) Cumulative misfit ∑f(N) and Z-values versus earthquake number ordered for increasing longitude. Vertical dotted lines (labelled with the confidence levels and longitudes)
indicate the change slopes of neighbouring segments. In the inset the projection of P and T directions for each group of data (B, C and D). See text for details. (c) Lower-hemisphere
projection of the directions of the principal stress axes obtained for the three sub-sectors. Conventions as in (a).
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In particular, on the eastern side of the fault system, IM02 and HMDC
move in agreement with the NNW-directed motion of the plateau,
while on the western side of the Scicli–Ragusa Fault System, HVZN
moves toward NW. Using a mean N10°E fault trend and by applying a
vector decomposition of the geodetic velocities of stations located across
the northern sector of SRFS, we estimated a left-lateral strike–slip com-
ponent of 1.2 mm/yr and a tensile component of 1.5 mm/yr, respective-
ly. CONS station, although excluded from the vector decomposition
because its motion is biased by large uncertainties, shows a motion
which is compatible with the estimated components of motion. Con-
versely, based on velocities estimated atHSCI andHMDC sites, the south-
ern sector of SRFS is characterised by a left-lateral strike–slip component
of 0.5 mm/yr, while the component orthogonal to the fault trend is
negligible.

The strain-rate field (Fig. 9b) clearly evidences as the Scordia–
Lentini Graben (SLG) and the Catania Plain (CP) areas are dominated
by a ~200 nanostrain/yr contractional belt with shortening axis ori-
ented along the prevailing N–S direction. Along the coastal area, north-
ward of the Augusta Basin, a local contractional belt, showing shortening
axis oriented along the E–Wdirection, can be recognised. The southern-
central sector of the plateau is characterised by a positive areal change of
~100 nanostrain/yr with lengthening axis oriented along the NW–SE
direction, while in proximity of the Scicli–Ragusa Fault System these
axes are aligned to the NE–SWdirection. To thewest of the Scicli–Ragusa
Fault System, the northern sector of the plateau shows a gentle negative
areal change (~30 nanostrain/yr), passing toward a gentle positive areal
change (~20 nanostrain/yr) southward.
5. Discussion

The extensive seismic and geodetic dataset analysed in this study,
allow us to infer somemain features of the current tectonic setting of
a large sector of southern Sicily, including the Hyblean Plateau and
the front of the Maghrebian Chain, as well as the Ionian Sea offshore.
Considering the main results here achieved, different crustal blocks,
providing clear evidences about the crustal segmentation of the fore-
land, can be identified. In particular, the Hyblean Plateau is separate
in two blocks (the western and the eastern) by the Scicli–Ragusa
Fault System, while the Hyblean–Maltese Escarpment Fault System
represents the boundary between the eastern block of the plateau
and the Ionian basin. As discussed later, both fault systems are
tectonic structures which accommodate the deformation between
different segments of the foreland.



Fig. 8. Grey bars indicate the orientation of the σ1 obtained by inverting the focal mechanisms inside the radius of 15 km around the grid cell, 15 × 15 km spaced (see text for details).
Circles mark the hypocenters. The variance of the stress tensor at each node is colour-coded, with blue (low values) to red (high values) colours. Black bars indicate the orientation of
the stress field coming from borehole breakout data (Ragg et al., 1999); blue bars indicate the orientation of the stress field coming from inversion of Quaternary fault slip data (Catalano
et al., 2008).

a b

Fig. 9. (a) GPS velocities and 95% confidence ellipses in a fixed Eurasian reference frame. Solution for sites CONS and JUDI, analysed in Ferranti et al. (2008), were rigorously aligned to our
solution by applying a seven-parameter Helmert transformation (obtained by finding the transformation that minimizes the RMS of differences between velocities of common sites). (b) Geo-
detic strain-rate parameters: the colour in background shows the rate of areal change,while the arrows represent the greatest extensional (red) and contractional (blue) horizontal strain-rates.
CP, Catania Plain; SLG, Scordia–Lentini Graben.
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The western sector is characterised by a low occurrence of seismic
activity, which ismostly located along the SRFS and associated structures
(Fig. 5). Fault plane solutions indicate that the crustal block is mainly
subject to a strike–slip faulting regime with a maximum compressive
stress axis with a nearly NNW–SSE attitude and a more relevant exten-
sional component with respect to the other two blocks identified
(Fig. 7). The NNW–SSE attitude is in agreement with the results coming
fromboth i) boreholes breakout data acquired fromwells (depth ranging
from2.3 km to 2.7 km)drilled during the 1980s (Ragg et al., 1999) and ii)
structural analyses carried out along the SRFS (Catalano et al., 2008).
Earthquake distribution, aswell as the VP anomalies, depict the geometry
of the SRFS, while the focal mechanisms clearly indicate its kinematics,
which is mainly left-lateral strike–slip. The geodetic data indicate an ap-
preciable crustal deformation occurring along the SFRS: the northern
sector of this fault system exhibits a left-lateral strike–slip component
of ~1.2 mm/yr, coupled with a tensile component of ~1.5 mm/yr,
while its southern sector is characterised by only a left-lateral strike–
slip component of ~0.5 mm/yr. These slip-rate estimations refine previ-
ously estimations reported inMattia et al. (2012) and are consistentwith
the geological rates reported in recent literature (~1.4 mm/yr since 0.85
Myr; see Catalano et al., 2008 for details). Whether and how the SFRS
continues northward is unknown: few data are available to even specu-
late on this issue.

The eastern sector of the Hyblean Plateau is bounded by the SRFS to
the left and by the Hyblean–Maltese Escarpment Fault System to the
right. Distribution of seismic events (Fig. 5) points out that current brittle
deformation of this area is mainly confined in its central sector (i.e. the
area of the plateau including Siracusa, Noto, Palazzolo Acreide and
Augusta), as also confirmed by the high VP/VS anomaly (Figs. 3 and 4)
that can be interpreted in terms of increase of crack density, while is
negligible in the others (i.e. northern and southern sectors). Focal
mechanisms computed for this area are characterised by prevailing
transtensive solutions, with a nodal plane oriented WNW–ESE to NW–

SE (Fig. 6), fitting with the direction emphasized by the location of
some event clusters (Fig. 5) and in agreement with outcropping geolog-
ical features (e.g. Catalano et al., 2008; Grasso et al., 2000). Southward,
the earthquakes are confined to the edge of the Plateau, where the
tomography shows a discontinuity, down to 15 km of depth. From the
morphological point of view, this area exhibits an escarpment (100–
400 m), delimiting the Hyblean Plateau from the southern coastal
plain, which several authors relate to a fault NE–SW oriented (i.e. the
Avola Fault, see Bianca et al., 1999). The negligible or absent seismicity,
southward of the Avola Fault–Pozzallo–Rosolini System line, coincides
with the lack of mapped relevant faults. For this sector, a stable sub-
horizontal maximum compressive stress with a nearly NW–SE attitude
was found.

Northward, along the Foredeep-Chain edge zone, the seismogenic
layers and the VP structure geometry indicate a progressive NWdeepen-
ing of the Hyblean Plateau below the chain, down to 40 km (see Figs. 4
and 5). This finding is consistent with the northward-deepening seis-
micity, across central Sicily, suggested by Sgroi et al. (2012). In addition,
GPS measurements available for this strip zone reveal a different defor-
mation pattern between the two sectors of Hyblean Plateau across the
SRFS. In detail, taking into account the relative motion between RAFF
and HSCI continuous GPS sites, located northward and southward the
foredeep, respectively (Fig. 9a), a lengthening of ~0.3 mm/yr can be
estimated. This appears in disagreement with the active thrusting and
transpression observed on the frontal belt of the foredeep by using
seismotectonic data (Monaco et al., 1996). However, the lack of contin-
uous GPSmeasurements covering thewestern sector does not allow any
direct measurement of the occurrence of crustal deformation at a more
local scale. Conversely, in the eastern sector, GPS data reveal that a con-
tractional belt is the overriding feature of the Foredeep-Chain edge zone.
In particular, a prevailing N–S oriented shortening of ~2.5 mm/yr is
found along an area extending from the Scordia–Lentini Graben to the
lower southern slope of Mt. Etna (Fig. 9a). There, several geological
studies have shown that normal faults controlling the graben have
been reactivated by reverse motion during the last 0.85 Myr (e.g.
Bousquet and Lanzafame, 2004; Catalano et al., 2008). Despite the
clear signals of active tectonics, very few seismic events have been reg-
istered in the last 20 years in the Scordia–Lentini Graben–Catania Plain
area. This raises the question whether the lacking of seismic energy re-
lease, compared to the pronounced shallow deformation, could be cor-
related to a seismic gap, resulting in a very high seismic hazard for the
area. However, in this area, a somewhat depth dependence of the stress
field pattern has been observed. In particular, the maximum horizontal
stress orientation found shows a prevailing NNW–SSE attitude, while
at shallow depth, breakout wells data indicate an ENE–WSW direction
(Fig. 8). The different stress orientation highlights that the deep stress
pattern can be related to the ongoing convergence process (which rep-
resents the primary source of the stress field), while, at shallower depth
it seems strongly influenced by secondary sources arising from local
crustal structures related both i) to the downbending of the Hyblean
crust beneath the Maghrebian Chain and ii) to the sub-surface geology
(i.e. thick alluvial sediments filling the Scordia–Lentini Graben–Catania
Plain area). According to previous studies (see Palano et al., 2012 and
reference therein for an overview), we retain that part of the contraction
arising from the main Eurasia–Nubia convergence is accommodated
along this sector of the Foredeep-Chain edge zone. On the contrary,
the western sector of the Hyblean Plateau moves in agreement with
the central-western Sicily, transferring the Eurasia–Nubia convergence
in the northern Sicily offshore (Palano et al., 2012).

The HMEFS, representing the faults-controlled tectonic boundary
between the eastern sector of the Hyblean Plateau and the Ionian Sea,
is characterised by the occurrence of considerable seismicity mainly
located between theGulf of Catania and Siracusa. Fault plane solutions in-
dicate a prevailing strike–slip faulting with left-lateral slip along the
~N30°E direction and right-lateral motion along the conjugate ~N300°E
one. This feature, coupled with the N–S to NNW–SSE striking of HMEFS
and the sub-horizontal NW–SE striking σ1-axis obtained for the offshore
area, can lead to attribute a left-lateral shear component to this tectonic
boundary. Accordingly, the right-lateralmotionobserved along theplanes
WNW–ESE oriented has to be considered as slip on secondary structures
(i.e. Riedel shears).

Indeed, various hypotheses have beenmade in the last decade about
the role and the kinematics of the HMEFS. In particular, based on the
interpretations of seismic reflection profiles and bathymetric surveys, a
prevailing extensional features (Argnani and Bonazzi, 2005), coupled
with a dextral motion (see Doglioni et al., 2001; Catalano et al., 2008
and reference therein) was indicated. On the other hand, the left-lateral
kinematic is supported by neotectonic observations (Adam et al., 2000)
collected along the Quaternary faults located on the eastern border of
the Hyblean Plateau. Adam et al. (2000) also suggest that the formation
of oblique trending onshore grabens along the eastern margin of the
Hyblean Plateau can be due to the coupled effects of two different stress
fields: a left-lateral strike–slip stress regime, recognisable on the onshore
side of HMEFS and an extensional one recognisable on the offshore side
of HMEFS. The former stress field represents the regional field related
to the plate convergence, while the latter represents a local field related
to the topographic gradient across the HMEFS.

However, the left-lateral strike slip along roughly N–S trending
faults is supported by the fault plane solution computed for the M =
5.4 December 13, 1990 earthquake (Amato et al., 1995) and by the
focal mechanisms related to the earthquakes cluster occurring in the
Catania Gulf (see Fig. 6).

Further to the east (Fig. 5), an event cluster, elongated in the NNW–

SSE direction and located very close to the structure identified as the
STEP fault by Polonia et al. (2011), can be identified. In addition, other
earthquake alignments showing right-lateral strike–slip kinematics on
NW–SE and WNW–ESE trending nodal planes (see Fig. 6), can be
recognised in the Ionian Sea. By our data, we cannot solve the whole
structural complexity characterising this Ionian sector, however, any
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tectonic interpretation have to take into account that the structures
drawn by our analysis segment this sector of the Ionian basin, releasing
the dynamics of the Ionian lithosphere from the eastern Hyblean block.

6. Conclusive remarks

The main results presented and discussed in this study can be sum-
marized as follows:

– The Scicli–Ragusa Fault System divides the Hyblean Plateau in two
crustal blocks (the western and the eastern), while the Hyblean–Mal-
tese Escarpment Fault System represents the boundary between the
eastern sector of the plateau and the Ionian basin. Both fault systems
are pre-existing tectonic structures whichwere reactivated to accom-
modate the deformation between different segments of the foreland.

– The western sector of the Hyblean Plateau moves in agreement with
the central-western Sicily and is characterised by a low level of both
ground deformation and seismic release.

– The northern portion of the eastern sector of Hyblean Plateau shows a
prevailing N–S oriented shortening of ~2.5 mm/yr, accommodating
the contraction arising from the main Eurasia–Nubia convergence.

– The Hyblean Plateau is subject to a general strike–slip faulting regime.
At regional scale, the maximum horizontal stress shows amainmode
trending NW–SE to NNW–SSE, in agreement with the Eurasia–Nubia
direction of convergence. Locally, along the north-eastern sector of
the Gela-Catania Foredeep a somewhat depth dependence of the
stress field can be recognised.

– The left-lateral differential motion between the western and eastern
Hyblean sectors and the Ionian one is accommodated along the
SRFS, the HMEFS and their associated structures.

In conclusion, these findings provide useful elements to better under-
stand the geodynamic scenario of central southern Mediterranean area
and represent an improvement to the characterisation of the seismic
sources that likely caused the large earthquakes in the past and could
be the source regions for future events in southern Sicily and therefore
to assess the earthquakes hazard of the region.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2014.05.017.
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