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Abstract. New satellite geodetic data challenge our knowl-
edge of the deformation mechanisms driving the active defor-
mations affecting southeastern Sicily. The PS-InSAR (Per-
manent Scatterer Interferometry Synthetic Aperture Radar)
measurements evidence a generalized subsidence and an
eastward tilting of the Hyblean Plateau, combined with a
local relative uplift along its eastern coast. To find a me-
chanical explanation for the present-day strain field, we in-
vestigate short- and large-scale surface-to-crustal deforma-
tion processes. Geological and geophysical data suggest that
the southward migration of the Calabrian subduction could
be the causative geodynamic process. We evaluate this hy-
pothesis using flexural modeling and show that the combined
downward pull force, induced by the Ionian slab roll-back
and the overloading of the Calabrian accretionary prism, is
strong enough to flex the adjacent Hyblean continental do-
main, explaining the measured large-scale subsidence and
eastward bending of the Hyblean Plateau. To explain the
short-scale relative uplift evidenced along the eastern coast,
we perform elastic modeling on identified or inferred onshore
and offshore normal faults. We also investigate the potential
effects of other deformation processes, including upwelling
mantle flow, volcanic deflation, and hydrologic loading. Our
results enable us to propose an original seismic cycle model
for southeastern Sicily, linking the current interseismic strain
field with available long-term deformation data. This model
is mainly driven by the southward migration of the Ionian

slab roll-back which induces a downward force capable of
flexuring the Hyblean crust.

Key points.

– Recent satellite geodetic data shed new light on the origin of
the active deformations affecting southeastern Sicily.

– Several deformation processes, including crustal flexure and
faulting, are investigated to determine the most reliable me-
chanical explanation.

– Seismic cycle, surface, and crustal deformations of southeast-
ern Sicily are mainly driven by the southward migration of the
Ionian slab roll-back.

1 Introduction

Geodetic measurements, instrumental seismicity, on-
shore/offshore geology, and geophysics all indicate that
southeastern Sicily is actively deforming (e.g., Azzaro
and Barbano, 2000; Mastrolembo Ventura et al., 2014;
Meschis et al., 2020; Anzidei et al., 2021). This region
also suffered the most powerful and devastating earthquake,
the 1693 Mw ∼ 7.4 Val di Noto earthquake, reported in
the Italian seismicity catalog (Rovida et al., 2022). This
earthquake is thought to have occurred offshore the eastern
margin of the Hyblean Plateau, triggering a widespread
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tsunami (e.g., Azzaro and Barbano, 2000; Gutscher et al.,
2006; Scicchitano et al., 2022). The current geologic and
tectonic framework is in line with the Cenozoic geody-
namic evolution of the central Mediterranean (Fig. 1)
but also appears to be influenced by the Mesozoic pre-
structuration of this region (e.g., Carminati and Doglioni,
2005; Frizon De Lamotte et al., 2011; Henriquet et al., 2020;
Van Hinsbergen et al., 2020). In the Late Cretaceous, the
Africa and Eurasia plate convergence initiated the subduc-
tion of the Alpine Tethys under the Apulia–Adria and Iberia
plates, giving rise to the Alpine orogeny (e.g., Handy et al.,
2010, 2015; Van Hinsbergen et al., 2020; Jolivet, 2023).
During the early Cenozoic, the subduction experienced
polarity reversal (e.g., Handy et al., 2010; Almeida et al.,
2022) followed by, since at least the Oligocene, long-lasting
slab roll-back, causing the drifting of continental micro-
blocks detached from the Iberian margin and the opening of
back-arc basins throughout the Mediterranean realm (e.g.,
Gueguen et al., 1998; Faccenna et al., 2001; Rosenbaum
et al., 2002; Carminati et al., 2012; Van Hinsbergen et al.,
2020). During the Mio-Pliocene (10–5 Myr), the collision
between the southeastward-migrating Calabrian–Peloritan
arc and associated Calabrian accretionary prism (CAP) with
the northern African passive margin led to the formation
of the Sicilian fold-and-thrust belt (e.g., Gueguen et al.,
1998; Henriquet et al., 2020). During the Plio-Pleistocene
(5–2 Myr), the Calabrian Arc and the retreating Ionian slab
continued to interact strongly with the crustal structure of
the African margin, particularly with the thick Pelagian
continental Platform and the Malta Escarpment (Wortel and
Spakman, 2000) (Fig. 1). These major tectonic domains,
which originated during the Triassic period, were shaped by
the fragmentation of Pangea in the Early Jurassic, leading
to the opening of the Neo-Tethys Ocean (e.g., Stampfli
et al., 2002). Nowadays, the Calabrian subduction zone
keeps moving south but at a much slower rate, suggesting
that the system as a whole is undergoing opposing forces
and/or that its driving mechanism, slab roll-back, is losing
its effectiveness.

Recent PS-InSAR (Permanent Scatterer Interferometry
Synthetic Aperture Radar) satellite measurements (radar in-
terferometry) published by Henriquet et al. (2022) have re-
vealed an unexpected pattern of surface deformation across
southeastern Sicily, particularly an eastward increasing sub-
sidence of the whole Hyblean Plateau (Fig. 2). This re-
gion has been partially investigated in previous studies us-
ing similar techniques but only captured local surface defor-
mation features (Canova et al., 2012; Vollrath et al., 2017).
Up to now, the origin of such a pattern of deformation has
remained, thus, unexplained. Since satellite measurements
were acquired over a very short period compared to typi-
cal seismic cycle durations (5 years versus several hundreds
of years), and considering the discrepancy between satellite
measurements and inferred long-term coastal uplift estima-
tions (e.g., Bianca et al., 1999; Ferranti et al., 2006, 2010;

Scicchitano et al., 2008; Meschis et al., 2020) (Fig. 2a), we
hypothesize that the satellite data are representative of the
interseismic period. We further infer that the PS-InSAR data
mainly document elastic loading mechanisms and reversible
deformations. To explain the geodetic observations, we in-
vestigate the surface deformation signature of crustal and
lithospheric deformation processes, including the impact of
the southward migration of the Calabrian subduction system
on the structural evolution of the eastern Hyblean margin,
as well as elastic loading and aseismic creep on coastal and
offshore normal faults. We also test the potential surface ex-
pression of other processes, such as volcanic deflation, hy-
drologic loading, and upwelling mantle flow.

2 Present-day deformation of SE Sicily

The kinematics and active tectonics in SE Sicily are still
a matter of debate, with marked developments in the last
decade (e.g., Bianca et al., 1999; Argnani et al., 2012), in
particular with the acquisition of high-resolution bathymetry
and seismic reflection/refraction profiles in the adjacent Io-
nian domain (Argnani and Bonazzi, 2005; Gutscher et al.,
2016; Dellong et al., 2020) and seismotectonic analysis
(e.g., Gambino et al., 2021, 2022b). The main reasons in-
clude the complex polyphased geological history of this re-
gion and the relatively low present-day horizontal strain rate
(< 5 mm yr−1) resulting from the culmination of the Cal-
abrian Arc and African margin collision and the subsequent
slowdown of the Calabrian subduction (roll-back and back-
arc extension) in the last million years (Goes et al., 2004;
D’Agostino et al., 2011; Zitellini et al., 2020).

2.1 Geodesy

Geodetic surface measurements in SE Sicily include
GNSS (e.g., Palano et al., 2012), PS-InSAR/DInSAR (Dif-
ferential Interferometry Synthetic Aperture Radar) (e.g.,
Vollrath et al., 2017), and leveling datasets (e.g., Spampinato
et al., 2013).

2.1.1 PS-InSAR

In the present study, we use the first geodetic velocity field
covering the whole island of Sicily published by Henriquet
et al. (2022) and derived from Sentinel-1 radar satellite (In-
SAR data) acquired during the 2015–2020 period. The PS-
InSAR pseudo-3D velocity field (up and E–W component)
was obtained by merging ascending and descending acqui-
sitions combined with a reanalysis of the GNSS time series.
Due to the acquisition geometry, the Sentinel-1 radar satellite
is not sensitive to the N–S component of horizontal surface
deformation, which is, fortunately, very low in the studied
region (Henriquet et al., 2022). We therefore consider that,
even if affected by minor distortions, the up and E–W com-
ponents of the pseudo-3D velocity data can be used with
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Figure 1. Geodynamic and tectonic map of central Mediterranean (modified from Henriquet et al., 2020). Geological and structural data were
synthesized from previous publications (e.g., Funiciello et al., 1981; Bigi et al., 1991; APAT, 2005; Finetti et al., 2005; Lentini and Carbone,
2014; Prada et al., 2014). Present-day centroid moment tensors (Mw > 4.5) and global navigation satellite system (GNSS) data were retrieved
from https://www.globalcmt.org/CMTsearch.html (last access: 15 April 2020) and https://www.unavco.org/data/gps-gnss/gps-gnss.html (last
access: 15 April 2020), respectively.

confidence (Figs. S2–S5). The vertical (up) component of
this dataset reveals that the central and eastern parts of the
Hyblean Plateau experience subsiding rates increasing east-
ward from 1 to nearly 3 mm yr−1 relative to the western coast
(Figs. 2 and S1 in the Supplement). It should be noted that
PS-InSAR data also show a slowly decreasing E–W compo-
nent to the east of the Hyblean Plateau with velocities evolv-
ing from 3 to 2 mm yr−1 (Fig. 10; Henriquet et al., 2022).

One should note that the zero reference of the PS-InSAR
vertical velocity field is not precisely known. The verti-
cal component of the pseudo-3D PS-InSAR velocity field
and GNSS data have a ±0.5 mm yr−1 uncertainty in the

ITRF2014 (Altamimi et al., 2016), which implies that the
observed subsidence over the Hyblean Plateau could be a
little bit higher or slower. In the last case, slow uplift rates
could be present in the Gela region. The vertical velocity
trend is obtained by projecting and stacking the PS-InSAR
data across a 5 km wide band along an N30° E AB profile
(Fig. 2b). Along this profile, oriented perpendicular to the
main regional faults, the subsidence velocity reaches, on av-
erage, ∼ 1 mm yr−1 between Gela and Ragusa and increases
progressively to ∼ 2.5 mm yr−1 between Ragusa and Au-
gusta. All along the eastern coast, geodetic data evidence a
significantly slower subsidence (or a relative uplift). From
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Figure 2. Geodetic data across the Hyblean Plateau region (see the location in Fig. 3). (a) Permanent-scatterer (PS-InSAR 2015–2020)
pseudo-3D vertical (up) velocities in map view from Henriquet et al. (2022). GNSS 3D surface velocities are derived from a reanalysis of
the Nevada Geodetic Laboratory (NGL) data (horizontal component reference: fixed Nubia; up component reference: ITRF2014). Major
faults of the Hyblean Plateau (HP) and Malta Escarpment (ME), including the offshore normal faults identified by Bianca et al. (1999) and
Argnani and Bonazzi (2005) and recently analyzed by Gambino et al. (2021) (red is the active fault; dashed red is the inferred active fault;
black is the inferred aseismic slip from Spampinato et al., 2013). (b) SW–NE-trending velocity profile showing surface velocity (up) derived
from PS-InSAR and GNSS stations’ vertical velocities. We observed a long-wavelength signal (in green) and a short-wavelength signal at
the eastern part of the HP (in orange) along the AB profile, and a similar surface deformation is observed to the south of the AB profile
(Fig. S1). PS-InSAR data are stacked across a 5 km width on both sides of the AB profile (in blue). GNSS data are stacked using 20 km
(in black) and 40 km (in gray) widths on both sides of the AB profile. Topographic and bathymetric profiles are presented without vertical
exaggeration (VEx1).
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Augusta to Siracusa, and in the southernmost part of the Hy-
blean Plateau (HP), the subsidence rate decreases to about
1 mm yr−1 compared to the maximum subsidence rate in the
central Hyblean Plateau (Fig. 2). In the Gela region, PS-
InSAR vertical velocities indicate a possible slow uplift rate
of ∼ 0.5 mm yr−1 (Fig. 2). To the south of the AB profile,
a similar surface deformation pattern is observed; an east-
ward increase in subsidence rates evolving towards a similar
relative uplift in the coastal (Siracusa) region (profile CC′;
Fig. S1).

Along the AB velocity profile, neither the Scicli–Ragusa-
inferred active fault (Vollrath et al., 2017) nor the other major
faults of the Hyblean Plateau can be evidenced in the E–W
and vertical components of the PS-InSAR data (Henriquet
et al., 2022) (Fig. 2a), indicating that these faults are locked
or are creeping at a slip rate lower than the PS-InSAR resolu-
tion (±0.5 mm yr−1). Locally, fast-subsiding (� 3 mm yr−1)
zones, most probably related to human activities such as wa-
ter pumping (Canova et al., 2012), can be identified near the
main cities of Augusta, Siracusa, and Noto (Fig. 2a).

Surface deformation signals extending over a hundred
or more kilometers are most probably related to crustal or
lithospheric-scale processes (e.g., Stephenson et al., 2022),
whereas those extending over tens of kilometers are likely as-
sociated with much shallower and localized mechanical pro-
cesses such as seismic cycle deformation, volcanic bulging/-
collapse, hillslope instabilities (landslides), or human activi-
ties (water pumping and mining) (e.g., Vilardo et al., 2009).
We therefore hypothesize that the PS-InSAR vertical veloc-
ity field consists of two superimposed signals: (1) a long-
wavelength (> 100 km) subsidence and gradual eastward tilt
of the Hyblean Plateau (green line in Fig. 2b), compatible
with the decreasing PS-InSAR E–W velocities, and (2) a
short-wavelength signal, extending along the eastern coast
and characterized by sharp variations in the vertical veloci-
ties at kilometric scale (orange lines in Fig. 2b).

2.1.2 GNSS

The global navigation satellite system (GNSS) data used
to calibrate the pseudo-3D PS-InSAR velocity field (Hen-
riquet et al., 2022) were based on the analysis of time se-
ries retrieved from the Nevada Geodetic Laboratory (Ble-
witt et al., 2018). We refine this analysis by correcting for
annual and semiannual seasonal signals, instantaneous off-
sets, and gaps using the time-series-inversion software devel-
oped by Masson et al. (2019). Across the Hyblean Plateau,
GNSS velocities show horizontal velocities of ∼ 2 mm yr−1

oriented homogeneously toward the ENE in the Nubia ref-
erence frame (Fig. 2). The vertical component of most of
the GNSS stations shows an overall subsidence of the HP
(−0.8 mm yr−1 on average) in the ITRF2014 reference frame
(Altamimi et al., 2016). This tendency is well illustrated by
the high-quality NOT1 GNSS station located near the city of
Noto, which has recorded the longest time series (23 years;

2000–2023), or by the SSYX and HMDC stations (Figs. S2
and S3). Overall, the GNSS vertical velocities are consistent
with the median of the PS-InSAR vertical velocities calcu-
lated over a 3×3 km2 region centered on each GNSS station
(Figs. S2–S5).

To estimate the regional horizontal strain rate tensor, we
processed the GNSS dataset using the inversion model of
Mazzotti et al. (2005). The Hyblean Plateau is character-
ized by an extension rate oriented N55° E± 1° (close to
the AB profile direction) and a shortening rate oriented
N145° E± 1° (Fig. S6), consistent with the focal mechanism
inversion (Fig. 3).

2.2 Seismology

The instrumental seismicity map of SE Sicily, derived from
INGV and the Rovida et al. (2022) datasets (Fig. 3),
shows minor to moderate events (M < 5) with deep crustal
hypocenters (15–30 km). Over the Hyblean Plateau, earth-
quake hypocenters tend to roughly align along the inferred
active, N–S trending, Scicli–Ragusa strike-slip fault (e.g.,
Vollrath et al., 2017) and near the Cavagrande Canyon fault
system (Cultrera et al., 2015) (Fig. 3). Most of these faults
are probably inherited from the Plio-Quaternary tectonomag-
matic phase of deformation (Henriquet et al., 2019) and
were partly re-activated in response to the ongoing Africa–
Nubia/Eurasia plate convergence (e.g., Mattia et al., 2012;
Cultrera et al., 2015). In this framework, the identification of
the seismogenic source that triggered the 1693 event remains
debated (e.g., Argnani and Bonazzi, 2005; Bianca et al.,
1999). The isoseists of the Mw ∼ 7.4 Noto earthquake ap-
pear largely open toward the Malta Escarpment and Ionian
Sea domains, suggesting the seismogenic fault is located off-
shore (Fig. 3). East of the Hyblean Plateau, earthquakes es-
sentially distribute along the Malta Escarpment where a nor-
mal fault system, potentially responsible for the 1693 earth-
quake, has been identified (e.g., Bianca et al., 1999; Argnani
and Bonazzi, 2005; Gambino et al., 2021, 2022b) (Fig. 3).

The focal mechanisms over the Hyblean Plateau have
dominant strike-slip characteristics, contrasting with the ex-
tensional deformation characterizing the NE corner of Sicily
(Fig. 3).

To estimate the present-day regional stress field across
SE Sicily, we analyzed the available focal mechanisms using
Vavryčuk’s numerical model (Vavryčuk, 2014; Levandowski
et al., 2018) that is based on Michael’s method (Michael,
1984). Results show that the regional stress across SE Sicily
(Fig. 3) is homogeneous (Figs. S7 and S8). The maxi-
mum compressive stress (σ1) is horizontal and oriented
N154° E± 7°, compatible with the N160° E Africa/Eurasia
plate convergence (e.g., Mattia et al., 2012; Kreemer et al.,
2014). The minimum stress (σ3) is oriented N64° E± 7°,
compatible with the extension rate derived from GNSS data
inversion (Fig. 3).
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Figure 3. Instrumental seismicity of Sicily at crustal scale (0–30 km depth), showing earthquake hypocentral locations and focal mechanism
solutions of M > 3 events from 1985 to 2022 (INGV, 2005; Scognamiglio et al., 2006). 3D surface velocity derived from GNSS time series
published in Henriquet et al. (2022) (horizontal component reference: fixed Nubia; up component reference: ITRF2014). Macroseismic
intensity data of the 1693 Val di Noto Earthquake (M ∼ 7.4) from INGV CPTI15 database (Rovida et al., 2022) (dashed red line is the X–XI
intensity; dashed orange line is the IX–X intensity; dashed green line is the VIII–IX intensity). Focal mechanism stress inversion (red arrows)
for the Hyblean Plateau region (black frame) and Ionian Sea (dashed black frame) using Michael’s method (Vavryčuk, 2014; Levandowski
et al., 2018). The AB profile shows the location of the PS-InSAR profile and synthetic structural cross section presented in Figs. 2 and 4.

If this regional stress field is compatible with the PS-
InSAR surface deformation data (E–W bending generating
extensional stress), it does not explain the observed eastward-
increasing subsidence rate across the HP.

2.3 Synthetic structural profile

To constrain the deep structure and rheology of the studied
area, we synthesize the available geological and geophysi-
cal data into a 200 km long simplified crustal-scale structural
cross section following the N30° E AB profile. This section
incorporates part of the Hyblean Platform, the Malta Escarp-
ment, the western Ionian domain, and cuts, almost perpen-
dicularly, the offshore normal faults along the Malta Escarp-
ment and the Alfeo and Ionian strike-slip fault systems, ex-
tending eastward (Figs. 2–4). The eastern part of the syn-
thetic structural profile is mainly based on seismic refrac-
tion profiles from Dellong et al. (2018, 2020), particularly
the DY-P3 profile running sub-parallel to the AB profile and
located 20 km further north, as well as seismic reflection pro-
files from Argnani et al. (2012), Gutscher et al. (2016), Tu-
gend et al. (2019), Gambino et al. (2021), and Gambino et al.
(2022b) (Fig. 4c). The structure of the western section is con-
strained by onshore and offshore geology, well log stratigra-

phy, geophysics, seismic reflection profiles, and geological
cross sections from the ViDEPI (2016) project, Lentini and
Carbone (2014), Lipparini et al. (2023), Scarfì et al. (2018),
Henriquet et al. (2019), and Finetti et al. (2005).

In the Hyblean domain, geophysical data (e.g., Sgroi et al.,
2012; Milano et al., 2020) indicate that the crust has an aver-
age thickness of∼ 30–35 km, with a notable difference in the
Hyblean Plateau region marked by a huge positive Bouguer
anomaly. Based on gravity data modeling, Henriquet et al.
(2019) showed that this gravity anomaly can be explained by
a 100 km large, high-density, and lower-crustal body, com-
patible with a local Moho uplift to a depth of about 20–
25 km. This last interpretation also seems to be supported
by recent tomographic data (Scarfì et al., 2018). We con-
strain the geometries of the Quaternary to Mesozoic sedi-
mentary units of the Hyblean Platform and Gela basin, and
these are constrained using the Monterosso 1, Plinio Sud 1,
Troitta 1, Vittoria 3, and Vizzini 1 wells from the ViDEPI
(2016) project (in pink; Figs. 4c and S9); the Chiaramonte 1
and Mellili 1 wells from Lentini and Carbone (2014); and
Buccheri 1–2, Comiso 3, Giarratana 1, and Licodia 1 wells
from Lipparini et al. (2023) (in purple; Figs. 4c and S9). We
also used the top of the Upper Triassic (Gela formation) iso-
baths published by Lipparini et al. (2023).
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Figure 4. Simplified crustal cross section along the N30° E AB profile (see Figs. 4c and 2 for the location). (a) Two times vertically exag-
gerated synthetic structural profile, along with seismic velocity data, showing the structure and rheology of the Hyblean Plateau and western
oceanic domain determined from onshore and offshore geology, well stratigraphy, geophysics, seismic reflection, and refraction profiles (see
Fig. S9 for references). Note the 1° tilt of the Hyblean Plateau topography toward the east. The red line corresponds to the inferred position
of the main subduction décollement, and the green lines refer to our interpretation of tilted blocks from the Malta Escarpment (ME). (b) The
synthetic structural profile shows the potential geological layers and structural deduced by, essentially, well data for onshore domain and
seismic refraction for offshore domain profiles, respectively, without vertical exaggeration (VEx1). (c) Locations in the map view of the
AB profile, well data, tomography profile, refraction, and reflection seismic profiles.
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In the DY-P3 seismic refraction profile (Dellong et al.,
2018), the 6.0 and 6.5 km s−1 velocity contours delimit two
main steps deepening eastward at the junction between the
Hyblean continental and Ionian oceanic domains (Fig. 4a
and b). Considering their locations along the Malta Es-
carpment that outline the continent–ocean transition (COT),
we interpret these velocity variations as the deepening of
the sediment/basement boundary, potentially related to tilted
blocks of thinned continental crust formed during the Permo-
Triassic–Early Jurassic rifting phase (see Sect. 1) (e.g., Scan-
done et al., 1981; Minelli and Faccenna, 2010; Dellong et al.,
2018; Tugend et al., 2019). Our interpretation of tilted blocks
at the continent–ocean transition is consistent with similar
considerations analyzing seismic reflection/refraction pro-
files (e.g., Afilhado et al., 2015; Sapin et al., 2021; Klingel-
hoefer et al., 2022).

As documented in Argnani and Bonazzi (2005), Gutscher
et al. (2016), and Gambino et al. (2021, 2022b), the seismic
reflection profiles (MESC-O6, MESC-11, CIR-01, MESC-
08, and MESC-09) show several normal faults bounding and
crossing the Turbiditic Valley, extending along the base of
the Malta Escarpment (Gutscher et al., 2016). The Turbiditic
Valley fault system is constituted by three parallel normal
faults,∼ 60 km long, producing a marked morphological off-
set of the Ionian seafloor from the latitudes of Catania to Sir-
acusa (Fig. 4a and b). These faults dip 35–50° to the east and
most probably merge at depth into a single major fault plane
(Argnani and Bonazzi, 2005; Argnani, 2021; see MESC-08
and MESC-09 seismic reflection profiles in Gambino et al.,
2021). These offshore normal faults could be linked to the
recent re-activation of crustal faults at the ocean–continent
transition inherited from the Early Mesozoic rifting phase
(Fig. 4a and b).

On the eastern side of the Hyblean domain, the Moho
is constrained by DY-P3 and DY-P1 refraction profiles to a
depth of ∼ 30 km below the Malta Escarpment. To the east,
in response to the bending of the Ionian slab, the Moho deep-
ens northward from 20 km (DY-P1) to 32 km (DY-P3). Based
on these data and the DY-P4 refraction profile (Dellong et al.,
2020), we estimate the depth of the Moho below the Ionian
oceanic crust to be about 25–30 km in the eastern part of
the AB synthetic profile. In this region, the domain delim-
ited by the seismic refraction velocities of 3.8–5.1 km s−1

has been interpreted as corresponding to the deformed sed-
iments of the Calabrian accretionary prism (CAP) (Dellong
et al., 2018). Its thickness increases from 5 km (DY-P1) to
15 km (DY-P3), and it is evaluated to be ∼ 15 km along the
AB profile (Fig. 4a and b). Note that a portion of the south-
ern termination of the Calabrian Arc (i.e., Hercynian base-
ment) is probably present in the AB profile according to
the seismic refraction DY-P4 profiles (Dellong et al., 2020)
(Fig. 4a and b). The location of the main subduction dé-
collement along the AB profile has been estimated at a depth
of ∼ 20 km (thick red line in Fig. 4a), using the velocity of

6.75 km s−1 seismic refraction in the DY-P3 and DY-P4 pro-
files (Dellong et al., 2018).

3 Mechanical model hypotheses

To explain the long-wavelength bending trend evidenced
by the PS-InSAR up component, we model the flexure of
the Hyblean Plateau induced by the (1) overloading of the
continent–ocean transition (COT) domain in response to
the SE migration of the very thick Calabrian accretionary
prism (CAP) and by the (2) forcing of the subsidence of
the COT due to the local increase in the slab pull force
imposed by the southward roll-back of the Ionian subduc-
tion. We hypothesize that these crustal/lithospheric deforma-
tion mechanisms may be strong enough to bend the adjacent
Hyblean domain and induce the large-scale subsidence and
tilt evidenced by the geodetic data (PS-InSAR and GNSS)
(Fig. 2b). In addition, we test interseismic loading models on
several onshore and offshore east-dipping normal faults, such
as the Augusta–Siracusa fault, the Malta Escarpment, and the
active faults documented by Bianca et al. (1999), Argnani
and Bonazzi (2005), Gutscher et al. (2016), and Gambino
et al. (2021, 2022b) to explain the short-wavelength deforma-
tion signal (relative uplift) extending along the eastern coast
of the Hyblean Plateau (Fig. 2b).

3.1 Lithospheric flexure along a NNW–SSE profile

To better constrain key flexural parameters, such as the rigid-
ity of the Hyblean and Ionian crust/lithospheres and the slab
pull force, and to investigate the impact of the Ionian slab
roll-back, we first model the bending of the subducting Io-
nian slab along a NNW–SSE profile (CD profile) trending
orthogonal to the AB profile (Fig. 5a). We compare the Io-
nian slab geometries with the Hayes et al. (2018) and Mae-
sano et al. (2017) datasets, with the depth of the top oceanic
crust from the Dellong et al. (2018) seismic refraction data
(Fig. S10). In the southern part of the CD profile, the Mae-
sano et al. (2017) dataset indicates shallower depths (∼ 5 km)
compared to the Hayes et al. (2018) and Dellong et al.
(2018, 2020) data because the main décollement jumps away
from the top of the Ionian oceanic crust to a higher level in
the sedimentary cover (Fig. S10). Note that in the northern
part of the CD profile, the Maesano et al. (2017) dataset in-
dicates also a shallower depth compared to the Hayes et al.
(2018) dataset.

Finally, we decided to use, as a structural reference, the
isobaths of the top of the Ionian slab published by Hayes
et al. (2018) because it correlates with the top of the oceanic
crust depths derived from the seismic refraction data (Del-
long et al., 2018, 2020) (Fig. 5a).

The lithosphere flexure models (as well as those in section
3.2) are calculated using the gFlex software (Wickert, 2016).
We impose a no-displacement condition at the southern pro-
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Figure 5. (a) Map and isobaths of the top of the Ionian slab subducting below the Calabrian Arc (Hayes et al., 2018), with seismic refraction
profiles from Dellong et al. (2018, 2020) also used to constrain the top of the Ionian oceanic crust. (b) NNW–SSE-trending CD cross section
(in gray) showing the flat and ramp geometry of the Ionian slab (see the location in panel a). Interval symbols outline the top of the Ionian
crust derived from seismic refraction profiles (Fig. S10). The Ionian oceanic lithosphere supports a 5 km thick homogeneous Paleogene
sedimentary cover (in green). The CAP (in yellow) thickness increases northward up to ∼ 15 km (Dellong et al., 2020). The associated
flexure (in blue) is calculated with density ranging from 2500 to 2800 kg m−2 (in dark blue and pink). The bending of the slab is controlled
by the slab pull, represented as a punctual load, ranging from 1–4×1012 N (in red). (c) The Paleogene cover and the CAP load are performed
with a maximum CAP load of 2× 108–3× 108 N m−2. Flexural models are performed with effective elastic thicknesses (Te) ranging from
25 to 37 km and slab pull forces ranging from 1×1012 to 4×1012 N (Fig. S11). Topographic, slab, and flexural model profiles are presented
without vertical exaggeration (VEx1). (d) Zoom at the intersection of the AB profile showing the depth difference between favorite models,
with a CAP load of 3× 108 N m−2, slab pull of 2× 1012 N, and elastic thickness of 30 km (continuous line) and 32 km (dashed line), all
shown without rollback (red line) and with rollback (green line). The local subsidence associated with the 3 km Myr−1 slab SE retreat is
estimated to be about 300± 50 m.
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file boundary and a broken plate with no bending moment
and no shear at the northern boundary. The Ionian oceanic
lithosphere is modeled assuming an effective elastic thick-
ness (Te) ranging from 25 to 37 km (Figs. 5b and S11) that is
compatible with its Triassic to Early Jurassic age (e.g., Cata-
lano et al., 2001; Speranza et al., 2012) and consistent with
other publications (e.g., Watts and Zhong, 2000; Tesauro
et al., 2012; Cloetingh et al., 2015).

The flexure of the subducting slab depends on its me-
chanical properties and the loads induced by the sedimen-
tary cover, the accretionary prism, and the slab pull force
(Fig. 5b). According to seismic refraction profiles DY-P1 and
DY-P4 (Dellong et al., 2018, 2020), the undeformed ante-
Messinian sedimentary cover overlying the Ionian crust has
a thickness of about 5 km. Thus, taking into account a depth
of the Ionian Sea of 5–6 km, we consider that the top of the
Ionian crust was lying at a uniform depth of 10–11 km be-
fore the onset of the Calabrian subduction system (Fig. 5b).
This depth corresponds to the isostatic equilibrium for the Io-
nian crust. It determines the initial geometry of the flexural
model from which we calculate the bending induced by the
Calabrian accretionary prism (CAP) load.

Based on seismic refraction profiles DY-P4, DY-P1, and
DY-P3 (Dellong et al., 2018, 2020), the Calabrian accre-
tionary prism thickness increases northward from 5 to 15 km.
By removing the initial 5 km thick Ionian sedimentary cover,
the CAP load represents an increase in sediment thickness
from 0 km at the southern end of the CD profile to 10 km at
the northern end. The Calabrian backstop, made of Hercy-
nian continental crust, is not taken into account (Fig. 5b).

The CAP load is calculated by

FCAP = ρgh, (1)

with a sediment density (ρ) of 2500–2800 kg m−2 (pro-
file 2D), using Dellong et al. (2020); a gravity accelera-
tion (g) of 9.81 m s−2; and an increase in the CAP thick-
nesses (h) from 0 to 10 km. We also calculated the CAP
load using an end-member density of 2800 kg m−2 (Fig. 5b),
which resulted in a variation in flexure amplitude of a few
percent and thus not affecting the results of continental flex-
ural models.

The CAP load (FCAP) is applied on the CD profile di-
vided into 1 km long segments by imposing a northward lin-
ear gradient from 0 to 2.45× 108 N m−2 (Eq. 1) on the first
250 km of the profile (Fig. 5b and c). We perform several
tests with different maximum CAP load (FCAP) and elas-
tic thicknesses (Te) ranging from 2× 108 to 3× 108 N m−2

and 25 to 37 km, respectively. Models are tested with a con-
stant mantle density of 3300 kg m−2 and no filling density
for a mantle restoration force (Fig. 5c). The resulting flexure
(∼ 8 km maximum), even if significant, is not sufficient to fit
the Ionian slab profile (gray line in Fig. 5b and c).

The slab pull force is then added to the northern termina-
tion of the Ionian lithosphere as a point load (Fig. 5b). We
tested with different slab pull forces ranging from 1×1012 to

4× 112 N, consistent with other publications reviewing slab
rollback mechanical properties (e.g., Lallemand et al., 2008)
and the same range of elastic thicknesses from 25 to 37 km
(Figs. 5c and S11). The best fit to the Ionian slab-top profile
is obtained for elastic thicknesses (Te) of 30–32 km, a maxi-
mum accretionary wedge load (FCAP) of 3×108 N m−2, and
a slab pull force (FSP) of 2× 1012 N (Figs. 5c and S11). It
is worth noting that including the CAP load significantly re-
duces the amplitude of the fore bulge associated with slab
bending, resulting in a flat-and-ramp geometry similar to that
of the Ionian slab.

3.2 Crustal flexure along a WSW–ENE profile

The impact of the Ionian subduction roll-back on the defor-
mation of the Hyblean Plateau is evaluated along the N30° E
trending AB profile (Fig. 5a), considering the following sim-
plifications: (1) the ongoing roll-back induces incremental
changes in the slab profile that can be matched with a south-
ward translation of the slab geometry, inducing a local deep-
ening. (2) This results in a local incremental increase in the
accretionary prism thickness. (3) Due to the mechanical cou-
pling of the Ionian slab and Hyblean lithosphere, the slab
deepening exerts an incremental downward force on the COT
(Fig. 6).

The effective elastic thickness of the Hyblean lithosphere
is less constrainable than that of the Ionian lithosphere but
should remain within standard values for a regular unde-
formed continental crust with an average geotherm. We test
elastic thicknesses (Te) ranging from 25 to 40 km (Fig. 6), as-
suming a uniform thickness, considering that the continent–
ocean transition and the oceanic lithosphere have the same
elastic rigidity as the Hyblean crust. Finally, we also con-
sidered that none of the fault systems offshore SE Sicily are
mature enough to significantly affect the mechanical proper-
ties of the abovementioned crustal/lithospheric blocks (e.g.,
Gambino et al., 2022).

We first evaluate the flexural response due solely to the
local incremental increase in the CAP load induced by its
southward migration, using our previous analysis of the
bending of the Ionian slab. Based on the velocities of the
GNSS stations situated in Calabria, we estimate the south-
ward migration to 3 mm yr−1 compared to a fixed Hyblean
Plateau (Henriquet et al., 2022). At the intersection be-
tween the AB and CD profiles, at the 170 km length mark
in the CD profile, the Ionian slab dips 6± 1° toward the
north (Hayes et al., 2018) (Fig. 5d). Taking into account the
CAP geometry, its southward motion, and the slab geometry,
we calculate a local incremental thickening of the CAP of
3×10−4 m yr−1 (equivalent to 300 m Myr−1) and a resulting
load (FCAPa) of about 5–10 N m−2 yr−1 (Fig. 5d). Applying
a linear load gradient starting from zero at the base of the
Malta Escarpment (140 km marks of the AB profile) to 5–
10 N m−2 yr−1 at the end of the continent–ocean transition
(165 km marks of the AB profile) and then applying this load
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Figure 6. (a) Continental crustal flexure is controlled by the southward retreat of the Ionian slab. We calculated the flexure (gFlex from
Wickert, 2016) induced by the only CAP load (FCAPa) of 10 N m−2 yr−1 distributed on the continent–ocean transition (in black) and on
the adjacent Ionian crust (in white). For an elastic thickness of 30 km, the best models have bending forces (FB) of 1× 104 N m−1 yr−1 (in
green), 1.5× 104 N m−1 yr−1 (in orange), 2× 104 N m−1 yr−1 (in purple), 2.5× 104 N m−1 yr−1 (in brown), and 3× 104 N m−1 yr−1 (in
yellow) distributed on the only adjacent Ionian crust or including also part of the COT (see also Fig. S12). (b) The best models (Fig. S12)
are compatible with a wide range of elastic thicknesses (25–40 km). PS-InSAR vertical velocities (in blue) and GNSS vertical velocities with
their uncertainties are shown. Topographic and bathymetric profiles are presented without vertical exaggeration (VEx1).

constantly until the end of the AB profile results in a slow
onshore subsidence rate of 1.5× 10−4

± 5× 10−5 mm yr−1

maximum, 20 000 times smaller than the PS-InSAR subsi-
dence rate measured in the same area (∼ 3 mm yr−1).

We then investigate the effect of the southward Ionian slab
roll-back and associated downward pull on the COT. We first
calculate the flexural rigidity of the oceanic lithosphere (Tur-
cotte and Schubert, 2014),

D =
ET 3

e

12(1− ν2)
, (2)

with a Young modulus (E) of 1× 1011 Pa, a Poisson’s ra-
tio (ν) of 0.25, and an effective elastic thicknesses (Te) of
30–32 km (see Sect. 3.1). We obtain a flexural rigidity (D) of
the Ionian lithosphere of 2.4–2.9× 1023 Pa m−3.

To simulate the Ionian slab retreat, we translate the slab
profile southward, assuming a slab retreat velocity of ∼
3 mm yr−1 (D’Agostino et al., 2011) (Fig. 5d). At the inter-
section of profiles AB and CD, this induces an incremental

deepening of the Ionian slab of about 3×10−4 m yr−1 (equiv-
alent to 300 m Myr−1), which defines the equivalent down-
ward force at the same location along the CD flexure profile
(Turcotte and Schubert, 2014),

FB =
ω2D

x2
(
L− x

3

) , (3)

with an incremental deflection (ω) of 3× 10−4 m yr−1

(Fig. 5d) and a flexural rigidity (D) of 2.4–2.9×1023 Pa m−3.
The total profile length L corresponds to the point of the Hy-
blean lithosphere where the deflection (ω) is null, with ∼
200 km based on the PS-InSAR and structural data (Fig. 6).
The distance x corresponds to the point at which the deflec-
tion (ω) is estimated (intersection with profile CD). Consid-
ering L= 250±50 km and x = 150 km, the equivalent incre-
mental downward force is about 1–6.5× 104 N m−1 yr−1.

This equivalent force (FB) is then applied on the AB pro-
file to model, with gFlex, the resulting flexure of the Hyblean
crust/lithosphere. Flexural models are calculated with a no-
displacement boundary condition at the southwestern end of
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the profile (20 km west of Gela) and a free displacement of
a horizontally clamped boundary condition at its northeast-
ern end (80 km east of the Malta Escarpment). Flexural mod-
els are run with a fill density of 2500 kg m−2 (2D profile)
solely for the CAP load. The downward force (FB) and CAP
load (FCAPa) are applied as constant loads (on 1 km long seg-
ments) over the 35 or 60 km long portion of the AB profile
corresponding to the only adjacent Ionian crustal domain and
from the base of the Malta Escarpment to the end of the COT
as a linear load gradient evolving from zero to the maximum
calculated load. We test different elastic thicknesses (Te) and
a bending force (FB) ranging from 25 to 40 km and 1×104 to
6.5× 104 N m−1 yr−1, respectively (Figs. 6b and S12).

To determine the best Hyblean crustal flexure models, we
first filter the PS-InSAR vertical velocities (5 km stacked in
the AB profile) using a 5 km width median filter with a step
of 1 km. Comparing the resulting long-wavelength trend of
the PS-InSAR data with all flexural models shows maxi-
mum misfits of about 12 mm yr−1. The comparison between
the GNSS data (20 km stacked of the AB profile and 5 km
large median filter with a step of 1 km) shows a little bit of
a higher maximum misfit of about 13 mm yr−1 due to a vari-
able spatial density and quality of GNSS stations over the
Hyblean Plateau (Fig. S12c). The best models (0.5 mm yr−1

RMS PS-InSAR) have a CAP load plus a bending force
ranging from 1× 104 to 3× 104 N m−1 yr−1 distributed on
a 35 km long portion of the AB profile and also between
1× 104 to 1.5× 104 N m−1 yr−1 distributed on a 60 km long
portion of the AB profile, with the effective elastic thick-
nesses ranging from 25 to 40 km (Figs. 6b and S12b, c).
None of the tested continental crustal flexure models repro-
duce the short-wavelength deformations observed in the Gela
region (slow uplift of ∼ 0.5 mm yr−1) or along the Augusta–
Siracusa coastal area (relative uplift of 1–2 mm yr−1).

3.3 Interseismic loading and aseismic creep on coastal
and offshore faults

Along the coast, from Augusta to Siracusa, PS-InSAR ver-
tical velocities vary at a kilometer scale and appear 1–
3 mm yr−1 slower than the general trend of subsidence af-
fecting the eastern Hyblean Plateau (Figs. 2a and 6b). In-
terestingly, these short-wavelength signals show triangular
patterns similar to those produced by shallow faulting in an
elastic domain. To investigate the sources of these surface de-
formations, we test several scenarios involving interseismic
loading and aseismic creep on coastal and offshore faults.

Offshore, several active normal faults, outcropping along
the base of the Malta Escarpment, have been identi-
fied, imaged, and documented in detail by Argnani and
Bonazzi (2005), Gutscher et al. (2016), and Gambino et al.
(2021, 2022b). Close to the coastline, the offshore Augusta–
Siracusa fault (Fig. 7) has also been considered a potentially
active fault (e.g., Bianca et al., 1999; Azzaro and Barbano,
2000). We use the Coulomb 3.4 software (Toda et al., 2011)

to impose different fault slip rates and geometric boundary
conditions on these fault systems, assuming standard elas-
tic properties (Poisson’s ratio of 0.25; Young modulus of
80 GPa).

The fault plane geometries tested (strike and dip) are
based on published field-trip observations and measurements
(Gambino et al., 2021). Fault locations are based on pub-
lished geological/structural maps (Adam et al., 2000) and
on the presence of sharp gradients in the PS-InSAR velocity
pattern. The imposed fault slip velocities result from a trial-
and-error empirical approach. The objective, essentially, is to
evaluate if aseismic slip on known and unknown faults could
generate sufficient surface deformation to explain the mea-
sured surface deformation pattern.

The model predictions are compared to the PS-InSAR
short-wavelength signals (Fig. 7b) obtained by removing the
mean of the best-fitting flexural models (see Sect. 3.2) from
the original geodetic dataset. Two patterns of relative uplifts
of about 2.5±0.5 mm yr−1, gently tapering westward, can be
identified near and to the SE of Augusta with a zone of rel-
ative subsidence of about −2± 1 mm yr−1 in between them
(Fig. 7a). We hypothesized that these surface deformations
could be induced by fault slip along ENE-dipping normal
fault systems (Fig. 7).

The first set of models corresponds to interseismic lock-
ing of the shallow (0 to 10–15 km depth) sections of the
main normal faults identified in the study area (Fig. 7b) and
elastic loading by deep (> 15 km depth) creeping sections.
Regardless of the deep-fault geometry or slip rates, all of
these models generate generalized long-wavelength subsi-
dence rates incompatible with the geodetic data (dotted green
line; Fig. S13). Thus, we dismiss interseismic loading as a
potential mechanism to explain the short-wavelength surface
deformation patterns.

The second set of models corresponds to shallow aseismic
slip imposed on three offshore normal faults: the Augusta–
Siracusa fault (Bianca et al., 1999), the Malta Escarpment
fault, and the Turbiditic Valley fault (Gutscher et al., 2016;
Gambino et al., 2021, 2022b) (Figs. 7a and S13). We decided
to test the Malta Escarpment fault because it lies between the
Turbiditic Valley active fault and the Augusta–Siracusa fault
for which evidence of activity has been documented by as-
yet-unpublished sparker lines acquired in the Augusta Bay
(Giovanni Barreca , Carmelo Monaco, personal communi-
cation, 2024). The modeled faults (Fig. 7a) share a similar
listric geometry, with a first fault plane dipping 70° NE and
extending from the surface to 12 km depth (inferred brittle/-
ductile transition zone) and a second one dipping 20° NE and
extending from 12 to 50 km depth (to limit boundary effects).
We imposed the slip rates of 5 mm yr−1 on the first fault
plane, based on the Meschis et al. (2020) model (Fig. S13),
and 1 mm yr−1 on the second plane to dampen the elastic de-
formation produced by slip on the shallow fault (Fig. 7a).
Aseismic slip on these various faults produces coastal up-
lift rates, reaching at most ∼ 1 mm yr−1 for the Augusta–
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Figure 7. (a) Coulomb 3.4 (Toda et al., 2011) numerical models of interseismic elastic loading on offshore and coastal inferred active faults
along the eastern Hyblean Platform. PS-InSAR vertical velocities (in blue) are stacked across a 5 km width on both sides of the AB profile.
Modeled interseismic deformations related to the Turbiditic Valley normal fault (in magenta), the Malta Escarpment (in green), the Augusta–
Siracusa coastal fault (in red), and onshore inferred active faults in Augusta (in dark blue). Modeled elastic loading of the Augusta–Siracusa
coastal fault plus onshore inferred active faults in Augusta are represented in light blue, light brown, and dark brown lines. Topography/depth
are represented without vertical exaggeration (VEx1). (b) Map view of geodetic data in the northeastern part of the Hyblean Plateau. Major
faults of the Hyblean Plateau containing the Augusta–Siracusa coastal fault and the inferred onshore active fault and Malta Escarpment (ME),
including the Turbiditic Valley faults (red is the active fault; dashed red is the inferred active fault; black is the inferred aseismic slip.

Siracusa fault, consistent with the PS-InSAR measurements
east of Augusta (Fig. 7a). However, all the modeled offshore
faults failed to reproduce the ∼ 2–3 mm yr−1 relative uplift
rates measured west of Augusta (Fig. 7a and b).

The third set of models focuses on the surface deformation
generated by aseismic creep on 70–80° ENE-dipping shal-
low coastal and onshore fault planes. We first simulate slip
on the upper portion of the Augusta–Siracusa fault, but if
this model succeeds in producing sufficient uplift east of Au-
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gusta, it fails to reproduce the relative uplift west of Augusta.
Based on PS-InSAR data and structural evidence of regional
onshore normal faulting (e.g., Adam et al., 2000; Gambino
et al., 2021), we added to the previous Augusta–Siracusa
fault model an 80° dipping onshore normal fault outcropping
at the 106 km mark of the AB profile (sharp velocity gradient
in the PS-InSAR data), with a slip rate of 3 mm yr−1 down
to 10 km depth (light blue lines in Fig. 7a). The surface de-
formation generated by this dual creeping fault can explain
the observed PS-InSAR relative uplift between the 103 and
106 km profile marks and 110 and 112 km. Note that impos-
ing aseismic slip on the onshore normal fault alone fails to
reproduce the subsidence east of Augusta (dark blue line in
Fig. 7a).

The triangular patterns of sharp steps and associated lows
in the PS-InSAR data could be also fitted by a three-
fault model involving shallower aseismic creep (up to 5 to
8 km depth) and combining the onshore ENE-dipping fault
(106 km mark), creeping at 3–4 mm yr−1, with an antithetic
onshore WSW-dipping fault (110 km mark), creeping at
1 mm yr−1, and the Augusta–Siracusa coastal fault (112 km
mark), creeping at 3–4 mm yr−1 (brown lines in Fig. 7a).
We test the same configuration (two onshore faults and the
Augusta–Siracusa coastal fault) with a fault plane propagat-
ing to the surface up to 500 m depth (Fig. 7a). This model,
equivalent to a blind fault, induces vertical surface deforma-
tion (between the 106 and 110 km marks) about 0.2 mm yr−1

slower than the model starting to creep from the surface but
remains consistent with the PS-InSAR data.

At present, however, there is no evidence of the existence
of faults matching the ones used in the third set of models.
All these ad hoc models illustrate that the short-wavelength
geodetic signal along the eastern Hyblean Plateau coast could
be explained by ongoing extension tectonics and creep on
coastal normal faults.

3.4 Alternative hypothesis

To explore if other natural processes could explain part of
the observed geodetic velocity patterns, we briefly investi-
gate three alternative models.

3.4.1 Mantle flow upwelling

Seismic tomography and volcanic data identify a slab win-
dow extending along most of the northern coast of Sicily,
with a slab break-off recently propagating from west to
east and potentially triggering toroidal and upwelling man-
tle flows (Trua et al., 2003; Civello and Margheriti, 2004;
Faccenna et al., 2005; Scarfì et al., 2018). This process could
induce long-wavelength surface motions (so-called dynamic
topography) over the whole of Sicily. However, mantle flow
numerical modeling mainly predicts areas of uplift and sub-
sidence restricted to Mount Etna and the southern Peloritani
region (Faccenna et al., 2011; Gallen et al., 2023). Thus, SE

Sicily appears to be situated too far from the Ionian slab edge
to be affected by upwelling mantle flow. Therefore, it is un-
likely that this hypothesis explains the observed vertical sur-
face deformations.

3.4.2 Volcanic deflation

The last volcanic activity documented on the Hyblean
Plateau dates back 1.4 Myr (Schmincke et al., 1997;
Behncke, 2004), but post-volcanic, deep-tectonomagmatic
activity, not recorded at the surface, cannot be ruled out. In
such a case, volcanic material deflation located below the
central Hyblean Plateau could induce local subsidence rates
affecting a large region. We tested this hypothesis numeri-
cally with deflating spheres, 6 to 14 km in diameter (Mogi,
1958 model; Fig. S14) and situated at a depth of 8 km, at
the top of the Paleozoic basement and a possible location
of magma accumulation (Henriquet et al., 2019). Our first-
order tests show that even when using extreme deflations of
50 %–75 %, the PS-InSAR subsidence rates cannot be repro-
duced (Fig. S14), rendering the volcanic deflation hypothesis
extremely unlikely.

3.4.3 Hydrological loading

The geology of the Hyblean Platform is mainly composed
of limestones and dolomites in a karstic environment. Long-
term recharge or discharge of karst aquifers is known
to induce transient elastic deformation that is measurable
geodesically (e.g., Grillo et al., 2011; Silverii et al., 2016;
D’Agostino et al., 2018). Hydrological loading/unloading
cycles can have a significant impact on vertical deformation
up to a few tens of millimeters on an annual cycle (White
et al., 2022). The effects of hydrological variation on pluri-
annual trends are more difficult to assess. Here, we consider
velocities over 5 years from PS-InSAR and GNSS. The re-
gional subsidence rate of 1–3 mm yr−1 and associated east-
side-down tilt would require an average increase in the water
level by ∼ 10–20 cm over 5 years at the scale of the whole
southeastern Sicilian reservoir. This seems incompatible with
the absence of similar observable effects over central and
western Sicily and with the drought periods that have af-
fected Sicily in recent decades. Hydrological loading, as a
source of large-scale surface subsidence, is then unproved.

4 Discussion

4.1 Short-term and long-term model limits

We explain the eastward tilt and subsidence rates of the
Hyblean Plateau as the flexure of the Hyblean continen-
tal crust/lithosphere induced by the southward migration of
the Calabrian accretionary prism (CAP) and retreat of the
Ionian subducting slab (Sect. 3.1 and 3.2). This model is
based on the assumption that the geodetic data (GNSS and
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PS-InSAR), measured over a short period (5–15 years), are
representative of the kinematic evolution of the studied re-
gion at the scale of a few hundred to 1000 years. In the
absence of significant seismic events during the period of
geodetic data acquisition, and considering that major earth-
quakes (M > 7) in SE Sicily probably have a return period
of more than 500 years, geodetic data are mainly recording
interseismic elastic deformation and, possibly, a minor per-
manent one (fault creep, folding, and human-related surface
deformation). Flexural modeling indicated that the increas-
ing loading of the COT, induced by the southward propa-
gation of the CAP, is not sufficient (Fig. 6b). The increase
in bending force, imposed by a ∼ 3 mm yr−1 southward re-
treat of the Ionian slab, gives interesting positive results.
This process could be strong enough to pull down the east-
ern termination of the Hyblean crust at velocities compat-
ible with PS-InSAR measurements. However, we obtained
this result considering that the Hyblean crust/lithosphere, the
continent–ocean transition (COT), and the Ionian crust/litho-
sphere have similar mechanical properties. The role of the
nearby Alfeo–Etna Fault system (AEF) is still under debate;
even though it cuts the entire lithosphere starting in recent
times (probably Middle–Late Pleistocene), it has probably
not reached yet the stage of a slab tear (STEP) (Polonia et al.,
2016; Gambino et al., 2022). We, therefore, considered the
AEF to not be mature enough offshore SE Sicily to signifi-
cantly alter the mechanical properties of the abovementioned
crustal/lithospheric blocks. This assumption implies that the
COT has a significantly rigid and potentially too strong rhe-
ology (Fig. 8), as discussed hereafter (Sect. 4.2).

We used simple 2D elastic models based on parameters de-
termined through analytical modeling of the Ionian oceanic
lithosphere flexure using, as a reference, the Ionian slab ge-
ometry determined by Hayes et al. (2018) and data (depth
of the top of the Ionian crust) extracted from the refraction
profiles published in Dellong et al. (2018). The use of more
advanced numerical models (finite element model, FEM),
including 3D modeling methods, would likely improve our
first-order estimates. Similarly, the lateral variations in the
Hyblean continental crust thickness and elastic properties
are not accurately known. We used the available geophysical
data (Scarfì et al., 2018; Henriquet et al., 2019), but it was not
possible to constrain the Hyblean crust/lithosphere rheology
with better confidence (Fig. 8). Should such parameters be-
come available in the future, they could be used to refine our
Hyblean crust/lithosphere flexure calculations.

One of the other assumptions we made concerns the rate
of increase in the slab-bending force due to the southward
propagation of the Ionian slab roll-back. The calculated in-
crease in the slab-bending force east of the HP is based on
the estimated rate of southward retreat of the Ionian slab de-
fined by the mean of the GNSS N–S horizontal velocities in
southwest Calabria (using Malta island as a reference). How-
ever, this estimate may be understated if the Calabrian Arc
migrates southward more slowly than the Ionian slab retreat,

due to lateral mechanical interactions with the Apulian and
African margins.

The short-wavelength relative uplift signal, observed in
the geodetic data along the southeastern Sicily coast, must
be driven by more shallow deformation mechanisms than
those responsible for the long-wavelength eastward flexure
of the HP (Fig. 6b). Kilometer-long surface deformations are
typically related to upper crustal deformation processes (e.g.,
Burgmann and Thatcher, 2013), so we test interseismic load-
ing models on the inferred and identified onshore and off-
shore fault systems.

Slip on the Malta Escarpment and Turbiditic Valley normal
fault cannot explain the observed deformation of the eastern
coast of the Hyblean Plateau. Only creep on the Augusta–
Siracusa coastal fault and antithetic structure (Bianca et al.,
1999; Azzaro and Barbano, 2000) induces onshore vertical
deformation compatible with the geodetic data near Augusta.
Interseismic slip (creep) on two onshore ENE and WSW 80°
dipping faults and the Augusta–Siracusa coastal fault fit with
the PS-InSAR data to the east of the AB profile. These faults
could re-activate inherited Permo-Triassic to Early Juras-
sic NW–SE extensional structures, leading to the formation
of the Augusta Graben and extending up to Siracusa (e.g.,
Grasso and Lentini, 1982). Even if some seismic activity af-
fects this region (e.g., Adam et al., 2000; Azzaro and Bar-
bano, 2000), field evidence of recent (Holocene) tectonic ac-
tivity has yet to be demonstrated.

Our results suggest that these faults should creep up to
the surface or the near-surface (blind fault) to produce suffi-
cient interseismic surface deformation in the footwall. In that
later case, their surface expressions could correspond to gen-
tle surface folding or to fold scarp morphologies (e.g., Chen
et al., 2007; Li et al., 2015) rather than localized cumulated
fault scarps.

High-precision leveling data acquired between 1970–1991
and analyzed by Spampinato et al. (2013), reveals a remark-
able ∼ 4 mm yr−1 velocity offset between benchmarks 107
and 113, both situated near the coast 5 km west of Augusta
(Fig. 9c). This sharp vertical velocity gradient is correlated
with a marked topographic step trending N–S and descending
toward the sea. Northwest of Augusta, the leveling dataset
also shows a ∼ 2 mm yr−1 offset between benchmarks 119
and 120 associated with a topographic step oriented E–W
and facing north (Fig. 9b and c).

A morphostructural analysis of this region, using a 2 m
resolution DEM, outlines sharp drainage incision anomalies
oriented perpendicular to the identified topographic steps and
potentially related to tectonic surface uplift (Fig. 9b). The to-
pographic step between benchmarks 119 and 120 (Fig. 9a
and d) could correspond to the Scordia–Lentini graben bor-
der (e.g., Barreca, 2014; Cultrera et al., 2015). The topo-
graphic anomaly between benchmarks 113 and 107, extend-
ing to the north up to the Ionian Sea and to the south toward
Siracusa, was not previously identified as a tectonic feature.
It could correspond to the implemented creeping fault used to
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Figure 8. Schematic 3D deformation model of southeastern Sicily bounded by profiles AB and CD and controlled by Ionian slab roll-
back. The 3 km southward retreat of the Ionian crust flexure model (dashed red line) has a horizontal exaggeration of 6 times. The Moho
of the Hyblean continental crust determined by geophysical data (Scarfì et al., 2018; Henriquet et al., 2019) is in orange. The Calabrian
accretionary prism (CAP) and deformed Hyblean margin sediments are in yellow. The synthetic structural profile in the AB profile has no
vertical exaggeration (VEx1).

match the PS-InSAR data. Uplifted late Quaternary marine
terraces have been evidenced in this region (Bianca et al.,
1999; Monaco and Tortorici, 2000; Meschis et al., 2020), but
the authors did not mention a tectonic origin for the mea-
sured coastal uplift. Finally, the measured fast surface up-
lift (1–2 mm yr−1) could be considered inconsistent with the
low amplitude of the topographic scarp measurable in the
field (a few tens of meters). This point is discussed hereafter
(Sect. 4.2).

4.2 Combined long-term tectonics and seismic cycle
model

The subsidence and tilt patterns observed in the geodetic
data can be explained by the combination of (1) the flex-
ure of the Hyblean continental crust induced by the bend-
ing forces generated by the Ionian subduction roll-back (slab
pull) and the CAP overload, explaining the long-wavelength
deformation affecting the HP, and (2) the aseismic activity of
the Augusta–Siracusa fault system, potentially extending on-
shore an inferred tectonic structure and explaining the short-
wavelength deformation signal affecting the Augusta/Sira-
cusa region (Fig. 10). In this section, we discuss how this
short-term (geodetic) model could be combined with long-
term geological and tectonic observations.

Interestingly, along the N30° E trending AB synthetic pro-
file, a ∼ 1° generalized eastward tilting of the HP topogra-
phy can be evidenced (Fig. 4a). The origin of this tilt, in ap-
parent agreement with the geodetic data, could be linked to

the Plio-Quaternary formation of the HP (Henriquet et al.,
2019). Indeed, geological analyses suggest that the eastern
coast of SE Sicily has been relatively stable over the last mil-
lion years, with maximal subsidence and uplift amplitudes
of ±0.2 mm yr−1 (Ferranti et al., 2006). More recently, dat-
ing of late Quaternary marine terraces along the Siracusa–
Augusta coastal domain indicates that the eastern coast of
the Hyblean Plateau has experienced a slow constant up-
lift during the last 500 kyr, increasing northward from 0.1 to
0.4 mm yr−1 (Meschis et al., 2020). On a shorter historical
timescale based on Roman archeological site studies, Scic-
chitano et al. (2008) propose that the Siracusa coast has been
slowly uplifting during the last 4 kyr, albeit with significant
uncertainties. These long-term observations, extending from
the Quaternary to historic time, point to slow regional up-
lift that is apparently at odds with geodetic data. However,
it should be remembered that we have considered that PS-
InSAR measurements primarily document the interseismic
phase. At this stage, the part of the seismic cycle that gener-
ates uplift has not yet been taken into account. Previous cal-
culations (Meschis et al., 2020) show that a Mw = 7 earth-
quake on the active fault system at the base of the Malta
Escarpment generates little coastal uplift, but early and late
post-seismic deformation were not considered. In addition, a
500-year seismic cycle contains other earthquakes contribut-
ing to surface deformation than just a singleM = 7 event. To
reconcile long- and short-timescale surface motions, we pro-
pose an original seismic cycle model driven by the southward
roll-back of the Ionian oceanic slab (Fig. 11).
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Figure 9. (a) 3D view of a shaded DEM of 2 m resolution from S.I.T.R. regione Siciliana (2013) showing the morphology of the NE part of
the Hyblean Plateau. (b) Morphological map of the Augusta–Siracusa region showing fluvial incision networks and morphological scarps.
The location of leveling benchmarks appears in yellow circles. (c) Simplified morphostructural map highlighting the location of potential
tectonic fault/fold scarps in red and the known fault in a thick dashed red line with cross sections (Fig. S15). (d) 1970–1991 leveling profile
(Spampinato et al., 2013) showing a first velocity step (∼ 4 mm yr−1) between benchmark 107 and 113 and a second one (∼ 2 mm yr−1)
between benchmark 119 and 120 (potential fault zone locations appear in the background in red).

https://doi.org/10.5194/se-15-965-2024 Solid Earth, 15, 965–988, 2024



982 A. Viger et al.: Interseismic and long-term deformation of SE Sicily driven by the Ionian slab roll-back

Figure 10. The final model combining the possible range of the Hyblean continental crust flexural models and the surface deformation (step
of 1 km) induced by fault creep (from the surface; continuous lines) or active folding in the Augusta–Siracusa coastal domain (from 500 m;
dashed lines). In this model, the flexure of the Hyblean continental crust is essentially controlled by the bending force associated with the
Ionian slab roll-back (FB) and, to a lesser extent, by the Calabrian accretionary prism load (FCAPa). The synthetic structural profile and
topography have no vertical exaggeration (VEx1).

During the interseismic phase, the active offshore nor-
mal faults affecting the eastern HP and Malta Escarpment
are locked. The Hyblean and Ionian crusts are coupled and
can be compared to an elastic beam, bending eastward in re-
sponse to an increasing downward vertical force, namely the
slab pull induced by the Ionian slab roll-back (Fig. 11a). Con-
sidering a minimum 500-year return period for major earth-
quakes such as the 1693 Val di Noto event (Bianca et al.,
1999; Meschis et al., 2020), and extrapolating the PS-InSAR
measurements over this period, coastal subsidence along the
Siracusa–Augusta region could reach 1–2 m. This subsidence
could be dampened to 0.5–1 m if, at the same time, the
onshore faults, potentially related to extrados deformation,
creep aseismically. During the coseismic phase, the offshore
fault unlocks, and the seismic slip induces (for a Mw > 7
earthquake) a multi-metric subsidence of the hanging wall
and an associated decimetric-to-metric uplift of the footwall
(e.g., Wells and Coppersmith, 1994) (Fig. 11b).

The cumulated succession of interseismic coastal subsi-
dence and coseismic uplift could result in three scenarios
(Fig. 11c). If the coseismic coastal uplift equals the cumu-
lated interseismic subsidence, the coastal domain remains
stable in the long term. If the former is lower than the latter,
as predicted by elastic modeling (Fig. 7a), the coast subsides.
Conversely, long-term coastal uplift occurs if coseismic up-

lift surpasses interseismic subsidence. Considering that geo-
logical data suggest a slow coastal uplift, this last scenario
should be preferred, but additional sources of footwall up-
lift should be identified (Ferranti et al., 2006; Meschis et al.,
2020). At this stage, we can only evoke the following raw
hypothesis:

– The buoyancy of the flexed Hyblean crust could sig-
nificantly increase post-seismic slip after major earth-
quakes and thus increase footwall uplift in the coastal
region.

– Further north along the coast, the Ionian slab plunges
to great depths and is certainly detached from the Hy-
blean continental margin, owing to a tear fault propa-
gation southward (e.g., Gutscher et al., 2016; Maesano
et al., 2020), which could generate additional stress af-
fecting the surface deformation of the studied region.

– The inferred interseismic extrado deformation affecting
the coastal domain could explain the slow long-term up-
lift (0.1–0.4 mm yr−1) off the eastern coast of the HP
(e.g., Meschis et al., 2020). In that case, extrado defor-
mation activity should be intermittent, alternating be-
tween aseismic fault slip/folding (as presently) and long
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Figure 11. Schematic model of the seismic cycle for southeastern Sicily, integrating crustal elastic bending and aseismic and seismic faulting
controlled by slab pull. (a) Interseismic period, (b) coseismic and postseismic period, and (c) different scenarios of the cumulated interseis-
mic, postseismic, and coseismic periods. This model could reconcile short- and long-term observations.

periods of quiescence. Such a scenario remains specu-
lative and needs to be mechanically tested.

– Finally, the potential impact of a major subduction
earthquake occurring along the Calabrian Arc on SE
Sicily could also be considered (e.g., Gutscher et al.,
2016; Carafa et al., 2018).

5 Conclusion

Present-day deformation of southeastern Sicily (Hyblean
Plateau) reveals specific long- and short-wavelength signals
indicating a generalized eastward tilting, reversing a few
kilometers before reaching the eastern coast of the Hyblean
Plateau.

We propose that the long-wavelength tilt and subsidence
result from the flexure of the Hyblean continental crust in
response to the bending force induced by the southward re-
treat of the Ionian subduction. Simple flexural modeling, us-
ing standard parameters (elastic thickness of 25–40 km, ac-
cretionary prism loading of 5–10 N m−2 yr−1, and a local in-

crease in bending force of 1–3×104 N m−1 yr−1 or gradually
of 0 to 1–1.5× 104 N m−1 yr−1) support this interpretation.

We show that the short wavelength relative to the coastal
uplift, measured geodetically, could be explained by shal-
low creep (at 1–4 mm yr−1) on ENE steeply dipping normal
faults and be related to extrado deformation. Some morpho-
logic evidence of surface deformation, correlated with level-
ing data indicating differential surface uplift, could corrob-
orate this hypothesis. However, at this stage, the extrado de-
formation hypothesis has yet to be validated. We investigated
other hypotheses, such as upwelling mantle flow, volcanic
deflation, and hydrological loading, and found them much
less plausible.

Finally, we propose an original seismic cycle model in
which the surface deformation of southeastern Sicily is
mainly controlled by a bending force induced by the Ionian
slab roll-back that tilts the Hyblean Plateau eastward. Dur-
ing the interseismic period, the bending of the continental
crust causes subsidence and aseismic extrados deformation
along the eastern coast of the Hyblean Plateau. Meanwhile,
the offshore normal faults of the continent–ocean transition,
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potentially sources of the origin of the 1693 earthquake, re-
main locked, and elastic strain accumulates. During a major
earthquake, the coastal domain uplifts and compensates for
the interseismic subsidence.

To further develop the formulated hypotheses, addi-
tional data are required, such as new high-resolution bathy-
metric data, onshore and offshore high-resolution seismic
data (CHIRP), and on-site analysis to investigate inferred
coastal active faults along the Augusta–Siracusa region. Be-
sides, acquiring new PS-InSAR data would improve distin-
guishing geological processes from human activities. It will
be also of interest to perform more advanced flexural models
using 3D finite-element modeling techniques.
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