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slab rollback process (Faccenna et al. 2004; Rosenbaum and 
Lister 2004; Fig. 1c).

At the edges of the migrating lower plate, variations in 
deformation rates have induced lithospheric wrenching and 
tearing at depth, accommodated by deep-rooted lithospheric 
faults known as Subduction-Transform Edge Propagator 
(STEP) faults (Govers and Wortel 2005). These tears in 
the lower plate generate broad deformation zones within 
the upper plate. In the Ionian domain, a dextral shear zone 
encompasses several fault systems (Polonia et al. 2016; 
Fig. 1b), among which the potential shallow expression of 
the STEP fault has been the focus of considerable debate.

Several authors have suggested that the Aeolian-Tindari-
Letojanni Fault System (ATLFS) —a transtensional strike-
slip fault system crossing the Peloritani Mountains and the 
Gulf of Patti (Fig. 1a, b)— represents the surface expression 
of the STEP fault along the southwestern edge of the slab 
(Barreca et al. 2019; Palano et al. 2015; Scarfì et al. 2018). 
However, the link between upper plate deformations and 
slab dynamics remains poorly constrained.

The northern sector of the ATLFS is also among the most 
seismically active regions in the southern Tyrrhenian Sea 

Introduction

The Gulf of Patti is the offshore counterpart of a sedimen-
tary basin located at the southwestern termination of the 
Calabrian slab, which represents an active fragment of 
the northwest-dipping Western Mediterranean Subduction 
Zone (WMSZ; Fig. 1). This subduction zone, formed as a 
result of the convergence between the African and Eurasian 
plates, has migrated southeastward since 30 Ma due to the 
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Abstract
The Aeolian-Tindari-Letojanni Fault System (ATLFS) is a major tectonic transfer zone extending from the Sicilian coast 
to the Aeolian Islands through the Gulf of Patti. It is characterized by intense seismicity, including moderate to strong 
historical earthquakes. The ATLFS is considered the shallow expression of the Subduction-Transform Edge Propagator 
(STEP) fault, which marks the southwestern termination of the Calabrian slab. Recent studies interpret the neotectonic 
features in the Gulf as resulting from a dextral stepover between ATLFS segments, but the geometry and activity of major 
faults within this depression remain uncertain. To clarify these aspects, we built a pseudo-3D tectonic model from a dense 
grid of seismic reflection profiles integrated with morpho-bathymetric and seismological data. Our results reveal a broad 
deformation zone controlling a composite sedimentary basin, where pull-apart depressions are formed by overstepping 
transtensional faults that cut across the Calabrian Arc causing localized subsidence superimposed on regional uplift. This 
configuration supports the presence, at deeper crustal and mantle levels, of a lithospheric structure acting as a STEP fault 
developed after the necking of the Calabrian slab.
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and has experienced several moderate to strong earthquakes 
in recent history, including events in 1780 (Mw = 5.33), 1786 
(Mw = 6.14), and 1978 (Mw = 6.03) (Rovida et al. 2022; 
Fig. 1a). This region is characterized by rough geomorphol-
ogy both onshore and offshore where a narrow continental 
shelf, steep slopes and canyons bounding morphological 
highs make the region prone to gravitational instability pro-
cess. The combination of this complex geological setting 
with the high population density on the Sicilian coast along 
the gulf highlights the need to accurately describe the mor-
phostructural setting of the area in order to develop reliable 
hazard scenarios.

Although the tectonic setting of the onshore area around 
the Gulf has been described in considerable detail (Billi et 
al. 2006; Cultrera et al. 2017a; De Guidi et al. 2013), and a 
general tectonic framework has been proposed in previous 
studies (Cultrera et al. 2017a, b), several questions regard-
ing the structural framework and its link to upper plate 
dynamics remain unresolved.

Major uncertainties persist regarding:

	● the relationship between the ATLFS and other strike-slip 
crustal tectonic features within the broad deformation 
zone at the top of the southwestern edge of the Ionian 
slab following the slab necking process;

	● the origin of observed morphological highs, namely the 
sill separating the Gioia and Cefalù basins, in a region 
dominated by transcurrent/transtensional deformation;

	● the geometry of active faults in the Gulf of Patti, which 
controls seismicity and determines the maximum ex-
pected magnitude of future major earthquakes.

To try to answer these questions, we conducted a multiscale 
investigation of the Gulf of Patti. A detailed morpho-struc-
tural analysis of the Gulf was carried out using a dense grid 

of multichannel seismic profiles that allowed us to construct 
a pseudo-3D tectonic model of the subsurface reaching 
depths of approximately 1 km. The pseudo-3D model was 
integrated with morphobathymetric and chirp sonar acoustic 
images for near-surface structures, as well as with relocated 
earthquake data recorded by a combined land and ocean 
bottom seismometers (OBSs) seismic network to study and 
describe the deeper (crustal to mantle) portion of the fault 
system and its link with the Ionian slab.

The final results provide the most accurate possible 
description of the tectonic structures shaping the Gulf 
and their activity within the broader framework of slab 
dynamics.

Backgrounds

Geodynamic setting

The geodynamic evolution of the Mediterranean region is 
driven by the ongoing convergence between the African 
and Eurasian plates at a rate of approximately 5  mm/yr 
(Billi et al. 2023; D’Agostino et al. 2008; Fig. 1b). In the 
former Western Mediterranean Sea, the plate margin was 
characterized by a subduction zone extending for 1,500 km 
from Iberia to the Liguria region (Faccenna et al. 2004; 
Fig. 1c). Since ~ 35 Ma, the hinge of this subduction zone 
has progressively retreated southeastward due to slab roll-
back, which has been accommodated by lithospheric tear-
ing zones, ultimately reaching its present position beneath 
the Calabrian Arc (Faccenna et al. 2004, 2014; Jolivet et al. 
2021; Rosenbaum and Lister 2004; Fig. 1b). Although the 
rate of slab rollback has varied over the past ~ 35 My (Gal-
len et al. 2023), it has never completely stopped; current 
geodetic data constrain it to 2–3  mm/yr (D’Agostino and 
Selvaggi 2004; D’Agostino et al. 2011; Palano et al. 2012).

During its retreat, the slab steepened, fragmented, and 
narrowed, reaching its current extent of less than 200 km 
between northeastern Sicily and southern Calabria, with 
an estimated dip of approximately ~ 70° and a depth of 
~ 500 km, as evidenced by seismological data (Maesano et 
al. 2017; Neri et al. 2009; Scarfì et al. 2018; Selvaggi and 
Chiarabba 1995; Fig. 1b).

The present geodynamic setting results from a 1–0.7 Ma 
reorganization of the convergent margin, when the Sicilian 
and Apennines thrusts became mostly inactive, a compres-
sional belt formed at the rear of the Sicilian orogenic wedge 
in the southern Tyrrhenian Sea, and a diffuse dextral transfer 
zone developed from eastern Sicily to the Western Ionian 
Sea to accommodate deformation along the last remnants of 
the WMSZ subducting beneath Calabria (Billi et al. 2007; 
Goes et al. 2004; Fig.  1b). The wide (~ 150  km) dextral 

Fig. 1  (a) Geological setting of the Peloritani Mountains, modified 
from Lentini and Carbone (2014), Pavano et al. (2015), Palano et 
al. (2015), and Henriquet et al. (2020). Tectonic features of the Aeo-
lian Islands and the onshore region of the Gulf of Patti are based on 
Billi et al. (2006); Barreca et al. (2014); Cultrera et al. (2017a, b). 
GPS velocity vectors, referenced to a fixed Eurasia frame, are from 
Billi et al. (2023), while gas emission locations are from Italiano et 
al. (2019). Holocene uplift rates are from Antonioli et al. (2006), and 
Marine Isotope Stage (MIS) 5.5 uplift data from Ferranti et al. (2006) 
and Antonioli et al. (2009). Black stars indicate earthquake epicen-
ters from Rovida et al. (2022). (b) Geodynamic setting of the Central 
Mediterranean region. IFS: Ionian Fault System (Polonia et al. 2016); 
AEFS: Alfeo-Etna Fault System (Polonia et al. 2016); CPF: Capo 
Peloro Fault, modified from Doglioni et al. (2012); ATLFS: Aeolian-
Tindari-Letojanni Fault System (Palano et al. 2012). Slab isodepths 
are modified from Selvaggi and Chiarabba (1995). Blue arrows repre-
sent the Africa-Eurasia relative motion vector. The black line with saw 
teeth indicates the hinge of the slab currently subducting below the 
Calabrian arc. (c) Tectonic evolution of the western-central Mediterra-
nean region over the past 30 Ma, modified from Chizzini et al. (2022)
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tectonic depressions, such as the Strait of Messina (Fac-
cenna et al. 2011).

Geological setting

The study area lies on the structurally highest and innermost 
portion of the Sicilian Fold and Thrust Belt (SFTB), where 
the Calabrian-Peloritani terranes override the accretion-
ary prism composed of stratigraphic successions from the 
Alpine Tethys and the African continental margin (Henri-
quet et al. 2020; and references therein), along the so-called 
Peloritani Sole Thrust (Catalano et al. 2018; Fig. 1a).

The Calabrian-Peloritani terranes (Fig.  1a) consist of 
crystalline units of the Variscan basement and a Meso-Ceno-
zoic sedimentary nappe, locally covered by syntectonic 
deposits including the Oligocene flysch of Capo d’Orlando 
and Cretaceous mudstones of the Antisicilide formations 
(Cirrincione et al. 2015).

During the middle-late Miocene, a significant shift in the 
tectonic regime led to subsidence in the innermost part of 
the Peloritani range (Lentini et al. 1995), a transition driven 
by the onset of NW-SE directed tectonic stretching associ-
ated with the opening of the southern Tyrrhenian Sea. This 
results in the late Miocene–Quaternary succession uncon-
formably overlying older deposits (Lentini et al. 1995; 
Fig. 1a).

This tectonic evolution, linked to the opening of the 
southern Tyrrhenian Sea, propagated throughout the inner-
most part of the SFTB and triggered subsidence in the Peri-
Tyrrhenian basins of Gioia and Cefalù since Tortonian time 
(Fabbri et al. 1981). While extension in the Gioia Basin con-
tinues to present-day, the Cefalù Basin has experienced tec-
tonic inversions (Billi et al. 2011, 2023; Goes et al. 2004).

The transition zone between those tectonic regimes is 
centered in the Gulf of Patti, along the Aeolian-Tindari-
Letojanni Fault System (ATLFS), an active dextral strike-
slip lithospheric fault system with a lateral displacement of 
6–7  km (Ghisetti et al. 1979) currently accommodating a 
differential deformation of about 3.6 mm/yr (Palano et al. 
2012).

Despite various studies, the geometry, activity, and accu-
rate location of individual faults within this complex defor-
mation belt remain poorly constrained, particularly in its 
southern sector. Dip-slip and strike-slip faults mapped near 
the Ionian coast have been interpreted as the southernmost 
expression of the ATLFS (Ghisetti 1979), with some authors 
proposing a connection between these faults and tectonic 
structures in the Ionian Sea (Barreca et al. 2019; Lanzaf-
ame and Bousquet 1997; Palano et al. 2015). However, this 
connection has been questioned by other studies, which 
place the southern termination of the ATLFS approximately 
6–7 km southeast of Novara di Sicilia (Billi et al. 2006).

shear zone separates distinct upper plate tectonic regimes: a 
compressional belt north of the Sicilian coast and an exten-
sional domain at the rear of the Calabrian Arc (Palano et al. 
2012; Polonia et al. 2016; Fig. 1b).

This shear zone encompasses several crustal strike-slip 
fault systems:

	● the Ionian Fault System (IFS; Polonia et al. 2016);
	● the Alfeo-Etna Fault System (AEFS; Gutscher et al. 

2016; Polonia et al. 2016);
	● the Cefalù-Etna Fault System (CEFS; Barreca et al. 

2016);
	● the Capo Peloro Fault (Doglioni et al. 2012; Sgroi et al. 

2025);
	● the Scicli-Ragusa Fault System (Catalano et al. 2008);
	● the Aeolian-Tindari-Letojanni Fault System (Billi et al. 

2006; Ghisetti  1979; Lanzafame and Bousquet 1997; 
Palano et al. 2012, 2015).

Although the slab tearing results in a broad deformation 
zone in the upper plate, among these structures, the ATLFS 
is considered the most recent surface expression of the STEP 
fault at the southern edge of the subducting slab (Barreca et 
al. 2019; Palano et al. 2015; Scarfì et al. 2018).

This geodynamic reorganization coincides with the start 
of the rapid uplift in the Calabrian Arc and the onset of tho-
leiitic magma eruptions that led to the formation of Mount 
Etna (Casetta et al. 2020; Westaway 1993). Indeed, the sub-
duction complex and lower plate geometry have strongly 
influenced volcanic activity in the region, including the 
southernmost Aeolian Islands, aligned along the northern 
portion of the ATLFS (Fig. 1a, b) (Peccerillo et al. 2013).

Similarly, Mount Etna location is thought to be linked to 
slab tearing, where differential rollback of the lower plate 
has produced either a slab window (Doglioni et al. 2001) or 
a complete discontinuity (Gvirtzman and Nur 1999). These 
structures may act as preferential pathways for astheno-
spheric upwelling material near the slab edge, as indicated 
by geochemical signatures analyses in erupted magmas. 
Such processes are considered potential drivers of Etna’s 
volcanic evolution, controlled by decompression melting 
(Faccenna et al. 2011).

Asthenospheric upwelling, also inferred from GNSS 
data inversions (Palano et al. 2017), has been proposed as 
a contributing factor to the regional uplift of the Calabrian 
Arc, which has occurred at a rate of 0.8–1 mm/yr over the 
past ~ 1 My (Faccenna et al. 2011; Gvirtzman and Nur 1999; 
Westaway 1993).

This regional uplift, likely caused by dynamic topo-
graphic effects, is further modified by transtensional fault 
systems that cross the Calabrian Arc and the Sicilian 
Mountain range. These structures locally induce subsiding 
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(Fig. 2a; Cuppari et al. 1999), or as an anticline produced 
by compressive to transpressive tectonics active since the 
middle Pleistocene (Fig. 2c; Argnani et al. 2007); this lat-
ter interpretation also explains the uplift observed at Capo 
Milazzo promontory, where Argnani et al. (2007) described 
a tectonic anticline (Fig. 2c).

A more recent interpretation suggests the presence of a 
pull-apart basin formed by a releasing stepover between 
two segments of the ATLFS, i.e., the Tindari-Novara Fault 
Zone (TNFZ) and the Vulcano-Milazzo Fault Zone (VMFZ) 
(Cultrera et al. 2017a; Fig. 2d).

Methods

Marine geophysical data

The morphobathymetric map used in this study was derived 
from data collected using a SIMRAD 710 multibeam sys-
tem aboard the R/V Minerva Uno of the Italian CNR during 
the GEOHAZIS2015 cruise. High-resolution CHIRP sonar 
sections (maximum penetration of about 0.100  s TWT) 
were obtained using a Teledyne-Benthos system equipped 
with 15 transducers during the same cruise (Fig. 3).

North of Novara di Sicilia (NS, Fig. 1a), the ATLFS is 
part of the Nebrodi-Peloritani Transition Zone, a broader 
network of NW-SE and WNW-ESE dextral strike-slip struc-
tures (Pavano et al. 2015). These structures have controlled 
the formation of several ridges, such as Capo Calavà and 
Capo Tindari, as well as tectonic depressions, including the 
Patti and Castroreale-Barcellona basins (Nigro and Renda 
2005; Fig.  1a). The Castroreale-Barcellona basin, in par-
ticular, is a triangular-shaped structural depression bounded 
to the west by a set of NW-SE/NNW-SSE transtensive 
faults associated with the principal deformation zone of the 
ATLFS. A second set of extensional faults, oriented NNE-
SSW, has been mapped within the basin and along its east-
ern border (Billi et al. 2006; De Guidi et al. 2013; Cultrera 
et al. 2017a; Fig. 1a).

The Gulf of Patti has recently been considered the off-
shore counterpart of the Castroreale-Barcellona tectonic 
depression, which formed through extensional tectonics 
along the offshore prolongation of the ATLFS (Colantoni et 
al. 2001; Cultrera et al. 2017a; Cuppari et al. 1999; Fig. 2). 
Although a dense network of extensional faults has been 
identified within the Gulf, the origin of the central NW-SE 
oriented morphological high, known as the “Patti Ridge”, 
remains poorly constrained. This structure has been inter-
preted as formed by geometry variations along the ATLFS 

Fig. 2  Different structural maps 
describing the Gulf of Patti, 
drawn over a morphobathymetric 
map compiled using data from 
EMODnet (​h​t​t​p​​:​/​/​​w​w​w​.​​e​m​​o​d​n​​e​
t​-​b​​a​t​h​​y​m​e​​t​r​y​.​e​u): (a) the Gulf is 
crossed by the prolongation of 
the Tindari-Letojanni Fault Zone 
(TLFZ) resulting in a NNW-SSE 
deformation zone, consisting of 
recent extensional faults with an 
inferred right lateral component 
(Cuppari et al. 1999); (b) the 
main faults are NNW-SSE ori-
ented and bound the Patti Ridge 
and the Milazzo Canyon, show-
ing evidence of recent exten-
sional tectonics (Colantoni et al. 
2001); (c) contractional deforma-
tion has been active in the Gulf 
of Patti since middle Pleistocene, 
resulting in the formation of two 
broadly overlapping anticlines, 
the Vulcano (corresponding to the 
“Patti ridge”) and Capo Milazzo 
folds (Argnani et al. 2007); (d) 
two major NW-SE trending right-
lateral transtensional fault zones, 
namely the Vulcano-Milazzo 
Fault Zone and the Tindari-
Novara Fault Zone, generate a 
releasing stepover (Cultrera et al. 
2017a)
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Data interpretation and analysis were performed using 
the open-source software SeisPrho 3.0 (Gasperini and 
Stanghellini 2009). Pseudo-3D time-slice images were 
generated following the procedure described by Gasperini 
et al. (2021). MCS profiles underwent a flattening process, 
whereby they were time-shifted to align with a horizontal 
reference level (0 ms) and sampled at different Two-Way 
Traveltime (TWT) windows using the corresponding Seis-
Prho function. The resulting time slices were integrated to 
compute the Cumulative Amplitude Index (CAI), which 
provides an estimate of seismic facies characteristics and 
the lateral coherence of reflectors within the selected TWT-
frame (Gasperini et al. 2021).

The primary dataset consists of a dense grid of Multichan-
nel Seismic (MCS) profiles, with a penetration of around 
1.5 s TWT, acquired during the SEADRONE (2019) cruise 
aboard the R/V Dallaporta of the Italian CNR (Fig. 3). The 
seismic source used was a Bubble Gun, a low-frequency 
boomer system developed by HMS (Falmouth, USA), while 
the receiver was a 16-channel Geometrics GeoEel streamer. 
MCS data were processed using RadExpro software to 
generate time-migrated sections. Additionally, the newly 
acquired seismic reflection data were integrated with three 
single-channel seismic profiles (maximum penetration of 
about 2 s TWT) collected in the 1970 s aboard the R/V Ban-
nock of the Italian CNR during the BS78-II cruise, using a 
Sparker-30 kJ system (Fig. 3).

Fig. 3  Network of multi-resolution seismic reflection data used in this work. Thicker lines represent seismic profiles displayed in this work
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The focal mechanisms showing the higher quality were 
used to determine the principal stress axes and the param-
eter (shape ratio) R = (σ2-σ1)/(σ3-σ1), a dimensionless 
coefficient that represents the shape of the stress tensor. 
The method, which exploit a standard numerical technique 
(Gephart 1990; Gephart and Forsyth 1984), identifies the 
best stress tensor model matching the considered focal 
mechanisms.

Results

Seafloor morphology

The Gulf of Patti is shaped by various geological processes, 
including landslides, channelized flows, and faulting, result-
ing in an irregular seafloor morphology (Fig. 4).

The continental shelf in this region is relatively narrow, 
with its minimum width towards the east, where retrogres-
sive erosion driven by canyons reaches close to the coastline 
(Fig. 4). The shelf shows its maximum extension (~ 5 km) 
in the central sector, where multiple gullies actively erode 
the shelf break. North of Capo Tindari, the shelf break is 
irregular and marked by bedrock outcrops along the Tindari 
Ridge (Fig. 4).

The center of the Gulf is occupied by the so-called “Patti 
Ridge” (Fig.  4). The topographic high, roughly oriented 
NW-SE, represents the sill (~ 420  m b.s.l.) between the 
Gioia and Cefalù basins (Fig.  4). To the west, an incised 
canyon called “Patti Valley” extends in the same direction 
and abruptly changes its course just south of the Vulcano 
Island (Fig. 4).

Fault-controlled canyons bound the Patti Ridge (Fig. 4). 
Their upper courses are approximately oriented N-S, and 
bend toward NW-SE close to the basin center, together with 
all the main morphological elements. The straight thal-
wegs suggest a control exerted by active faults, but tectonic 
deformation appears partially overprinted by erosional and 
gravitational instability processes. Similarly, we observe a 
rotation of the canyon courses from NNE-SSW to N-S and 
NW-SE, west of Capo Tindari.

Several gravitational failures have been recognized in 
the steepest sectors of the study area, along the canyon 
walls, the flanks of the ridge, and along the continental 
shelf, where creep processes create an irregular morphology 
(Figs. 4, S3).

Multibeam data only partially cover the northern sector 
of the study area. Nevertheless, we highlight the presence of 
two canyons roughly oriented ENE-WSW that branch from 
the Patti Sill (Fig. 4). Furthermore, close to Vulcano island, 
the volcanic outcrops, gullies, and canyons contribute to a 
rugged morphology.

Seismological datasets

A new earthquake catalog for crustal and sub-crustal events 
(up to 100  km depth) was compiled by collecting travel 
times of events, occurred from January 2000 to August 
2021, extracted from the Italian Seismic Bulletin (Work-
ing Group 2007) and the “Catalogo della Sismicità Italiana” 
(CSI; Castello et al. 2006) for land stations (Fig. S1). The 
selected travel times from land stations were then integrated 
with those handpicked for the events recorded, between 
December 2000 and May 2001, on the Ocean Bottom Seis-
mometers (OBSs) network deployed during the TYrrhenian 
Deep-sea Experiment (Dahm et al. 2002; Sgroi et al. 2006; 
Fig. S1).

This integrated land-sea dataset (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​1​
2​​7​/​s​​t​y​r​​r​_​e​​q​3​d​/​​2​0​​0​0​-​2​0​2​1), consisting of more than 8,000 
earthquakes, was relocated using the tomoDDPS algorithm 
(Zhang et al. 2009) and a regional 3D velocity model avail-
able for the area (Scarfì et al. 2018).

To obtain more information about the surrounding and 
deeper regions, we extracted the locations of earthquakes 
that occurred within the same time interval of the integrated 
land-sea dataset, at depths between 100 and more than 
600 km, as well as the events that occurred in proximity to 
the Messina Straits (MES) from the dataset recently pub-
lished for the MES region (Sgroi et al. 2025).

This combined catalog consists of more than 13,000 
earthquakes (0.6 ≤ Md-Ml-Mw ≥ 5.8) located in the southern 
Tyrrhenian – North Sicily area, with depths ranging from 
the surface down to about 600 km.

We computed the focal mechanisms by applying the 
FPFIT standard procedure (Reasenberg and Oppenheimer 
1985) selecting earthquakes that occurred in southern Tyr-
rhenian and northern Sicily at depths of up to 100 km. Only 
earthquakes with at least eight clearly identified polarities, 
and homogenously distributed over the focal sphere, are 
considered.

A total of 268 focal mechanisms of events located both 
offshore and onshore were computed (​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​1​
2​​7​/​s​​t​y​r​r​_​f​m​/​2​0​0​0​-​2​0​2​1; Fig S2).

Approximately 60% of events have a number of polari-
ties ≥ 10 and about 67% of earthquakes do not show dis-
crepant polarities. The quality of each solution was assessed 
based on polarity misfit and the uncertainty ranges of strike, 
dip, and rake values. In this dataset, 131 focal solutions have 
best quality (2.0) and 137 focal mechanisms have interme-
dium quality (1.0), while we excluded the events with the 
worst quality (0.0). This new computed dataset of focal 
mechanism shows similarities with the focal mechanisms 
previously published by other authors (e.g., Neri et al. 2005; 
Scarfì et al. 2016).
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by a regional infra-Pliocene unconformity (Fig. 5). This sur-
face corresponds to the “Unconformity X” of Fabbri et al. 
(1981) and has been recognized by several authors across 
other peri-Tyrrhenian basins, such as the Sardinia basin 
(Lymer et al. 2018).

Unit-A2 is locally acoustically transparent or composed 
of low-amplitude reflectors, and it maintains a nearly con-
stant thickness. Samples dredged from this unit in the nearby 
Stromboli Canyon show lithological and paleontological 
features compatible with the marly “Trubi” Formation (Selli 
and Fabbri 1971). Unit A1 displays high-amplitude continu-
ous reflectors, probably representing a turbidite sequence, 
that thins over the topographic highs and thickens towards 
the west of the Gulf (Fig.  5). A local uniformity (orange 
dotted line in Fig. 5) marks a change of the acoustic facies 
between the lower and upper part of the Unit-A1. The lower 
and older portion of the unit is marked by low amplitude 
and locally more irregular reflectors relative to the upper 
portion, that appears slightly thicker in the central part of 
the Gulf (Fig. 5).

Profiles BC-07 and BC-26 (Figs. 6, S4) show two base-
ment highs rising through the sedimentary succession in 
correspondence to extensional deformations just south 
of Volcano island. They are marked by acoustically blind 
facies delimited by strong reflections at their top, suggesting 
the presence of magmatic intrusions.

The MCS boomer profiles (Fig. 7) show higher resolu-
tions but more limited penetration. Indeed, they do not 
always allow for imaging the top of Unit-B, or recogniz-
ing the infra-Pliocene unconformity, i.e., the discontinuity 

Seismic reflection data

The analyzed dataset consists of a dense grid of seismic pro-
files collected using different seismic sources characterized 
by varying penetrations (see the Methods section). These 
data allowed us to investigate the sub-bottom structure of 
the Gulf at various depths, albeit with differing resolutions. 
However, no boreholes are available in the area to calibrate 
seismostratigraphic observations.

We based our stratigraphic framework on correlating 
data available from surrounding areas and published stud-
ies. These include descriptions of seismic facies and sedi-
mentary samples recovered from the canyons (Fabbri et al. 
1981; Selli and Fabbri 1971), as well as subsequent stud-
ies carried out by different working groups (Argnani et al. 
2007; Colantoni et al. 2001; Cuppari et al. 1999).

In the regional 30 kJ sparker seismic reflection profiles, 
we identified a major discontinuity correlated with the base 
of the Plio-Quaternary (PQ) succession, consistent with pre-
vious studies.

Below this unconformity, we named Unit-B a seis-
mostratigraphic unit characterized by high-amplitude, cor-
rugated, and fairly continuous reflectors (Fig. 5). This unit 
correspond to the Unit-B2, interpreted as Messinian mar-
ginal facies deposit by Fabbri et al. (1981), and may also 
correspond to the bedded unit (BU), following the classifi-
cation of the Messinian salinity crisis seismic markers pro-
posed by Lofi et al. (2011).

The PQ deposits, grouped in our Unit-A, can be divided 
into two sub-units, -A1 (above) and -A2 (below), separated 

Fig. 4  Morphostructural map of 
the study area. The bathymetric 
map is compiled using our new 
surveys and data recovered from 
EMODnet repository (​h​t​t​p​:​​​/​​/​w​w​​
w​.​e​m​​o​d​n​​e​​t​-​​b​a​t​​h​y​m​​e​t​​r​y​.​e​u). Loca-
tion of volcanic edifice, shelf 
breaks, and canyon heads are 
taken from the MaGIC project 
repository (sheet 17 Milazzo, and 
18 Capo d’Orlando; Gamberi et 
al. 2024). Tectonic features of 
the onshore region between Capo 
Tindari and Capo Milazzo are 
based on Billi et al. (2006), Cul-
trera et al. (2017a). Faults of 
the onshore area between Capo 
Calavà and Capo Tindari are 
based on the Geologic Map of 
Italy (sheet 599 and 587–600) 
(Servizio Geologico d’Italia 
2011, 2013)
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Fig. 5  Seismic profile BC_025 and its interpreted line-drawing (loca-
tion in Fig. 3). The profile illustrates the general architecture of the Gulf 
of Patti, showing a sedimentary succession that thickens westward and 
is bounded by major faults delimiting tilted blocks. Blue line: base of 

the PQ succession; light orange line: infra-Pliocene regional unconfor-
mity; orange dotted line: local unconformity.Yellow polygons: Chaotic 
seismic facies. The strike-slip component of the faults is inferred com-
bining seismo-stratigraphic and seismological observations
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Fig. 6  Seismic profile BC_007 and its 
interpreted line-drawing (location in 
Fig. 3). Two bedrock highs, probably 
intrusions bounded by faults, are vis-
ible. To the west, a major transtensive 
fault cuts the sedimentary succession 
up to the seafloor. Blue line: base of 
the PQ succession; light orange line: 
infra-Pliocene regional unconformity; 
red polygons: magmatic intrusions. 
The strike-slip component of the 
faults is inferred combining seismo-
stratigraphic and seismological 
observations
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planes that accommodate extensional dip-slip deformation, 
as shown by reflector offsets in the seismic profiles (Figs. 4 
and 7). These faults likely also accommodate a significant 
strike-slip component, as indicated by seismological data 
(see next sections). The only exceptions are several NE-SW 
extensional faults recognized in the BC profiles, probably 
related to volcanic accretion and deformation of the base-
ment (Fig. 4).

The fault pattern becomes more complex to the south, 
between Capo Calavà and Capo Tindari and between 
Capo Tindari and Capo Milazzo, where faults trend N-S to 
NE-SW (Fig. 4).

In the central part of the Gulf, along the Patti Valley and 
Patti Ridge, we observe widespread deformation accommo-
dated by secondary structures with minor slip. These minor 
faults may represent damage zones along the main ATLFS 
segments, such as the fault bounding the Patti Ridge. Bends 
in these main transcurrent faults can produce negative 
flower structures, as in the profile MCS_015 at the southern 

between Unit-A1 and Unit-A2. However, the higher reso-
lution enables a more accurate analysis of the internal 
architectures of the Unit-A1 and continental shelf deposits, 
including Holocene base, as well as an older unconformity 
delimiting a progradation wedge probably older than the 
Tyrrhenian (Fig. S5).

In the uppermost units, we identified the diffuse presence 
of slump deposits, recognized by lenticular shapes and mas-
sive to chaotic patterns (Fig. 7).

The Gulf of Patti hosts active tectonic deformations of 
different nature and extents, primarily represented by sub-
vertical fault planes. A major fault north of Capo Calavà, 
imaged in profile BC_025, affects the entire sedimentary 
succession and bounds a relatively wide (about 20  km) 
asymmetric basin, with clear evidence of tilting towards the 
WSW (Fig. 5). Other faults bound the Patti and Capo Mila-
zzo highs, controlling the formation of submarine canyons 
(Fig. 7).

Overall, the basin architecture is dominated by a set 
of NW-SE oriented faults with subvertical or high-angle 

Fig. 7  Seismic profile MCS_004 and its interpreted line-drawing 
(location in Fig. 3). Pervasive deformations affect the sediments, while 
major faults bound the Patti Ridge and control the direction of incised 

canyons. Blue line: base of the PQ succession; yellow polygons: cha-
otic seismic facies. The strike-slip component of the faults is inferred 
combining seismo-stratigraphic and seismological observations
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CAI values correspond to submarine-channel fill and gravi-
tational deposits on canyon slopes (Fig. 8c).

High CAI patterns, not always oriented along the main 
tectonic trend, are also visible far from the submarine can-
yons and locally at greater depths. These patterns repre-
sent the chaotic bodies mapped on the seismic profiles. By 
combining TWT slices and seismic profiles, we were able 
to map these bodies interpreted as gravitational instability 
deposits (Fig. 4).

The pseudo-3D representation of the seismic data sug-
gests that many exogenous and endogenous geological 
processes control the shape of the Gulf of Patti at different 
scales.

Relationship between faults and seismicity

Figure 9 illustrates the distribution of earthquakes, occurred 
between January 2000 and August 2021, at the southwest-
ern edge of the Calabrian Arc. The Gulf of Patti and the 
onshore extension of the tectonic depression are among the 
most seismically active sectors of the upper plate. A shallow 
seismicity zone, extending to depths of 15 to 17 km within 
the lithosphere and elongated in the NNW-SSE direction, 
crosses the Gulf and aligns with the central Aeolian Islands. 
This shallow seismogenic corridor overlaps a region cen-
tered on the Gulf that lacks deeper seismicity.

termination of the fault bounding the Patti Ridge (Figs. 4, 
S6).

Pseudo-3D subseafloor images

Two-Way Traveltime (TWT) slices at different levels were 
obtained using the pseudo-3D seismic technique described 
in the methods section (Fig. S7). Each slice shows the 
horizontal distribution of the Cumulative Amplitude Index 
(CAI) at a given level, allowing visualization of lateral 
changes in seismic facies related to differences in reflector 
patterns. Such variations can be interpreted as deformation 
or departure from a planar parallel layering. This informa-
tion helps map tectonic and gravitational structures when 
cross-checked with 2D seismic sections.

Observed lateral changes in the acoustic facies are mainly 
oriented NW-SE, aligning with the main canyon axes and 
other morphological features, including fault patterns. A 
sharp lateral contrast in acoustic facies often reflects dislo-
cation across a fault, as seen at the boundary of the unit with 
relatively low CAI, centered below the Patti High (Fig. 8d).

Units with lower CAI show higher-continuity reflectors, 
such as the superficial turbiditic succession. Higher CAI 
corresponds to lower-continuity, more chaotic or discon-
tinuous bodies, which in our case study display very high 
amplitude reflections. In the shallower TWT slices, higher 

Fig. 8  (a) Seismic profile MCS_023 (position in maps below) with 
main structural and depositional elements indicated. Diffuse tectonic 
deformation affects the Patti Ridge and the bounding canyons. Cha-
otic facies, possibly related to mass-transport deposits or channel infill, 
are recognized in the shallower seismostratigraphic unit and marked 
with light yellow polygons. Blue line: base of the PQ succession. (b) 
flattened version of profile MCS_023. Red and purple lines indicate 

time-slice levels of the colour maps below; (c), (d), (e) Cumulative 
Amplitude Index (CAI) maps for different TWT slices. Areas affected 
by tectonic or gravity instability, as well as hard bedrock outcrops, are 
characterized by lower coherence of the CAI within the map. Compar-
ing CAI patterns observed in TWT slices with seismic reflection lines 
extends the 2D interpretation to a 3D
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Fig. 9  Seismicity map and sections of the southwestern edge of the 
Calabrian arc. The map is plotted over the Vp model at 40 km depth 
(from Scarfì et al. 2016). In the five ~ 92 km long sections, hypocen-
tres are projected within ± 8 km of the traces (1–5) shown in the map. 

Light red bands mark the average depth of deep-seated seismicity that 
outline the top of the Ionian slab in Sects. 1–3. In Sects. 4 and 5, events 
below the dotted lines represent the deep-seated seismicity related to 
the slab or slab relicts
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largely confined between Capo Tindari and Capo Milazzo, 
an area highly deformed by numerous fault sets. This con-
firms that the deformation zone identified in the pseudo-3D 
model is seismically active.

Among the newly determined focal mechanisms 
(Fig.  10): most of them exhibit normal (127 events) and 
transtensive (61 events) kinematics, while only 18 solutions 
are characterized by compressive (7 events) or transpres-
sive (11 events) kinematics. Additionally, the 28 strike-slip 
mechanisms and the 34 horizontal-vertical mechanisms 
account for 23% of the observed kinematics.

Focal solutions distribution shows that pure strike-slip 
movement dominates in the north (Fig. 10) with additional 
strike-slip events near Capo Milazzo. In contrast, exten-
sional and transtensional kinematics prevail in the central 
part of the Gulf.

Furthermore, the shallow seismicity zone coincides with 
the boundary between two distinct crustal domains differ-
entiated by seismic wave velocity (Vp): higher Vp to the 
northeast and lower Vp to the southwest, as indicated by the 
seismic velocity inversion model (Fig. 9; Scarfì et al. 2016).

Hypocenter projections suggest that the subducting 
slab has already broken off beneath the Gulf (Sects. 1–1’, 
Fig. 9). Deep seismicity west of the Gulf may represent slab 
remnants (Sects. 4–4’, Fig. 9), while the slab appears con-
tinuous in the eastern sections (Sects. 2–2’ and Sects. 3–3’, 
Fig. 9).

Projections nearly longitudinal to the slab show the high-
est density of shallow seismicity within the Gulf and the 
onshore tectonic depression, overlapping an area lacking 
deep seismicity. The edge of the still-continuous slab lies to 
the east of the gulf near Capo Milazzo Peninsula, whereas 
near Capo Peloro, there is a high concentration of deep 
earthquakes (Fig. 9).

Within the Gulf, the shallow seismogenic corridor 
aligned with the Central Aeolian Islands broadens and is 

Fig. 10  Location map of focal 
solutions categorized according 
to the kinematic classification 
(Fröhlich 1992) and stress ten-
sors from the focal mechanism 
inversions of the entire dataset 
(ALL) and the four sectors 
defined by black boxes on the 
map (A, B, C, D). Colour legend: 
NF = normal fault, NS = normal 
strike, SS = strike slip, TF = thrust 
fault, TS = thrust-strike, 
HV = horizontal-vertical
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active tectonic features as well as erosional and gravita-
tional morphologies shaping the area.

Our geological model raises key questions about the 
link between surface morphologies and crustal deformation 
at the edge of the Calabrian slab. Specifically, we address 
whether and how seafloor morphologies reflect the underly-
ing tectonic processes and how morphological highs occur 
within a region largely characterized by transtension along 
the ATLFS.

Building a tectonic model

Morphostructural and TWT-slice maps of the Gulf of Patti 
show that the irregular seafloor and subseafloor morphol-
ogy is the result of interacting geological processes at differ-
ent scales, tectonic deformation and gravitational failures. 
These represent the shallow expression of a complex tec-
tonic pattern at the Calabrian slab edge. Although sediment 
supply, erosion, and flooding contribute, tectonic deforma-
tion is the main driving process generating the steep topo-
graphic gradients. Moreover, seismic shaking from frequent 
earthquakes likely triggers much of the observed gravita-
tional instability.

The Gulf is crossed by a principal NNW-SSE oriented 
deformation zone, previously described in the literature 
(Fig. 2; Argnani et al. 2007; Colantoni et al. 2001; Cultrera 
et al. 2017a; Cuppari et al. 1999). Most authors interpret 
this zone as active extensional to transtensional (Fig. 2a, b, 
d). Argnani et al. 2007 instead interpret the two morpho-
logical high in the gulf as anticlines (Fig.  2c), and infer 
compressive/transpressive tectonics active since the middle 
Pleistocene.

Despite the complex morphology of the gulf dominated 
by the Patti Ridge (discussed below; Fig.  4), our profiles 
(Figs. 7 and 8) show major subvertical faults and numerous 
small-offset tectonic features with extensional dip slip dis-
placement; these cut the recent sedimentary infill and com-
monly offset the seafloor. Moreover, the focal mechanisms 
and the Group-A stress tensor (Fig.  10; Table  1) indicate 
active extension, supporting an extensional to transtensional 
kinematic regime for the deformation zone.

Stress inversion

The 268 focal mechanism events calculated in this work 
were inverted to compute the stress tensor of the study 
area. The stress tensor obtained by inverting the 268 focal 
mechanisms (Table 1) shows σ₁ and σ₃ oriented at 337° and 
105°, respectively, with dips of 79° and 7°. However, the 
resulting misfit (F = 9,276°) indicates a large heterogeneity 
of the stress regime, following Gillard et al. (1996), Lu et al. 
(1997), and Wyss et al. (1992) who suggested that an F < 6° 
corresponds to a homogeneous stress regime, whereas an 
F > 9° represents a heterogeneous stress regime.

The inversion analysis was repeated, subdividing the 
dataset into different groups according to the location of 
the events and structural heterogeneities, resulting in four 
groups (Fig. 10; Table 1).

Group-A is the largest, and includes 120 events in the 
Gulf of Patti at a depth shallower than 15 km. The stress ten-
sor resulting from inversion (F = 6.289; R = 0.5; σ1 = N339°E 
dipping 82°; σ2 = N198°E dipping 6° σ3 = N107°E dipping 
5°) is quite homogeneous, and exhibits very limited 95% 
confidence areas. The tectonic regime indicated by Group-
A stress tensor is extensional, according to the World stress 
map stress regime categorization table (Zoback 1992).

Stress tensors compiled for the other three groups, located 
to the north (Group-B) and to the west (Group-C and Group-
D), show different orientations of the stress axes compared 
to each other and to Group-A (Fig. 10; Table 1). This led 
us to distinguish different tectonic regimes: extensional for 
Group-D, transtensional for Group-C, and strike-slip for 
Group-B. The misfit of these latter groups is generally very 
low, indicating high homogeneity, although based on a rela-
tively small number of events, which result in large confi-
dence areas for the orientation of the stress axes.

Discussion

Analysis of multiscale seismic reflection profiles, mor-
phobathymetric data, and seismological observations has 
allowed us to refine the tectonic model of the Gulf of Patti 
(Fig.  11). This integrated approach allowed mapping of 

Table 1  Seismogenic stress tensors
Group N F R σ1 σ2 σ3

Plunge Strike Plunge Strike Plunge Strike
All 268 9.276 0.5 79 337 9 196 7 105
A 120 6.289 0.5 82 339 6 198 5 107
B 10 2.894 0.8 6 193 45 289 44 96
C 19 3.963 0.7 41 162 49 336 3 69
D 20 5.176 0.3 74 205 15 44 5 313
N: Number of events in the group; F: misfit (F < 6°: Homogeneous stress regime; 6°<F<9°: Mostly homogeneous stress regime; F>9°: Hetero-
geneous stress regime; R: Shape of stress ellipse
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fault (VMF) (Cultrera et al. 2017a); its onshore continu-
ation is not clearly identified (the southernmost sector 
is highly urbanized), but an anomalous radon degassing 
zone aligned with the offshore VMF trace supports a 
fault there (Romano et al. 2023).

	● another mapped onshore structure continuing offshore 
bounds the Capo Calavà ridge (part of the Taormina 
Fault System (TFS) of Palano et al. (2015); the offshore 
segment imaged in the profile BC_025 (Fig. 5) appears 
to accommodate basin-fill tilting with a listric fault ge-
ometry, as proposed by Nigro and Renda (2005) from 
onshore sedimentary succession studies.

The deformation zone crossing the Gulf shows a dominant 
NW-SE orientation, matching the main trend of the tectonic 
features mapped offshore and the strike of the longest fault 
segments located east and west of the Gulf (Fig.  11). We 
infer a strike-slip component for these fault segments from 
focal mechanism analysis (Fig. 11) and from morphological 

Previous models proposed an offshore continuation of 
the Tindari-Letojanni lineament (TLFZ, Fig. 2a, b), toward 
the Island of Vulcano (Colantoni et al. 2001; Cuppari et al. 
1999), while later works do not show a clear offshore coun-
terpart (Argnani et al. 2007; Cultrera et al. 2017a, 2017b; 
Fig. 2c, d). Our interpretation of seismic and morphostruc-
tural data reveals several offshore continuations of major 
onshore faults controlling the northern Sicilian Tyrrhenian 
coast (Nigro and Renda 2005; Palano et al. 2015):

	● the Tindari-Letojanni fault (ATLFS segment) extends 
offshore for ~ 5 km, evidenced by bedrock outcrops on 
the shelf north of Capo Tindari and by dislocation of the 
shelf edge (Fig. 4); further north, fault dip inversion sug-
gest that the Tindari-Letojanni segment does not directly 
connect to the Aeolian archipelago; instead, the ATLFS 
produces a more complex deformation zone.

	● to the east, deformation bounding the eastern flank of the 
Patti Ridge can be associated with the Vulcano-Milazzo 

Fig. 11  Tectonic model of the 
Gulf of Patti, derived from inter-
pretation of all data, including 
the Cumulative Amplitude Index 
(CAI) map within the 100–200 
ms interval. Shallow seismicity 
(up to 30 km) and focal mecha-
nisms highlight the transtensional 
deformation zone extending from 
the Sicilian coast to the Aeolian 
islands; blue arrows represent the 
direction of σ3 for the group-A 
events
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low-to-moderate magnitude earthquakes and focal mecha-
nisms. Although the Gulf behaves as a releasing pull-apart 
basin (extensional features in seismic profiles, Figs. 5 and 7; 
extensional stress from focal mechanism inversion, Fig. 10), 
its surface morphology is not a simple depression. Instead, 
the Gulf forms a sill separating the peri-Tyrrhenian Gioia 
and Cefalù basins (Figs. 1 and 4). This morphology likely 
results from the interaction of regional and local processes.

The Calabrian Arc is undergoing rapid uplift driven by 
slab dynamics (Antonioli et al. 2006, 2009; Faccenna et al. 
2011; Ferranti et al. 2006). Transtension along the ATLFS 
induces local subsidence, producing topographic lows such 
as the Patti and Castroreale-Barcellona tectonic depressions 
that remain below the sea level. At the same time, the uplift 
of the Peloritani range drives high erosion rates (Cyr et al. 
2010, 2014) and consequent high sediment supply to the 
basin. Thus, accommodation space produced by compet-
ing regional uplift and local subsidence is rapidly filled by 
sediment aggradation and progradation, which rest uncon-
formably on regional sequence boundaries (Fig. S5). This 
continuous sedimentation helps explain why the Gulf lacks 
a pronounced central morphological depression.

However, the combined effect of uplift, subsidence and 
sedimentation do not fully explain the presence of morpho-
logical highs within the Gulf, such as the Patti Ridge, whose 
origin remains poorly constrained in previous models.

We discuss here three hypotheses for the origin of this 
morphological feature:

	● Compressive tectonic; several authors interpret the 
Patti Ridge as a compressive feature formed by active 
transpression or a transpressive evolutionary phase of 
the ATLFS (Argnani et al. 2007; Cuppari et al. 1999). 
We find no evidence of reverse faults or other compres-
sive structures in the seismic profiles. Furthermore, the 
stress tensor and the focal mechanisms indicate a pre-
vailing extensional tectonic regime in the Gulf, and the 
structural high is bounded to the east by active transten-
sional faults related to the VMF (Fig. 7).

	● Magmatic intrusions; Cuppari et al. (1999) suggested 
that the ridge could overlie a magmatic substrate. This 
hypothesis is consistent with the ridge’s position south 
of the Aeolian Islands along a strike-slip deformation 
zone that influenced the activity of the archipelago (e.g. 
Peccerillo et al. 2013). We mapped two deep structures 
in the seismic profiles that could be magmatic intrusions 
(Fig.  6, S4). However, limited MCS profiles penetra-
tion and the lack of high-resolution magnetic surveys 
of the Gulf prevents confirmation or rejection of this 
hypothesis.

	● Extensional tectonic; given the prevailing extensional 
stress regime, absence of reverse faults, and considering 

evidence such as lateral displacement of the shelf break 
along the offshore prolongation of the Tindari-Letojanni 
fault (Fig. 4).

Conversely, the stress tensor computed for Group-A 
(Table 1; Fig. 10), centered in the gulf, indicates an exten-
sional tectonic regime with the σ3 oriented N107°E. This 
σ3 orientation matches the strike of onshore tectonic fea-
tures (Billi et al. 2006; Cultrera et al. 2017a) and offshore 
structures in the southernmost part of the Gulf, where the 
primary fault trend and associated morphologies rotate from 
NW-SE to N-S/NNE-SSW.

The extensional tectonic regime and the rotation of pri-
mary tectonic and morphological features are centered in the 
southern Gulf, where two overlapping major faults exhibit a 
strike-slip component. These observations, corroborated by 
the seismological data, support and refine the model of Cul-
trera et al. (2017a, b), which attributes transtensional defor-
mation in the Castroreale-Barcellona tectonic depression 
(eastern portion of the Gulf) to a major stepover between two 
ATLFS segments (Fig. 2d), the Tindari-Novara Fault Zone 
(TNFZ) and the Vulcano-Milazzo Fault Zone (VMFZ). The 
right stepover, (e.g., Mia et al. 2024) between two dextral 
strike-slip fault systems with a gap of about 17 km results in 
a releasing pull-apart basin.

Integrated morphostructural and seismological analysis 
constrain the active pull-apart basin to the southeastern sec-
tor of the Gulf and its onshore continuation (Castroreale-
Barcellona depression), where most earthquakes occur 
(Fig. 9). The stress regime is consistent with this tectonic 
framework and the morphology of this portion of the Gulf, 
characterized by strong erosion driven by two Milazzo 
Canyon segments (Fig. 4). Seismic profile BC_025 (Fig. 5) 
indicates that the active pull-apart basin centered on the 
Castroreale-Barcellona tectonic depression is part of a larger 
composite basin extending from Capo Calavà to Capo Mila-
zzo. The western part of this composite depression hosts 
the depocenter of the Plio-Quaternary succession, although 
the Unit-A1 is slightly thicker between Capo Tindari and 
Capo Milazzo (Fig. 5). Furthermore, seismicity clusters in 
the eastern basin while the area west of Capo Tindari is cur-
rently seismically quiet (Fig.  11), suggesting an eastward 
migration of active deformation with tectonic subsidence 
now focused on the Castroreale-Barcellona depression.

Tectonic model vs. topography

The tectonic model we propose (Fig.  11) integrates our 
results with previous works (e.g., Cultrera et al. 2017a; and 
references therein). It shows that the Gulf of Patti is affected 
by transtensional deformation that creates subsiding depres-
sions, as indicated by fault position and kinematics from 2D 
and pseudo-3D seismic images, and by the distribution of 
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Although multiple lines of evidence concur interpret-
ing the ATLFS as a STEP fault, the recent reassessment of 
the Capo Peloro fault’s geodynamic role (Sgroi et al. 2025) 
raises questions about the relationship between these struc-
tures. This complexity likely reflects an active evolving 
stage of slab necking where a STEP fault can manifest as a 
broad deformation zone. This evolving tectonic landscape 
underscores the dynamic nature of the region and the need 
for continued research to fully understand the interactions 
between these geological features.

Conclusion

The Aeolian-Tindari-Letojanni Fault System (ATLFS) 
serves as a critical tectonic transfer zone in the Central Med-
iterranean region, linking the Sicilian coast to the Aeolian 
Islands through the Gulf of Patti. This study has highlighted 
the significance of the ATLFS as a first-order geodynamic 
structure, characterized by its intense seismicity including 
moderate to strong historical earthquakes. Our findings rein-
force the interpretation of the ATLFS as the shallow expres-
sion of the Subduction-Transform Edge Propagator (STEP) 
fault that marks the southwestern lateral termination of the 
Calabrian slab.

By compiling a pseudo-3D tectonic model and integrating 
morpho-bathymetric data, we constrained the position and 
nature of major active faults in the Gulf of Patti. Our results 
reveal that the ATLFS forms a complex transtensional defor-
mation zone controlling a composite sedimentary basin. 
The western sector is best explained as a pull-apart tectonic 
depression controlled by a right-lateral stepover between 
two main ATLFS segments. These faults produce localized 
subsidence that superposes on the regional uplift, reflecting 
the dynamic interplay of multiscale tectonic processes. By 
integrating seismological data with the subsurface model, 
we have successfully recognized a deep transitional domain 
at crustal and mantle levels that underlies the transtensional 
deformation zone crossing the Gulf. The presence of a litho-
spheric structure at deeper crustal levels, likely functioning 
as a STEP fault, further supports our interpretation of the 
ongoing tectonic activity in the region.

This study refines the understanding of the neotectonic 
features in the Gulf of Patti and contributes broader insights 
into Central Mediterranean geodynamics. Future research 
should continue to refine our understanding of the ATLFS 
and its associated fault systems, as well as their implications 
for seismic hazard assessment in this seismically active 
region.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​0​0​1​-​0​
2​5​-​0​9​5​9​6​-​1.

the lack of deeper seismic profiles and other geophysical 
data (such as gravity and magnetics), we consider the 
extensional tectonic origin the most likely explanation. 
In this scenario, the Patti Ridge may result from trans-
tension and flexural rebound of the footwall block of a 
major east-dipping extensional fault, analogous to how 
the TLF and the TFS bound the Capo Tindari and Capo 
Calavà ridges (Nigro and Renda 2005).

Tectonic model and geodynamics at the slab edge

The ATLFS has been proposed as the surface expression 
of the STEP (Subduction-Transform Edge Propagator) 
fault at the southwestern edge of the Ionian slab (Barreca 
et al. 2019; Palano et al. 2015; Scarfì et al. 2018). Its main 
tectonic significance in the Central Mediterranean region 
began ~ 1-0.7.7 Ma, following a geodynamic reorganization 
that formed a dextral shear zone separating a compressional 
belt from an extensional domain (Goes et al. 2004). Several 
observations support the major role of the ATLFS within the 
dextral shear zone.

The transtensional character of the main deforma-
tion zone in the Gulf likely enhanced local subsidence in 
an area otherwise dominated by strong uplift associated 
with dynamic topography (Faccenna et al. 2011), and may 
explain the asymmetric deposition of the most recent strati-
graphic units in the Gulf of Patti (Fig. 5). This transtensional 
tectonic regime is typical of upper plate deformation at slab 
edges bounded by a STEP fault, as observed at Gibraltar 
Arc (Larrey et al. 2023) and the Sulawesi Arc (Komura and 
Sugimoto 2021), where oblique extension affects the upper 
plate adjacent to subduction complexes.

The deformation crossing the Gulf also provides migra-
tion routes for fluids. We mapped bedrock highs for the first 
time in the northern portion of the Gulf that are likely linked 
to Aeolian magmatism, which is strongly connected to the 
ATLFS (De Astis et al. 2013). Gas seepage are documented 
offshore and onshore in the study area (Giammanco et al. 
2008); seeps near Capo Calavà contain large amounts of 
mantle-derived volatiles, as indicated by their elevated 3He 
content (Italiano et al. 2019).

Additionally, seismological data indicate the presence 
of a deformation zone affecting northeastern Sicily across 
Capo d’Orlando, Capo Calavà, Capo Tindari and Capo 
Milazzo. Indeed, the Group‑A stress tensor closely matches 
previous stress tensors for NE Sicily (Neri et al. 2005; Scarfì 
et al. 2016) and differs from western groups (Groups C and 
D; Fig.  10). Group C (centered on the deformation zone) 
appears transtensional, while Group D (to the west) is more 
extensional, with a slight rotation of principal axes — a rota-
tion also detected with geodetic data (Palano et al. 2015).
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