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Abstract Fluids can modify the mechanical properties of rocks, including shear strength and strain
behavior. We investigate the timing and magnitude of seismic events during fault motion in strike–slip systems
across the Peloritani Mountains (northeastern Sicily) and Aeolian Archipelago using GNSS and seismological
data analysis. Results reveal a strain partitioning along the already known crustal–scale NNW–SSE trending
right–lateral transtensional deformation zone across the Peloritani Mts and its offshore extension up to Vulcano
Island (defined as the Aeolian–Tindari–Letojanni Fault System, ATLFS), and WNW–ESE to NW–SE right–
lateral transfer zones located in the western and central sectors of the Aeolian Archipelago. During 2021, the
eastern block of the ATLFS underwent a significant velocity increase relative to the fixed western block,
varying from 1.6± 0.28 mm/y (pre–2021 baseline) to 3.3± 0.99 mm/y. The acceleration of the eastern block of
the ATLFS was accompanied by increased seismic strain release. It temporally correlated with the fastest
ground inflation on Vulcano Island (central Aeolian Archipelago), which in turn coincided with the highest CO2
flux emission on the island. This correlation, along with evidence of gas emissions in the Peloritani Mts,
suggests that enhanced fluid pressure lubricated fault surfaces, thereby facilitating slip along the ATLFS. The
fluid–induced slip acceleration was sustained for 9 months and was marked by frequent low–magnitude
earthquakes.

Plain Language Summary Underground fluids can lubricate faults in the Earth's crust, reducing
friction and enabling rock blocks to slide more easily. To investigate this process, we combined GNSS
measurements with relocated earthquake hypocenters in the Peloritani Mountains of northeastern Sicily and the
adjacent Aeolian archipelago. Our analysis has identified crustal deformation zones along the Peloritani Mts and
its offshore extension up to the Volcano Island (defined as the Aeolian–Tindari–Letojanni Fault System,
ATLFS), as well as in the western and central sectors of the Aeolian archipelago. In 2021, the eastern block of
the ATLFS accelerated relative to its western counterpart, coinciding with an increase in seismic strain release in
the Peloritani Mts area. At the same time, Vulcano's volcanic edifice underwent rapid ground inflation
accompanied by a significant and unusual increase in CO2 emission. The close temporal alignment of these four
phenomena accelerated fault slip, increased seismic strain release, volcanic ground inflation, and elevated CO2
emissions combined with evidence of gas discharge in the Peloritani area, indicates that enhanced fluid
circulation lubricated the fault surface and facilitated sustained strain release along the ATLFS.

1. Introduction
Ground deformations exhibit distinct spatial and temporal changes as tectonic systems transition through stress
accumulation to strain release. Seismic strain release involves redistributing accumulated tectonic stress by
displacing crustal blocks along fault planes. This process occurs during both co–seismic and post–seismic phases.
Typically, co‐seismic events refer to rapid strain release along a fault plane, lasting seconds to minutes, which can
lead to measurable deformation on the surface. Post‐seismic deformation can persist for days to years, releasing
residual strain due to the ongoing adjustment of the crust in response to the stress drop. Fault geometry, stress field
orientations, and material properties collectively govern the initiation, propagation, and termination of seismic
processes.
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Fluids significantly influence the deformation field through various physical and chemical processes (e.g., pore
pressure variations, diffusive mass transfer, mineral precipitation, sub–critical crack growth, and phase transitions
of water; Feng et al., 2023; Moore & Lockner, 2013; Sibson, 2000; Violay et al., 2015; Verberne et al., 2015).
Such processes influence fault lubrication and modify the mechanical properties of rocks, such as shear strength
and strain behavior (Bizzarri, 2012; Castelblanco et al., 2025; Cornelio et al., 2019). Fault lubrication diminishes
the effective normal stress along fault planes, leading to a nearly complete stress drop, characterized by a very low
residual friction coefficient. This process enhances fracture energy density and facilitates high slip velocities
during seismic events (Bizzarri, 2012).

Laboratory experiments have successfully modeled the response of seismogenic structures undergoing lubrica-
tion processes (e.g., Verberne et al., 2020 and reference therein), and numerous studies have documented seis-
micity induced by anthropogenic fluid migration (e.g., Albaric et al., 2014; Evans et al., 2005; Stanchits
et al., 2011), evidence from natural settings remains sparse. Specifically, the duration of deformation and the
magnitude of seismic events triggered by fault activation in the presence of natural fluids are still poorly con-
strained, highlighting a critical gap in our understanding of fluid–fault interactions.

In this study, we investigate the deformation field characterizing the Peloritani Mts (northeastern Sicily) and the
central and western sectors of the Aeolian Archipelago (southern Tyrrhenian Sea, Figures 1a and 1b) using
position–time series GNSS and seismological data. We reconstruct the geometry and kinematics of tectonic
structures and identify the depths at which seismic strain is released. Furthermore, we investigate the relationship
between the activation of faults in the presence of fluids and velocities of displacement of blocks along fault
planes to understand rupture propagation timing. Our findings suggest a fluid–mediated mechanism that pro-
moted a deformation regime lasting 9 months, characterized by continuous low–magnitude seismic activity. This
behavior deviates from conventional rupture propagation, which typically consists of a brief co–seismic phase
dominated by a mainshock lasting only a few minutes, followed by a prolonged post–seismic phase characterized
by low–magnitude seismicity and gradual stress relaxation. Finally, this study demonstrates that position–time
series data from GNSS networks can reveal mesoscale tectonic deformation processes, even in regions lacking
large–magnitude seismic events or significant ground displacement.

2. Geological Background
2.1. Regional Tectonic Setting

The tectonic evolution of northeastern Sicily and the Tyrrhenian Basin developed within the Neogene–
Quaternary convergence between the Eurasian and African plates, primarily resulting in the westward and
northwestward subduction of the Adriatic and Ionian lithospheres, respectively (Carminati & Doglioni, 2005;
Carminati et al., 1998; Faccenna, Becker, et al., 2001).

Seismic tomography of the Tyrrhenian–Ionian subduction zone reveals positive P wave anomalies, interpreted as
the descending Ionian lithosphere (Lucente et al., 1999). This pattern suggests slab breakoff beneath the southern
Calabrian Arc (Maesano et al., 2017; Neri et al., 2009; Scarfì et al., 2018), and subvertical tears accommodating
the slab's retreat and its southeastward propagation (Rosenbaum et al., 2008). Tear faults at the edges of the
subducting lithosphere are known as Subduction Transform Edge Propagator (STEP, Govers &Wortel, 2005) and
generally propagate perpendicularly to the subduction hinge (Nijholt & Govers, 2015).

The upper plate of the subduction system comprises three key structural domains moving from west to east:
Vavilov (4.3–4.1 to 2.6 Ma) and Marsili (Late Pliocene to ∼1.87 Ma) back–arc basins (Carminati &
Doglioni, 2005; Corradino et al., 2022; Faccenna, Funiciello, et al., 2001; Faccenna et al., 2007; Sartori, 1990), an
arc–shaped volcanic ridge, represented by the Aeolian archipelago, and a forearc region including the Calabrian
Arc and the Calabrian accretionary wedge (Corradino et al., 2020; Pepe et al., 2010; Figure 1a).

The Calabrian Arc is an allochthonous continental crust block known as the Calabria–Peloritani terrane (after
Bonardi et al., 2001), which connects the southern Apennines with the Sicilian–Maghrebian chain (Figure 1a). In
northeastern Sicily, the Calabrian Arc corresponds to the Calabro–Peloritan Nappe, which is constituted by
imbricate sheets of Hercynian metamorphic rocks of the European paleo–margin and Meso–Cenozoic sedi-
mentary covers (Ogniben, 1969). The Calabro–Peloritan Nappe overthrusts the Sicilian–Maghrebian chain,
forming the backbone of the Peloritani Mts.

Writing – review & editing:
Valentina Bruno, Mario Mattia,
Fabrizio Pepe

Geochemistry, Geophysics, Geosystems 10.1029/2025GC012446

MESSINA ET AL. 2 of 20

 15252027, 2026, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

C
012446 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The southern limit of the Calabrian Arc corresponds to the NW–SE trending right–lateral strike–slip Aeolian–
Tindari–Letojanni Fault System (ATLFS, Figure 1a) located in northeastern Sicily. The fault system affects
the area extending from the central Aeolian archipelago across the Gulf of Patti and the Peloritani Mts to the
Ionian coast of eastern Sicily (Billi et al., 2006; Cultrera et al., 2017; Neri et al., 1996; Palano et al., 2012, 2015;
Pondrelli et al., 2004) and the Ionian offshore (Barreca et al., 2019).

The earthquake distribution indicates that the deformation associated with the ATLFS activity is mainly confined
to the northern and central sectors of the system (Barreca et al., 2014; Cultrera et al., 2017; Lo Mauro et al., 2025;

Figure 1. (a) Schematic tectonic map of the Tyrrhenian–Ionian subduction system (modified from Barreca et al., 2014, 2019;
Billi et al., 2023). The light gray solid and dashed lines represent the depth contours of the slab model from Maesano
et al. (2017). The depth contour interval is 1 km between 5 and 20 km depth, 5 km between 20 and 100 km depth, and 10 km
from 100 km depth downward. Colored dots indicate the location of sampling sites for dissolved and bubbling gases
(modified from Donato et al., 2021): red dots indicate gas samples from the mantle, yellow from the crust, and blue from the
atmosphere. Stars represent the location of the three major earthquakes that occurred in 1,786 with Mw = 6.2 (green star), in
1978 with Mw = 6.1 (yellow star), and in 2010 with ML 4.8 (violet star). Inset shows the location of the panel (a).
Abbreviations: ATLFS, Aeolian Tindari–Letojanni Fault System; CA, Calabrian Arc; CAW, Calabrian accretionary wedge;
PM, Peloritani Mts; SAFS, Sisifo–Alicudi Fault System; SMC, Sicilian–Maghrebian chain; VR, Volcanic ridge. (b) Location
of the study area. Red dots indicate the location of the permanent GNSS stations used in this study. (c) Soil CO2 diffuse
degassing curve at the summit of La Fossa cone, Vulcano Island (modified from Inguaggiato et al., 2022).
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Scarfi et al., 2018). Here, deformation occurs through NW–SE trending, right–transtensional én–echelon fault
segments, whose arrangement results in the formation of releasing stepover and pull–apart structures (Cultrera
et al., 2017).

Most authors interpret the ATLFS as the upper plate expression of the STEP fault located on the southern edge of
the Ionian slab (e.g., Govers & Wortel, 2005; Lo Mauro et al., 2025; Neri et al., 2012; Scarfì et al., 2016, 2018).
However, alternative interpretations have also been proposed. Some researchers suggest that the ATLFS rep-
resents a discontinuity marking an area of incipient rifting (Dellong et al., 2018), while others consider it as part of
an incipient oblique–extensional transfer zone, linking the active contractional belts in the Calabrian–Ionian
region with those in the southern Tyrrhenian domain (Billi et al., 2006).

Another seismically active fault system is located in the southern Tyrrhenian Basin. Here, the shortening asso-
ciated with the Eurasia–Africa convergence is accommodated by NE–SW trending én–echelon arranged thrust–
faults and by a WNW–ESE trending strike–slip fault system extending from Ustica Island to the western portion
of the Aeolian archipelago, between the Alicudi Island and the Lipari–Vulcano complex (Billi et al., 2007; De
Astis et al., 2003; Favalli et al., 2005; Neri et al., 1996; Pondrelli et al., 2004; Scarfì et al., 2012, 2013). The
WNW–ESE fault system is known in the literature as the Sisifo–Alicudi fault system (SAFS, Barreca et al., 2014,
Figure 1a).

The central sector of the Aeolian archipelago (Lipari and Vulcano islands) is tectonically controlled by NW–SE
oriented strike–slip faults and associated N–S to NE–SW extensional faults and fractures, forming pull–apart–
type structures (Mazzuoli et al., 1995; Ventura, 1994). The NNW–SSE alignment of Lipari and Vulcano vol-
canoes has traditionally been interpreted as the northern expression of the ATLFS (e.g., Castro Melgar
et al., 2021; De Ritis & Chiappini, 2023; Gioncada et al., 2003; Lanzafame & Bousquet, 1997; Mazzuoli
et al., 1995; Neri et al., 1996; Palano et al., 2015; Pondrelli et al., 2004; Ventura, 1994). However, Barreca
et al. (2014) propose that the current transpressive kinematics observed in the Lipari–Vulcano complex are linked
to the eastward migration of the SAFS.

2.2. Seismological Setting

An analysis of seismicity over the past 40 years reveals a well–defined seismic belt characterized by high
earthquake density, extending from Alicudi Island toward Salina, and continuing in a NW–SE direction into the
Gulf of Patti and further inland into northeastern Sicily. This pattern closely follows the region's principal
structural features, namely the Sisifo–Alicudi Fault System and the Aeolian–Tindari–Letojanni Fault System,
which play a fundamental role in shaping the seismotectonic framework of the area and are spatially associated
with several significant historical earthquakes.

Historical records document the occurrence of numerous damaging seismic events within this region. Among the
most notable is the earthquake of 10 March 1786 (green star in Figure 1a), linked to the ATLFS, which reached a
maximum intensity of IX on the MCS scale (estimated magnitude Mw ∼6.2; Rovida et al., 2022), causing
widespread devastation across several villages facing the Gulf of Patti. More recently, on 15 April 1978, a Mw 6.1
earthquake struck approximately 10 km west of Capo Milazzo (yellow star in Figure 1a, Gasparini et al., 1982,
1985; Rovida et al., 2022). The event produced its most severe effects along the Tyrrhenian coast of northeastern
Sicily and was widely felt across much of Sicily and Calabria. Significant structural damage and building col-
lapses have been reported in nearly 100 localities along the Gulf of Patti and in the Aeolian Islands (Barbano
et al., 1979).

Further confirmation of the area's seismic potential came in August 2010 when an ML 4.8 earthquake struck
approximately 9 km southwest of Vulcano Island (violet star in Figure 1a, Alparone et al., 2023). Although
moderate in magnitude, the event was widely felt across north–eastern Sicily and caused minor but significant
damage to several masonry structures (Azzaro et al., 2014).

2.3. Surface Gas Release

North–eastern Sicily and the central sector of the Aeolian Archipelago exhibit extensive degassing activity,
including geothermal springs, fumaroles, gas vents, bubbling pools, and diffuse soil degassing. These manifes-
tations are spatially organized along NNW–SSE trending structural lineaments linked to the ATLFS (Decrée
et al., 2005; Donato et al., 2021; Giammanco et al., 2008; Inguaggiato et al., 2022; Italiano & Caruso, 2011).
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In the Peloritani Mts area, the dominant gas emissions typically linked to hydrothermal activity exhibit mantle–
derived provenance (colored dots in Figure 1a), as demonstrated by elevated 3He/4He ratios (Donato et al., 2021;
Giammanco et al., 2008). Analyses of both the surface efflux of mantle–derived gases and the P–T conditions of
fluids suggest a pressurized gas source at a depth of 7–12 km, corresponding to the range of hypocentral depths of
seismic swarms (Giammanco et al., 2008).

Along the central sector of the Aeolian Archipelago, degassing activity was documented at the volcanic islands of
Vulcano, Lipari and Salina. Vulcano Island was affected by sustained degassing activity, periodically interrupted
by degassing crises occurring in 1978–1980 (Carapezza et al., 1981), 1988–1991 (Cioni & D’Amore, 1984;
Chiodini et al., 1992), 1996 (Capasso et al., 1999), 2004–2007 (Cannata et al., 2012; Capasso et al., 2014;
Diliberto, 2017), 2009–2010 (Inguaggiato, Calderone, et al., 2012; Vita et al., 2012), and 2021 (Federico
et al., 2023). These crises consisted of an increase in volatiles (i.e., SO2, CO2, and H2O fluxes) and energy output
(Inguaggiato, Mazot, et al., 2012). In particular, soil CO2 emission at the summit of the La Fossa cone is rep-
resented by a curve with a general decreasing trend from 2007 to 2015, followed by a positive trend since 2016,
marked by a series of increasing peaks in 2016, 2017,2018, and 2021 (Figure 1c, Inguaggiato et al., 2022). The
last peak, corresponding to the highest value of CO2 emission, occurred when Vulcano experienced a period of
unrest, and most of the parameters continuously monitored by the INGV surveillance network showed stunning
variations, in some cases by orders of magnitude over background levels (Aiuppa et al., 2022; Di Traglia
et al., 2023; Diliberto et al., 2024; Federico et al., 2023).

Hot springs and fumaroles have also been documented on Lipari Island (De Ritis et al., 2013). Hydrothermal
activity is concentrated along N–S trending faults and fractures and is located in the western sector of the island
(Di Luccio et al., 2021; Forni et al., 2013; Ventura et al., 1999).

The geochemical prospection of the fluids circulating over the Salina Island highlighted the existence of reser-
voirs of both fresh and thermal water, whose submarine expression is represented by persistent gas bubbling. The
released gases are CO2–dominated and marked by a helium isotope ratio consistent with the magmatic origin of
the gas phase (Italiano & Caruso, 2011 and references therein).

3. Materials and Methods
3.1. GNSS Data

The GNSS data were collected from 22 permanent stations located in the western and central islands of the
Aeolian Archipelago (Alicudi, Filicudi, Salina, Lipari and Vulcano islands) and the Peloritani Mts area
(Figure 1b) between 1999 and 2023. These stations are part of the monitoring networks managed by the
Osservatorio Etneo of the Istituto Nazionale di Geofisica e Vulcanologia (INGV–OE), the Rete Integrata
Nazionale GPS (RING) network managed by the INGV (http://ring.gm.ingv.it/), the ItalPOS network (https://hx
gnsmartnet.com/) and the NetGEO network (http://www.netgeo.it/).

GNSS data processing was carried out with the GAMIT/GLOBK software package version 10.71 (Herring
et al., 2015, 2018a, 2018b) developed at the Harvard Smithsonian Center of Astrophysics, Massachusetts Institute
of Technology (MIT), and the Scripps Institution of Oceanography, University of California, San Diego.
Furthermore, data from 14 IGS stations (BOR1, CAGL, GLSV, GRAS, GRAZ, LROC, MATE, NOT1, NOTO,
POTS, VILL, WSRT, WTZR, ZIMM) and the station EIIV installed in Catania by the INGV were processed to
constrain the solutions. The GAMIT module was used to estimate coordinates, variance–covariance matrices,
atmospheric delays, ambiguities and orbital parameters, and derive weakly constrained daily solutions. The
solution was iterated automatically three times by applying a weighted least–squares algorithm to minimize the
residuals between the estimated coordinates and the a priori ones. The linear combination of phase and code
Melbourne–Webbena wide–lane was used to resolve ambiguities. Satellite orbits were fixed using IGS final orbits
and a second—order ionospheric correction was applied using IGS final ionospheric products (https://igs.org/pro
ducts/). The tropospheric delay was estimated using the Vienna Mapping Function (VMF1) (Boehm et al., 2006)
by setting a cutoff angle of 10°, and the ocean tidal load was estimated through the Finite Element Solution
(FES2004) model (Lyard et al., 2006). The International Earth Rotation Service (IERS) 2003 model was used for
diurnal and semidiurnal solid Earth tides, and the Earth Orientation Parameters (EOP) were constrained with a
priori parameters obtained from IERS Bulletin B.
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The weakly constrained solutions were aligned with the IGB14 reference frame and rotated into the Nubia–fixed
reference frame (Altamimi et al., 2017) using GLOBK's GLORGmodule. The daily positions of each component
(North, East, and Up) were corrected using the interactive Matlab®–based Tsview software (Herring, 2003),
which can identify and estimate offsets associated with instrumental changes. The identification of outliers and
estimation of annual, semi–annual, and noise components were performed using the Hector software, which is
based on maximum likelihood estimation (MLE) (Bos et al., 2013; Bos & Fernandes, 2021). Outliers were
removed from the time series based on the interquartile range (IQR) of the residuals from the linear least squares
fit. We set an IQ factor of 2, and residuals exceeding the chosen threshold (IQR multiplied by this factor) were
classified as outliers. To obtain a realistic estimate of the uncertainty, we used a combination of white noise and a
generalized Gauss–Markov noise model (Kall et al., 2019).

The GNSS data processing allowed us to generate the position–time series of the horizontal and vertical com-
ponents (North, East, and Up) for each station from 1999 to 2023. This work presents the position–time series
from 2011 because significant deformations have been observed since that year.

The GNSS velocity field was computed in the Nubia–fixed reference frame for the period 1999–2023 using
position–time series from stations that collected data for at least 2.5 years.

The GNSS data were also used to investigate surface deformations (i.e., deflation and inflation) on Vulcano
Island. We determined the areal variation of a triangle formed by the three GNSS stations IVLT–IVCR–IVUG,
which includes the La Fossa cone, from 2011 to 2023. The area of the triangle was calculated using Heron's
formula, with the side lengths derived from the 3D coordinates (North, East, Up) of each station located at the
triangle's vertices.

3.2. Seismic Data

Seismological datawere selected from the database of the IstitutoNazionale diGeofisica eVulcanologia (Alparone
et al., 2023; Barberi et al., 2020; https://www.ingv.it/risorse‐e‐servizi/archivi‐e‐banche‐dati), focusing on shallow
crustal seismicity≤40 km depth within the study area outlined in Figure 2 for the time interval 2011–2023. A data
set of 9,000 hypocenterswas relocated using the tomoDDPSdouble–difference algorithm (Zhang et al., 2009) and a
3D velocity model derived by the integration of passive and active seismic data (the last acquired during the
“TOMO–ETNA experiment,” FP7 “MED–SUV,” Barberi et al., 2018), to improve accuracy in hypocenter
localization. The algorithm has the advantage of using a combination of both absolute and differential arrival–time
readings between couples of close–spaced earthquakes, which have the same velocity profile along the ray–path

Figure 2. Map of the area showing the locations of seismic events. Red polygons indicate the five areas where seismic strain
release was calculated.
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between the source and a common receiver. Since the spatial and velocity paths
are almost identical, the difference in arrival times is reasonably attributed only
to the spatial offset between the seismic events. The algorithm was able to
localize earthquakes with horizontal and vertical uncertainties of approxi-
mately 0.12± 0.05 kmand0.17± 0.08, respectively, andwith an average root–
mean–square travel–time residual of 0.03 s.

We quantified seismic activity by calculating the cumulative seismic strain
curves, which are indicative of seismicity within key volumes. To define
these volumes, we first looked at the depths of the earthquake foci. Since
changes in the depth distribution occur around 3, 8, 13, and 20 km (Figure S1
in Supporting Information S1), we divided the depth into five intervals: 0–
3 km, 3–8 km, 8–13 km, 13–20 km, and 20–40 km.

To define the horizontal boundaries of each area, we used seismic energy
release maps. These maps were built on a 3 km grid, with the same five depth
intervals and four time periods: 2016–2017, 2017–2018, 2020–2021, and
2021–2022 (Figure S2 in Supporting Information S1). Based on the location
of the strongest energy release at different depths, we identified five main
zones, labeled 1, 2, 3, 4a, and 4b (Figure 2).

Combining the five depth intervals with the five horizontal zones gave us 25
key volumes. These volumes capture most of the seismic activity in the study
area.

Finally, the seismic strain release curves were computed using Richter's
relationship for seismic energy (E in erg), that is log(E) = 9.9 + 1.9
ML − 0.024 ML

2.

4. Results
We analyzed (a) GNSS data to obtain position–time series of GNSS stations
and the velocity field and (b) seismic data to identify areas and depths where
seismic strain is released. These analyses enable us to identify deformation
zones within the study area and comprehend the kinematics of the major
tectonic structures.

4.1. GNSS Position–Time Series

The GNSS position–time series from stations in the Peloritani Mts area and
the Aeolian Archipelago exhibit significant trend variations from 2011 to
2023. We define a significant trend variation as a rapid excursion in a trend
that is preceded and followed by a long–term trend. This criterion distin-
guishes these events from variations that exhibit an oscillatory character
consistent with seasonal effects. We focus on data from stations with high
temporal continuity and low noise, ensuring reliable results.

Stations in the Peloritani Mts area exhibit notable variations in the north
component. Significant changes were observed at the MUCR station in 2017
(Figure 3b), at both the MUCR and MILA stations in 2018 (Figures 3b and
3c), and at the MUCR and MCSR stations in 2021 (Figures 3a and 3b).

Figure 3.

Figure 3. GNSS position–time series of the three components from GNSS stations
located in the Peloritani Mts area: (a) MCSR station, (b) MUCR station, (c) MILA
station. See Figure 1b for the stations' location. One–sigma error bars are included
for all data points. Blue bands mark significant trend variations that occurred in
2021. Yellow bands mark other significant trend variations to a lesser extent than
those in 2021.
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Specifically, we observed a notable southward displacement at the MUCR station from May to August 2017
(Figure 3b). A southward displacement was also recorded at the MUCR and MILA stations between April and
August 2018 (Figures 3b and 3c). The most prolonged southward displacement was measured at the MCSR and
MUCR stations from February to December 2021, as illustrated in Figures 3a and 3b.

GNSS position–time series from the western Aeolian Archipelago (Alicudi and Filicudi islands) display linear
displacement trends in the horizontal and vertical components (Figures 4a and 4b). An exception occurs for the
vertical component of the Filicudi station, which exhibits two distinct trend changes in December 2015 and
February 2021 (Figure 4b). In contrast, stations on the Salina and Lipari islands exhibit trend variations in the
north and east components in 2021 and the east and up components in 2018 and 2021, respectively (Figures 4c and
4d). These variations indicate a shift in the Salina station's motion from a south–east direction before 2021 to a
northwest direction during 2021. Similarly, the Lipari station's northeastern motion accelerated eastward,
accompanied by uplift events in 2018 and 2021.

On Vulcano Island, the IVCR–IVLT–IVUG areal variation indicates a transition from a period of deflation at the
La Fossa cone, observed between 2011 and 2017, to a phase of inflation starting in February 2017 (Figure 5).
Furthermore, the inflation rate increases from February to August 2017, from March to August 2018, from April
to August 2019, and notably from September to November 2021 (Figure 5). The last event was particularly
significant, marked by a sharp increase in the areal variation of about 17 parts per million (ppm) during 2021.

Figure 4. GNSS position–time series of the three components from GNSS stations located in the Aeolian archipelago:
(a) IACL station at Alicudi Island; (b) IFIL station at Filicudi Island; (c) LINA station at Salina Island; and (d) LOSV at
Lipari Island. See Figure 1b for the stations' location. One–sigma error bars are included for all data points. The vertical blue
lines highlight trend variations.
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4.2. GNSS Velocity Field

The horizontal velocity field, referenced to the Nubian frame, shows that velocity vectors vary significantly in
both magnitude and orientation across the study area from 1999 to 2023 (Figure 6), delineating four primary
deformation zones: (a) between Alicudi and Filicudi islands; (b) between Filicudi and Salina islands; (c) between
Salina and Lipari islands; and (d) in the Peloritani Mts area, specifically between the sectors west and east of the
Tindari–Letojanni line.

Vector analysis reveals that the Filicudi station moves southeastward (∼N130°) at a rate of 1.5 ± 0.7 mm/yr
relative to the fixed Alicudi station (Figure 6b). Similarly, the mean vector from Salina stations moves south-
eastward (∼N110°) at a rate of 1.2± 0.6 mm/yr relative to the fixed Filicudi station (Figure 6c). Additionally, the
difference between the Lipari station's vector and the mean vector from Salina stations indicates that Salina moves
southeastward (∼N155°) at a rate of 3.3 ± 0.6 mm/yr relative to the fixed Lipari station (Figure 6d). These
findings suggest the presence of three right–lateral strike–slip fault zones between the four islands.

In the Peloritani Mts area, the stations west of the Tindari–Letojanni line (MSFR, ACQU, CAPO, MUCR, PATT,
and MNOV, Figure 6a) exhibit an average velocity of 3.9 ± 0.2 mm/yr with a northeast orientation (∼N40°). In
contrast, the stations east of this line (MILA, MMCSR, and MMME, Figure 6a) display a higher average velocity
of 5.0± 0.2 mm/yr with an east–northeastward orientation (∼N70°). The mean velocity difference between these
two groups indicates that the eastern sector moves southeastward (∼N125°E) at a rate of 2.6 ± 0.4 mm/yr
(Figure 6e). This finding confirms the presence of a right–lateral strike–slip fault zone along the Tindari–
Letojanni line.

4.3. Seismic Activity: Magnitude and Seismic Strain Release

The analysis of seismic activity from 2011 to 2023 enabled the identification of areas with the highest density of
seismic events using hypocentral location data (Figure 2). The temporal evolution of seismicity in the five
investigated areas is shown in Figure S3 in Supporting Information S1. Seismic activity is mainly concentrated in
Area 1, dominated by events with magnitudes (ML) between 1.5 and 2.5 (Figure S3a in Supporting Informa-
tion S1), and in Areas 4a and 4b, where magnitudes predominantly range between 0.5 and 1.5 (Figures S3d and
S3e in Supporting Information S1, respectively). In contrast, Areas 2 and 3 exhibit lower seismic event frequency
compared to the others, mainly with magnitudes between 0.5 and 1.5 (Figures S3b and S3c in Supporting In-
formation S1, respectively).

Figure 5. Areal variation of the triangle with vertices on the GNSS stations IVLT, IVCR, and IVUG at Vulcano Island. One–
sigma error bars are included for all data points. Positive trends indicate the areal expansion, associated with the inflation
process, while negative trends indicate the areal contraction associated with the deflation process. The red line marks the
transition from deflation to inflation at the La Fossa cone. Green bands indicate rapid increases in the inflation rate. The inset
shows the stations' localization.
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During the entire observation period, the maximum recorded magnitude was 4.6 in Area 2. Within this frame-
work, the year 2021 was selected for a more detailed analysis because it was characterized by (a) significant
variations in the trends of position time series, in both the Peloritani Mts area and the Aeolian Archipelago (see
Section 4.1) and (b) a distinct increase in seismic event frequency in Areas 3 and 4a (Figures S3c and S3d in
Supporting Information S1). This seismic activity featured magnitudes ranging from 0.5 to 1.5 in Area 3
(beginning in late 2021) and from 0.5 to 2.5 in Area 4a (during the first half of 2021). The graphs in Figure 7
illustrate the seismic strain release values for each depth interval over time in the respective area (see Section 3.2
for area identification methodology). Notably, the curves exhibit pronounced jumps along their trends, corre-
sponding to rapid increases in seismic strain release. Specifically, Area 1, encompassing the Alicudi, Filicudi, and
Salina islands, exhibits predominant strain release within the 8–13 km (light blue curve in Figure 7b) and 13–
20 km (purple curve in Figure 7b) depth ranges, with numerous increases over time.

Area 2, located southwest of Vulcano Island, is predominantly characterized by strain release at depths of 8–
13 km (light blue curve in Figure 7c). In contrast, Area 3, encompassing Lipari and Vulcano islands, exhibits a
relatively subdued strain release compared to other areas, with notable contributions from the 3–8 km (green
curve in Figure 7d) and 8–13 km (light blue curve in Figure 7d) depth ranges.

Finally, in Area 4a (the Gulf of Patti), the highest energy release occurs at depths of 8–13 km and 13–20 km (light
blue and purple curves in Figure 7e), whereas in the Peloritani sector (Area 4b), it is predominantly concentrated
at depths greater than 13 km (purple and blue curves in Figure 7f).

Figure 6. GNSS horizontal velocities and relative velocities across the primary deformation zones. (a) Horizontal velocities
in the Nubia–fixed reference frame, shown with 95% confidence ellipses. The colored rectangles outline the four zones
detailed in the boxes (b–e). (b–e) Velocity vectors (yellow arrow) of selected stations (yellow circles) computed relative to
fixed ones (red triangles): (b) Alicudi–Filicudi, (c) Filicudi–Salina, (d) Salina–Lipari, and (e) the Peloritani Mts area.
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5. Discussions
5.1. Structural Framework of the Area Between the Peloritani Mts and the Aeolian Archipelago

The analysis of the GNSS velocity field reveals four main right–lateral strike–slip fault zones critical for ac-
commodating deformation in the Peloritani Mts area and the western and central sectors of the Aeolian Archi-
pelago (Figures 6b and 6e, see Section 4.2). The fault systems are located: (a) between Alicudi and Filicudi
islands; (b) between Filicudi and Salina islands; (c) between Salina Island and Lipari Island; and (d) between the
sectors west and east of the Tindari–Letojanni line. The four deformation zones are displayed as shaded green
bands in Figure 8a.

To determine the orientation of these strike–slip fault systems, we analyzed the focal mechanisms proposed by
Scarfì et al. (2016) within the study area (Figure 8a). Additionally, we utilized the orientation diagram of the
principal strain axes responsible for forming the Principal Displacement Zone (PDZ) based on the Riedel shear
model. The diagram for the Peloritani Mts area is illustrated in Figure 8b. This approach allowed us to integrate
GNSS data with theoretical models of shear deformation, providing a comprehensive understanding of the fault
system's geometry and kinematics.

In the southern sector of the study area, the PDZ's orientation was determined through an analysis of fault planes
from extensional focal mechanisms and the direction of conjugate strike–slip faults. The results indicate that the

Figure 7. Cumulative seismic strain release curves calculated for the five key areas (described in paragraph Section 3.2).
(a) Shows the map highlighting these five areas, bordered by red polygons where the seismic strain release was calculated.
(b–f) Shows the seismic strain release curves calculated for five depth levels for each area. Y–axis scale, representing strain
release in (J1/2), differs between the subplots according to the strain release values. Legend indicates the colors corresponding
to the depth intervals for which the seismic strain release curves are plotted.
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PDZ exhibits an NNW–SSE orientation characterized by right–lateral transtensional kinematics (Figure 8b). This
deformation pattern aligns well with the southern part of the strain accumulation zone, known in the literature as
the ATLFS (Cultrera et al., 2017; Faccenna et al., 2011; Goes et al., 2004). Cultrera et al. (2017) documented that
the offshore extension of the Tindari–Letojanni fault system is represented by an active releasing zone located in
the Gulf of Patti. The earthquake map presented in this study confirms the presence of a deformation zone
encompassing both the Peloritani Mts area and the Gulf of Patti. In the western and central sectors of the Aeolian

Figure 8. (a) Sketch map of the study area showing the four main right–lateral strike–slip fault zones (green bands). Focal
mechanisms derive from Scarfì et al. (2016). Red arrows indicate the inferred kinematic framework Abbreviations: AL,
Alicudi; ATLFS, Aeolian Tindari–Letojanni Fault System; CAFS, Central Aeolian Fault System; FI, Filicudi; LI, Lipari; PA,
Panarea; SA, Salina; ST, Stromboli; VU, Vulcano; WAFS, Western Aeolian Fault System. (b) Orientation diagram of the
principal strain axes responsible for the formation of the Principal Displacement Zone (PDZ) in the Peloritani Mts area,
interpreted using the Riedel shear model and the fault plane orientation derived from focal mechanism data. (c) 3D view of
the study area extending to a depth of 40 km, showing the four right–lateral strike–slip fault zones (green polygons) and
seismogenic layers (yellow layer). Red stars indicate locations within the seismogenic layer characterized by significant
seismic strain release. Wavy black arrows mark sites of surface gas emissions. (d) Velocity vectors of the MCSR station
(yellow circles) for the period before 2021 (yellow vector) and for the year 2021 (red vector), computed relative to the local
fixed station MUCR (red triangle). The inset displays the east and north velocity components for both periods, along with the
resultant vectors: before 2021 (yellow vector) and during 2021 (red vector). Black ellipses represent one–sigma confidence.
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Archipelago, the orientation of the PDZs ranged fromWNW–ESE to NW–SE. This orientation is derived from an
analysis of fault plane directions associated with compressional focal mechanisms and the directions of conjugate
strike–slip faults.

Within the context of the current geodynamics of the central Mediterranean, the ATLFS accommodates upper
plate deformation resulting from lithospheric tearing at the slab edge along the southern margin of the Calabrian
Arc (Barreca et al., 2016 and reference therein). This process is responsible for forming a STEP fault, as described
by Govers and Wortel (2005). In contrast, the PDZs located between Alicudi and Filicudi islands, and between
Filicudi and Salina islands, here referred to as the Western Aeolian Fault System (WAFS), are interpreted as
lateral ramps where displacement is transferred from one thrust fault segment to another laterally. Specifically,
these lateral ramps connect independent crustal tectonic blocks representing segments of the tectonic boundary
between Africa and Eurasia, and are involved in the ongoing convergence process (Billi et al., 2023).

The seismogenic layer reaching depths of up to 40 km in the ATLFS (Figures 7e and 7f) supports its interpretation
as a crustal–scale deformation zone, indicating the involvement of the entire crust in seismic activity (Figure 8c).
Conversely, the layers primarily ranging from 8 to 20 km in depth in the WAFS (Figure 7b) suggest that these
structures are confined to a smaller, crustal–thrust fault system (Figure 8c).

Goes et al. (2004) have suggested that the PDZ identified in the central Aeolian sector, between the Lipari and
Salina islands, might represent the northern sector of the ATLFS. However, based on its kinematics derived from
the geodetic data of this study, the segment of the PDZ zone between Lipari and Salina islands could either
represent a lateral ramp similar to those observed in theWAFS or constitute the northern extension of the ATLFS.

5.2. Relationship Between Fluid Circulation and Volcanic Activity

The analysis of the areal variation on Vulcano Island indicates that the La Fossa cone transitioned from a deflation
phase to an inflation phase in February 2017, which persisted until 2023, marking the conclusion of the study
period. This inflation phase was marked by several rapid inflation events, with the most significant occurring at
the end of 2021. The latter event can be well placed within the context of the volcanic unrest observed that year,
which was characterized by significant variation in degassing, seismicity and ground deformation as widely
documented in the literature (Aiuppa et al., 2022; Di Traglia et al., 2023; Diliberto et al., 2024; Federico
et al., 2023). Furthermore, increases in inflation rates observed between February and August 2017, March and
August 2018, April and August 2019, and notably in 2021 (as evident in the peaks of areal variation, Figure 9a)
temporally correlate with periods of enhanced CO2 diffuse degassing at Vulcano Island (reflected in the peaks of
CO2 flux emission, Figure 9b). This correlation suggests that increased fluid circulation played a significant role
in the inflation of the volcano.

5.3. Relationship Between Fluid Circulation and Fault Activity

The position–time series of GNSS from the MUCR and MCSR stations in the Peloritani Mts area (Figures 5a and
5b) show significant northward velocity variations, with the most prolonged and pronounced variation during
2021. GNSS–derived velocity analysis reveals that the eastern sector of the GPTLFS experienced an increase in
southward velocity, from 1.6 ± 0.28 mm/year before 2021 to 3.3 ± 0.99 mm/year during 2021, relative to the
fixed station MUCR reference station located west of the ATLFS (Figure 8d). In contrast, the eastward velocity
component exhibited a minor decrease, from 3.59± 0.1 mm/yr before 2021 to 3.13± 0.7 mm/yr in 2021, which is
not statistically significant (Figure 8d). These findings highlight a significant southward acceleration of the
eastern block of the ATLFS during 2021.

The deformation process, captured in GNSS time series from stations in the Peloritani Mts area, was accompanied
by a rapid seismic strain release at depths between 8 and 13 km in the offshore region of the ATLFS, as reflected
by a significant jump in the strain release curve during 2021 (area 4a in Figure 7e).

It is essential to note that a temporal correlation exists between two significant events: (a) the acceleration of the
eastern sector of the ATLFS relative to the western sector in 2021, which was accompanied by increased seismic
strain release (evidenced by the jumps in the curves in Figure 7e), and (b) the significant rapid inflation event
observed at Vulcano in 2021 (Figure 4), linked to heightened CO2 emissions on Vulcano Island (see Section 5.2).
This temporal correlation suggests that fluid circulation, manifested as gas emissions in the Peloritani Mts area
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(Donato et al., 2021, and references therein), may be intensified and play a pivotal role in increasing the velocities
of upper–crust block displacement along the ATLFS.

The influence of fluids on fault activity occurs through physical and chemical processes (e.g., pore pressure
variations, diffusive mass transfer, mineral precipitation, sub–critical crack growth, and phase transitions of
water), which are known to reduce the effective normal stress along fault planes, thereby facilitating fault slip and
triggering seismicity (e.g., Benson et al., 2020; Bizzarri, 2012; Castelblanco et al., 2025; Cornelio et al., 2019;
Feng et al., 2023; Gardonio et al., 2018; Moore & Lockner, 2013; Nakagomi et al., 2021; Passelègue et al., 2018;
Scuderi & Collettini, 2018; Sibson, 2000; Stabile et al., 2021; Verberne et al., 2015; Violay et al., 2014).
Additionally, other studies have highlighted the occurrence of induced seismicity due to fluid injection, both
during and after such operations (e.g., Albaric et al., 2014; Evans et al., 2005; Stanchits et al., 2011). The seis-
micity linked to fluid presence typically manifests as low magnitude events (e.g., Aochi et al., 2014; Lep-
tokaropoulos et al., 2023; Passelègue et al., 2018; Stanton Yonge et al., 2025).

We propose that fluids lubricated faults and facilitated stress drops along the ATLFS over a prolonged 9 month
period, during which the eastern sector of the ATLFS experienced significant acceleration relative to the western
one. This fault rupture propagation differs from the common one, in which the co–seismic phase occurs through a
mainshock lasting seconds to minutes, followed by an extended post–seismic phase, characterized by low–
magnitude seismicity and gradual strain release, lasting from days to years. The two deformation types exhibit
distinct trends in the GNSS position–time series. The conventional rupture propagation is represented by a curve
with a peak corresponding to the co–seismic deformation, followed by a logarithmic or exponential decay curve
that marks the gradual stress decrease during the post–seismic phase (e.g., Ergintav et al., 2009; Liu et al., 2024;
Malservisi et al., 2015; Milliner et al., 2020; Wang et al., 2012). In contrast, the deformation regime, documented

Figure 9. Comparison between the areal variation associated with the inflation/deflection processes at Vulcano Island and
soil CO2 degassing. (a) Daily average of soil CO2 diffuse degassing curve at the summit of the La Fossa cone. Gray
horizontal line indicates the mean value of 1,637 g m–2 d–1 (modified from Inguaggiato et al., 2022). (b) Areal variation of the
triangle with vertices on the GNSS stations IVLT, IVCR, and IVUG at Vulcano Island (see Figure 5 for station location).
One–sigma error bars are included for all data points. Positive trends indicate the areal expansion, associated with the
inflation process, whereas negative trends indicate the areal contraction associated with the deflation process. The red line
marks the transition from deflation to inflation at the La Fossa cone within Vulcano Island. Green bands highlight periods of
rapid inflation rate increases, which coincide with increases in CO2 flux (graph below).
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here, is described by a linear trend of the position–time curve in correspondence with the significant deformation
event that occurred in 2021 (see blue bands in Figures 3a and 3b) and it is characterized by a continuous seismic
strain release (Figures 7e and 7f) through low–magnitude events (Area 4a in Figure S3d in Supporting Infor-
mation S1). Based on literature that correlates low–magnitude seismicity with fluid circulation (e.g., Aochi
et al., 2014; Passelègue et al., 2018; Stanton Yonge et al., 2025), the observed increase in the frequency of low–
magnitude events during the year 2021 could be indicative of enhanced fluid circulation in both the Vulcano area
(Area 3, Figure S3c in Supporting Information S1) and the Peloritani Mts sector (Area 4a, Figure S3d in Sup-
porting Information S1).

Compared to the pronounced trend variation observed in 2021, more minor variations were detected in the
position–time series of Peloritani Mts stations (MUCR and MILA, yellow bands in Figures 3b and 3c) during
2017 and 2018. Similar to the 2021 event, these earlier changes show a temporal correlation with two key factors:
(a) increased strain release in 2017 and 2018 across areas including the ATLFS, as indicated by jumps in the blue
curve of Figure 7f for 2017 and the purple curves of Figures 7e and 7f for 2018, and (b) inflation events at Vulcano
in 2017 and 2018 (Figure 5), which were accompanied by heightened CO2 emissions during those years (see
peaks in the curve of Figure 1c). Based on these correlations, we hypothesize that these variations in the
deformation pattern of the ATLFS during 2017 and 2018 are also likely driven by enhanced fluid circulation,
consistent with the mechanisms observed in 2021.

Significant variations in the position–time series of GNSS data were observed at the Salina and Lipari stations in
2021 along the Aeolian archipelago. At the Salina station, changes were detected primarily in the horizontal
components (Figure 4c), whereas at the Lipari station, variations were recorded in the east and up components
(Figure 4d). These anomalies cannot be conclusively attributed to the activation of fault systems between the
Filicudi and Salina islands, or between the Salina and Lipari islands (see Section 5.1). Instead, it is plausible that
these GNSS stations captured movements associated with hydrothermal fluid circulation, a phenomenon well
documented for both Lipari (Decrée et al., 2005) and Salina islands (Italiano & Caruso, 2011). Notably, the Lipari
station recorded a horizontal velocity of 20.4 mm/year toward the east (N82) in 2021 (Vita et al., 2012) a value
significantly exceeding the typical tectonic deformation rates of a few mm/year observed in the study area. This
suggests that localized processes, such as fluid dynamics and volcanic activity, played a critical role in driving
these deformation patterns.

6. Conclusions
GNSS and seismological data from the Peloritani Mts and the central and western sectors of the Aeolian Ar-
chipelago allowed us to identify four deformation zones, characterized by WNW‐ESE to NNW‐SSE orientation
and right‐lateral kinematics, and detect the depths at which seismic strain is released. Furthermore, our findings
provide new insights into the deformation timing and the magnitude of seismic events, particularly when fault
reactivation is influenced by enhanced fluid circulation. The main outcomes are summarized as follow:

1. GNSS data analysis on Vulcano Island revealed periods of rapid ground inflation in 2017, 2018, 2019 and
2021. These periods coincide with increased CO2 flux emissions, highlighting the critical role of fluid cir-
culation in driving the inflation of the volcanic edifice.

2. GNSS position–time series analysis from the Peloritani Mts area revealed periods of rapid increase in the
southward velocity of the eastern block of the ATLFS. The most persistent and pronounced velocity anomaly
was recorded throughout 2021, showing a significant increase from 1.6 ± 0.28 mm/y (pre–2021 baseline) to
3.3 ± 0.99 mm/y during the year of the event. This acceleration was quantified relative to the fixed western
block of the ATLFS, which served as the kinematic reference frame.

3. The acceleration observed in the eastern block of the ATLFS, which occurred in 2021, was accompanied by
increased seismic strain release and is temporally correlated to the most significant rapid ground inflation on
Vulcano Island. This temporal correlation suggests that increased fluid pressure controlled not only the ground
inflation on Vulcano Island (see point 1), but also the movement of upper–crust blocks along the ATLFS.

4. Fluids lubricate faults and enable stress drops along the ATLFS, driving a deformation regime characterized by
low–magnitude seismicity and a prolonged 9 month period of significant slip acceleration in the eastern block
of the ATLFS relative to the western block.

5. GNSS position–time series from the Peloritani Mts area recorded smaller velocity increases in 2017 and 2018
than the 2021 event. These earlier changes are correlated with an increase in seismic strain release across the
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ATLFS and rapid inflation events at Vulcano Island, accompanied by heightened CO2 emissions. Similar to
the 2021 event, these velocity increases are likely linked to enhanced fluid circulation within the fault system.

6. Seismogenic layer depths of 8–20 km related to the WAFSs (between Alicudi‐Filicudi islands and Filicudi‐
Salina islands) suggest that these fault systems function as lateral ramps that transfer displacement between
Africa and Eurasia's crustal blocks, involved in ongoing convergence.

7. Based on its position, kinematics, and seismogenic layer depths (up to 13 km), the tectonic relationship be-
tween the fault system of the central Aeolian Archipelago (between Lipari and Salina islands) and the major
structures of the ATLFS andWAFSs leads to two interpretations: the fault system could (a) represent a transfer
zone in the frame of Africa‐Europe convergence, or (b) constitute the northern extension of the ATLFS.
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