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ABSTRACT

We estimated a long-term velocity field for Mount Etna volcano by taking into account a dense GNSS dataset collected during the 2004.42 - 2018.95 period. To
properly isolate the volcanic deformation from the background tectonic one, we defined a new local reference frame (termed MERF23) by using 32 stations mainly
located in north-western and south-eastern Sicily. The computed long-term velocity field well highlights contrasting patterns between the north-western flank and the
eastern one. The north-western flank was characterized by a general radial pattern with small deformations, mainly related to inflation and deflation episodes
occurred during the investigated period. The eastern flank was characterized by a vigorous seaward motion, with rates ranging from ~60 mm/yr on the Pernicana
fault (northern boundary) to ~29 mm/yr along the Aci Trezza fault (southern boundary), clearly evidencing as flank instability remains by far the predominant type
of deformation at Mount Etna. A small contraction along the peripheral base of the volcano, coupled with a small uplift has been also detected; both patterns lend

credit to the concurrent action of different processes as local and regional tectonics as well as long-term magmatic doming.

1. Introduction

The monitoring of ground surface deformation on active volcanoes
over a long period of time helps improve understanding of the volcano
dynamics as well as assessing potential volcanic hazard. Mount Etna
(Fig. 1; eastern Sicily, Italy) is one of the most monitored volcanoes in
the world due to both its proximity to highly-urbanized areas and its
almost continuous eruptive activity from its summit craters and fairly
frequent lava flow eruptions from fissures opened on its flanks. The
GNSS-based monitoring at Mount Etna volcano started in the summer of
1988, making this volcano one of those with the longest records of GNSS
observations (Bonforte et al., 2016). This initial network was progres-
sively improved over the time by different groups and agencies and
nowadays the deformation of most sectors of the volcano edifice is
measured by more than 220 survey-type benchmarks (Bonforte et al.,
2016; Murray et al., 2018; De Guidi et al., 2018) and 47 continuous
GNSS stations (Bruno et al., 2012; Palano et al., 2022). Results coming
from these datasets have greatly improved the knowledge of i) the
plumbing system of the volcano, highlighting its multi-layered nature
with different levels of magma accumulation (e.g., Aloisi et al., 2011;
Bruno et al., 2012; Palano et al., 2017) and ii) the steady-state seaward
motion of the Mount Etna eastern flank as well as the occurrence of
aseismic slow slip events (Palano, 2016; Palano et al., 2022).

The objective of this study is to analyze and describe the long-term
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ground deformation pattern at Mount Etna, taking advantage of the
large GNSS dataset collected in the last two decades. Moreover, as the
number of GNSS stations around Mount Etna has increased, as well as
improvements in processing software, we also provided an updated
definition of the local reference frame in order to properly isolate the
local volcanic deformation from the regional tectonic pattern.

This paper provides new insights on the ground displacement
behavior at Mount Etna volcano and may also help for hazard assess-
ment of potential flank destabilizations at other basaltic volcanoes.

2. Background setting

Mount Etna is a composite basaltic volcano located on the hang-
ingwall of the Apennine-Maghrebian accretionary wedge at the
convergent margin between Eurasia and Africa plates (Fig. 1) on eastern
Sicily (Southern Italy; Gvirtzman and Nur, 1999). The western and
northern slopes of Mount Etna lie over a sedimentary basement formed
by Miocene turbiditic deposits of the Apenninic-Maghrebian chain,
while the southern and eastern slopes over early-middle Pleistocene
foredeep marly-clays (accumulated along the Gela-Catania Foredeep at
the front of the Apenninic-Maghrebian chain; Branca and Ferrara,
2013).

Volcanic activity started about 500 ka ago as inferred by the shallow
sub-volcanic bodies (pillow lavas and hyaloclastic breccias) intercalated
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at the top of the foredeep sediments (Di Stefano and Branca, 2002). This
early stage was characterized by discontinuous and scattered submarine
eruptive activity which progressively renewed through fissure-type
eruptions in a subaerial environment in response to a regional uplift of
north-eastern Sicily (Di Stefano and Branca, 2002). In particular,
fissure-type eruptions took place in a wide area corresponding to the
present-day lower western and south-eastern flanks of the volcano
edifice since 330 ka and 220 ka, respectively, leading to the formation of
a primitive shield-volcano structure (Branca et al., 2008). Since 129 ka
ago, the major eruptive centres progressively migrated towards the
present-day Valle del Bove (Nicolosi et al., 2016), where a central-type
volcanism, leading to the formation of the earlier stratovolcano struc-
ture, developed between 110 ka and 60 ka (De Beni et al., 2011). About
60 ka ago, volcanic activity shifted toward the present-day eruptive
centres and was characterized by the emplacement of wide lava flow
fields, gradually expanding on the sedimentary basement (Branca et al.,
2008). The occurrence of several Plinian eruptions between 15 and 15.5
ka ago formed a wide summit caldera (Coltelli et al., 2000) over which a
thick succession of superposed lava flows and pyroclastic successions
piled up in the last 15 ka. Around 10 ka ago, the wide depression of the
Valle del Bove formed in response to a large gravitational slope failure of
the eastern flank of the volcano (Calvari et al., 2004). In the last 10 ka,
the occurrence of both effusive and largely explosive volcanic activity,
ranging from frequent activity at the summit craters and episodic flank
eruptions along radial fissures, led to the formation of three main rift
zones, to the west (W), south (S), and to the northeast (NE) (Fig. 1;
Garduno et al., 1997).

Activity in historical time has been documented from Greek and
Roman civilizations, as citations inside literature and, often linked to
legends or relevant historical events, so that the correspondence be-
tween historical and geological data for most ancient eruptions (with the
exception of few eruptions whose activity was particularly noteworthy,
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as for instance the 122 BCE Plinian eruption), is poorly constrained
(Coltelli et al., 1998). The descriptions of volcanic activity became more
continuous and systematic in the 17th century as a consequence of the
large 1669 eruption which destroyed many villages on the southeast
slope of Mount Etna and reached the western sector of the town of
Catania on the Ionian coast (Branca and Del Carlo, 2004). Since then, a
continuous production of documents and reports, coupled with an
increasing quality and completeness of information, has provided a high
detail of the quasi-persistent activity of Mount Etna. In particular, vol-
canic activity at Mount Etna showed a quite uniform rate of occurrence
of flank eruptions during the 1600 - 1970 period, while a short-term
increase of occurrence of eruptions has been observed after the 1971
eruption (Branca and Del Carlo, 2004).

The present-day Mount Etna has a central conduit, with five summit
craters located immediately westward of the Valle del Bove depression
(Fig. 1). The Voragine Crater (VC) is the oldest one, being represented in
the iconography since the fourteenth century. The other craters formed
in the last 110 years: the North-East Crater (NEC) in 1911, the Bocca
Nuova Crater (BNC) in 1968, the South-East Crater (SEC) in 1971 and
the New South-East Crater (NSEC) in 2006.

The inhomogeneous long-term updoming (De Guidi et al., 2014)
coupled with the different geomechanical properties of the basement,
have favoured the development of a 17 km-wide horseshoe-shaped
depression beneath the eastern flank of the volcano (Branca and Fer-
rara, 2013). This complex basement topography gently dips in SE di-
rection and would lead to the large-scale seaward motion of the eastern
flank of Mount Etna as documented since the early 1980s (see Palano,
2016 and reference therein). Conversely, the volcano is buttressed to the
north and west by the Apenninic-Maghrebian chain which prevents any
spreading occurring in these directions. At the surface, the unstable
sector is defined by a 25 km-wide horseshoe-shaped region (Fig. 1)
which, encompassing the sedimentary depression, is delimited by the
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Fig. 1. Simplified tectonic map of Mount Etna and its
eastern off-shore. The shaded gray line marks the unstable
flank boundary. Continuous GNSS stations are reported as
colored diamonds (red for INGV stations; blue for ISPRA
stations; black for NetGEO and ItalPOS stations). Survey-
type benchmarks are reported as colored points (red for
INGYV stations; blue for ISPRA stations). EMFN and EPLU
are continuous GNSS stations. Other abbreviations are as
follows: VdB, Valle del Bove; P-PF, Provenzana - Pernicana
fault system; RF, Ragalna fault; TFS, Timpe fault system;
SVF, Santa Venerina fault; STF, Santa Tecla fault; FF,
Fiandaca fault; NF, Nizzeti fault system; TF, Trecastagni
fault; MTF, Mascalucia-Tremestieri fault; ATF, Aci Trezza
fault; ESEL, ESE lineament. The upper inset shows a zoom
of the summit area of Mount Etna along with the active
craters; NEC, North-East Crater; BNC, Bocca Nuova Crater;
VC, Voragine Crater; SEC, South-East Crater; NSEC, New
South-East Crater. The lower inset show a sketch map of
eastern Sicily; AMC, Apennine-Maghrebian chain; HF,
Hyblean Foreland; GCF, Gela-Catania Foredeep.
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“North-East Rift (NER) - Provenzana - Pernicana fault system (P-PF)” to
the NE and by the “South Rift (SR) - Mascalucia - Tremestieri - Aci Trezza
fault system (MTF - ATF)”, to the SE (Fig. 1). However, other authors
identify the right-lateral Ragalna fault (RF) as the south-western
boundary of the unstable sector (e.g. Borgia et al., 1992; Rust and
Neri, 1996). Furthermore, active tectonics also occurs in the unstable
sector along several shallow faults such as the Timpe (TFS), the Santa
Tecla (STF), the Santa Venerina (SVF), the Fiandaca (FF) and the Nizzeti
(NF) (Fig. 1; Azzaro et al., 2012).

3. GNSS networks and data processing
3.1. GNSS networks

As mentioned above, the use of GNSS for monitoring the ground
deformation at Mount Etna volcano started in the summer of 1988 by the
International Institute of Volcanology of Catania (now part of the Isti-
tuto Nazionale di Geofisica e Vulcanologia - INGV) with the establish-
ment of a network of 18 survey-type benchmarks (Bonforte et al., 2016).
The setting up of a continuous GNSS network began in November 2000
reaching a configuration of 13 stations in late summer of 2001 (Palano
et al., 2010). Both networks were gradually upgraded over the years in
order to cover all the slopes of the volcano and to replace the sites
destroyed by lava flows, vandalism and/or affected by local instability
(Fig. 1).

In late 2005, the Geodetic Group of the Geological Survey of Italy -
ISPRA established a network of 5 continuous GNSS stations and 10
survey-type benchmarks across some faults in the south-eastern slope of
the volcano (Fig. 1). Other 4 continuous GNSS stations have been
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established on the eastern (NetGEO, http://www.netgeo.it/) and the
western and southern (ItalPOS, https://hxgnsmartnet.com/it-it) flanks
of the volcano since 2012 and were discontinuously operating until the
time of this writing (Fig. 1).

Other survey-style networks have been developed over the time at
Mount Etna by different research groups (Murray et al., 2018; De Guidi
et al., 2018). In the following, we analyzed the dataset collected by the
networks mentioned above, while a dense geodetic solution including all
the available GNSS datasets would be an interesting target for a future
study.

3.2. GNSS data processing

All collected raw GNSS observations, spanning the 1995.0 - 2019.5
period, were processed by using the GAMIT/GLOBK software (Herring
et al., 2018) and by taking into account precise ephemerides and Earth
orientation parameters from the IGS (International GNSS Service; https
://cddis.nasa.gov/archive/gnss/products) and from the International
Earth Rotation Service (http://www.iers.org), respectively. To improve
the overall configuration of the network and to provide an updated
definition of the local reference frame, we introduced into the process-
ing more than 160 continuous GNSS stations mostly located in southern
Italy (Fig. 2a). During the processing, in order to eliminate the phase
biases related to drifts in the satellite and receiver clock oscillators, an
ionosphere-free linear combination of GNSS phase observables was
adopted by applying a double differencing technique. The GNSS phase
data were weighted according to an elevation-angle-dependent error
model, while the IGS absolute antenna phase center models for both
satellite and ground-based antennas were adopted. The first-order
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Fig. 2. a) ITRF14 velocities computed in this study. b) Residual velocity with respect to the MERF23 frame. Blue vectors represent the 32 GNSS stations used to the
final Euler vector components estimation (Table 1). ¢) East and North component of the residuals (in mm/yr) of the 32 GNSS stations allowing the final estimation.

See text in Section 3 for more details.
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ionospheric delay was eliminated by using the ionosphere-free linear
combination, while the IONEX files from the Crustal Dynamics Data
Information System (https://cddis.nasa.gov/archive/gnss/products/i
onex/) were used to apply a second-order ionospheric corrections
(Petrie et al., 2010). The tropospheric delay was modeled as a piecewise
linear model and estimated by adopting the VMF1 grids (Boehm et al.,
2006). The Earth Orientation Parameters were tightly constrained to
their a-priori values according to the IERS Bulletin B (https://maia.usno.
navy.mil/products/iers-bulletins), while the FES2004 model (Lyard
et al., 2006) was adopted for the ocean tidal loading. As results of the
GAMIT step processing, daily estimates of loosely constrained station
coordinates along with the associated variance-covariance matrices
have been obtained. The daily GAMIT solutions were combined into
GLOBK to estimate stations daily coordinates in the ITRF14 reference
frame (Altamimi et al., 2016) as a first step, and the long-term ITRF14
velocities for a subset of stations not including the ones covering the
volcano edifice, in a final step. Such a long-term ITRF14 solution was
used as input for the Euler vector components estimation of the local
reference frame, as described below.

3.3. The Mount Etna reference frame (MERF23)

Palano et al. (2010) computed a local reference frame to i) isolate the
Mount Etna volcanic deformation from the background tectonic pattern
and ii) allow a direct combination and comparison between different
deformation episodes (inflation, deflation, dike intrusion) affecting the
volcano edifice over the time. As the number of GNSS stations around
the volcano and positioning precision have strongly increased, as well as
improvements in underlying models and refinements in processing
software, here we performed an updated definition of the local reference
frame also. To this aim, we estimated the angular velocity of the local
reference frame by minimizing, with a weighted least squares inversion,
the adjustments to horizontal ITRF14 velocities of the stations located
within a ~350-km radius around the volcanic edifice (Fig. 2a). In order
to objectively determine the set of GNSS stations around the volcano
that best defines a rigid block, we performed several tests by comparing
the results from different estimations to detect which model best fits the
data, considering a F-ratio criterion (Cannavo and Palano, 2016). Hence,
we performed more than 30 tests, excluding each time all stations not
satisfying the F-ratio criterion. Finally, a total of 32 stations passed the
F-ratio criterion (Fig. 2b) allowing the Euler vector components esti-
mation as reported in Table 1. Most of the residual values are lower than
1 mm/yr (Fig. 2c) and standard deviations for East and North compo-
nents of the 32 stations are 0.29 mm/yr and 0.28 mm/yr, respectively,
therefore highlighting as i) the block rigidity assumption has been
respected and ii) the Euler pole estimation has been highly accurate.
Moreover, the 32 stations used for the pole definition are mainly located
in north-western and south-eastern Sicily, while stations located in
north-eastern Sicily and Calabria show residuals larger than 3 mm/yr
(Fig. 2b). Such a feature well reflects the current active tectonics of the
area where i) north-eastern Sicily and Calabria are moving in response to
the subduction process beneath the Calabrian Arc (Palano et al., 2017)
and ii) most of the Eurasia-Africa convergence is currently adsorbed in
the offshore of northern Sicily (Billi et al., 2023).

3.4. GNSS time-series and long-term velocity estimations

In the following, the estimated time-series as well as the long-term
GNSS velocity field have been referred to the updated reference frame

Table 1
Euler pole parameters for the Mount Etna Reference Frame (hereinafter,
MERF23).

Latitude (deg)v Longitude (deg) Rotation (deg/My)

MERF23 46.788 + 1.883 —93.675 + 3.493 0.271,347 £ 0.003993
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(hereinafter MERF23). By considering the East component time-series
(Fig. 3) of two of the oldest GNSS stations at Mount Etna, as EPLU
(located closely to the summit area) and EMFN (located on the eastern
flank), at least 5 significant jumps related to shallow intrusion episodes
(feeding volcanic activity) can be easily observed. All these jumps are
clearly visible on the EPLU time-series, while only the jumps related to
the intrusions that occurred in 2001, 2002 and 2018 are visible on the
EMFN time-series. Such a different feature is related to the magnitude of
the intrusive episodes: large intrusions (as the 2001, 2002 and 2018
ones) generate volcano-scale deformations, while small intrusions (as
the ones occurred in 2008 and 2014) generate a pattern of deformation
strictly confined to the summit portion of the volcano. Furthermore, the
EMEFN time-series is characterized by a time-dependent deformation
following the 2002 intrusion, while exhibits a linear pattern at least
during the 2004.40 - 2018.95 period. Based on these observations, we
estimated a long-term GNSS velocity field for Mount Etna volcano
(Fig. 4) by taking into account all GNSS observations collected during
the 2004.42 - 2018.95 period, excluding all stations located around the
summit area, above an altitude of 3000 m.

3.5. Horizontal strain-rate computation

To provide additional insights into the present deformation pattern
of the study area, we also estimated the horizontal strain-rate field ac-
cording to Shen et al. (2015). We interpolated the velocity gradients on
regularly 0.02° x 0.02° spaced grid from the observed GNSS velocities by
least squares inversion. The method considers optimal weighting func-
tions of the data, allowing analysts to obtain a finer resolution, espe-
cially on regions characterized by sparsely distributed data. The weight
for each observation is given by the product of the area of the Voronoi
cell occupied by the GNSS site and a Gaussian weight (exp( — AR} /D?)),

where Rij is the distance of site i from the grid point j and Dj is a
smoothing parameter determined for each evaluation site based on the
“in situ data strength”, so that the total weight of observations on each
grid point is the same. The estimated strain-rate field is reported in
Fig. 5.

4. Results

The long-term GNSS velocity field for Mount Etna volcano (Fig. 4)
spans the overall 2004.42 - 2018.95 period and was estimated with
datasets covering different time intervals. The continuous GNSS stations
managed by ISPRA discontinuously worked from mid-2005 to mid-
2016, while the ones managed by ItalPOS and NetGEO discontinu-
ously worked since 2007.50 and 2012.12, respectively. With the
exception of some few stations, the ones managed by INGV cover the
entire considered time interval. Concerning the survey-type bench-
marks, the data collected by ISPRA cover the 2005.71 - 2012.95 time
interval, while the ones collected by INGV span the 2004.42 - 2013.46
period. Despite these different time spans, all estimated horizontal ve-
locities show a high coherent pattern, in term of magnitude and orien-
tation, therefore in the following we considered them as fully
representative for the overall 2004.42 - 2018.95 period. Looking at the
horizontal velocity field (Fig. 4a), the seaward motion of the eastern
flank of the volcano represents the most impressive pattern. The highest
values (up to ~60 mm/yr) are measured closely to the Pernicana fault,
while values generally larger than 35 mm/yr (black arrows in Fig. 4a)
concentrate in the northern half of the unstable sector, including also the
coastal sector eastward the Timpe fault system. Northward of the Per-
nicana fault, velocities range from ~5 mm/yr to ~2.5 mm/yr, on the
western and eastern segments of the fault, respectively. The north-
eastern edge of the unstable sector is characterized by an abrupt
decrease of velocities, with values of ~18 mm/yr across the southern-
most splay of the Pernicana fault. On the southern half of the unstable
sector, a reduction of velocity can be easily recognized (Fig. 4a). In
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Fig. 3. Time-series of the East component of EPLU and EMFN stations. The vertical blue lines mark the shallow intrusions onset occurred in the analyzed
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Fig. 4. Long-term (2004.42 - 2018.95) GNSS horizontal (panel a) and vertical (panel b) velocity field with 95% confidence ellipses for Mount Etna, in the MERF23
frame. Blue and black arrows on panel b stand for continuous stations and survey-type benchmarks, respectively. Abbreviations are as Fig. 1.

particular, the stations located eastward of the Timpe fault system have
large velocity values (~40 mm/yr, on average) and move toward the
~N115°E direction, while those located westward have moderate ve-
locity values (~15 mm/yr, on average) and move toward the ~N140°E
direction. The south-western flank is characterized by a progressive
south-eastward velocity decrease (from ~15 mm/yr close to the summit
area, to ~4 mm/yr at the base of the volcano), while both the north-
western and northern flanks show small deformations (lesser than 5
mm/yr, on average). The peripheral base of the volcano is also charac-
terized by small velocities (Fig. 4a).

Regarding the vertical velocities, estimations at survey-type bench-
marks are slight larger than the ones estimated at continuous GNSS
stations, and generally characterized by large uncertainties. These fea-
tures could be related to the limited number of measurements (ca. 2-3
measurements every year) collected at each survey-type benchmark, so
that their vertical velocity estimation is less accurate. Keeping in mind
this limitation, on the volcano edifice, the estimated height variations
(Fig. 4b) are generally negative with the highest values along the
southern rim of the Pernicana fault (~15 mm/yr) and across the Timpe

fault system (~10 mm/yr). A very small uplift (1-3 mm/yr) can be
observed at the continuous stations located along the peripheral base of
the volcano.

The strain-rate field is dominated by high values along the Pernicana
fault and the coastal belt on both the Nizzeti and the Timpe fault system
(Fig. 5). In particular, along the Pernicana fault, the strain-rate field is
characterized by values up to 12 pstrain/yr with NW-SE-oriented
extensional axes, while the coupled contractional axes show values up
to 8 pstrain/yr. Across the Nizzeti and the Timpe fault system, the strain
axes are characterized by values up to 7 pstrain/yr and have a E-W
prevalent orientation (Fig. 5). A similar pattern can be observed also on
the summit area of the volcano. In all these sectors, the overall areal
change pattern is positive (Fig. 5) evidencing their general extensional
pattern. The north-eastern edge of the unstable sector is characterized by
strain axes with a E-W orientation and a dominant contractional pattern.
This pattern clearly highlights the main role of the southernmost splay of
the Pernicana fault in transferring the overall seaward motion of the
unstable flank (Palano et al., 2006). Moreover, such a long-term
contractional pattern contrasts with the short-term extensional pattern
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Fig. 5. Geodetic strain-rate field: background color reports the magnitude of
the rate of areal change, while arrows represent the greatest extensional (black)
and contractional (blue) horizontal strain-rates. The yellow circles represent the
GNSS stations used for the computation.

related to the occurrence of slow slip events (Palano et al., 2022). A very
small contractional pattern with radially oriented strain axes is also
observed on the peripheral base of the volcanic edifice (Fig. 5).

5. Discussion

The dense long-term GNSS velocity field along with the related
strain-rate pattern for Mount Etna volcano depict some interesting fea-
tures. As above mentioned, the most impressive pattern is given by the
seaward motion of the eastern flank with rates ranging from ~60 mm/yr
on the Pernicana fault to ~29 mm/yr along the Aci Trezza fault. These
values can be considered representative of the current slip-rates of the
faults bordering the unstable sector (Fig. 1). Indeed, the value of 60 mm/
yr is twice larger than the one estimated for the 1997-2001 period,
highlighting a marked change in the slip-rate of the left-lateral Perni-
cana fault after the 2002-2003 eruption (Palano et al., 2009). The faults
bordering the southern edge of the unstable sector account for a right
lateral slip-rate of ~29 mm/yr, which is an order of magnitude higher
than the ones estimated from geologic marker offsets (Azzaro et al.,
2012). The different slip-rate observed along the faults bordering the
unstable sector is not related to the sedimentary basement topography
(Branca and Ferrara, 2013) but would be probably related to the pres-
ence of heterogeneities within the sedimentary basement. Moreover, the
pattern of motion within the eastern flank is also controlled by the
Nizzeti and the Timpe fault system. In particular, the stations located
along the coastal belt have large velocity values (~40 mm/yr, on
average) and move toward the ~N115°E direction, while those located
westward of the Timpe fault system have moderate velocity values (~15
mm/yr, on average) and move toward the ~N140°E direction.

Another interesting pattern is the areal contraction and the small
uplift (1-3 mm/yr) observed along the peripheral base of the volcanic
edifice (Fig. 5). A similar pattern has been observed also on long-term
InSAR velocity maps and interpreted as the continuous growth of a
peripheral bulge due to load of the volcano along a weak basement
(Solaro et al., 2010). Indeed, the uplift of peripheral base of Mount Etna
has been documented by geological observations and it was related to
different sources as the growth of a basal anticlines (Borgia et al., 1992),
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regional tectonics (Bousquet et al., 1988; Catalano et al., 2004) and
long-term magmatic doming (De Guidi et al., 2014). Our data alone
cannot discriminate among the different contribution, however our
geodetic uplift rate is larger than the ones estimated geologically (0.3 -
0.5 mm/yr; Di Stefano and Branca, 2002; Catalano et al., 2004),
therefore the concurrent action of all the mentioned processes cannot be
ruled out.

Some new insights can be inferred by taking the instrumental seis-
micity into account (Fig. 6a). Shallow seismicity (depth < 10 km) is
mainly located beneath the summit area, the upper portions of the
southern and eastern flanks and along the western sector of the Pro-
venzana - Pernicana fault system. Shallow seismicity beneath the north-
western flank is scant and became abundant at depth larger than 20 km.
By considering the A-A’ cross-section (Fig. 6b), the depth distribution of
seismicity beneath the north-western flank clearly depicts the bending of
the Hyblean continental lithosphere beneath the thrust nappes of the
Apenninic-Maghrebian chain (Chiarabba and Palano, 2017). At shallow
depth, the abrupt transition between the elastic crust (north-western
flank) and the fragile one (south-eastern flank), occurs beneath the
summit area and marks also the location of all the inflation and deflation
sources modelled in the last decades (Palano et al., 2008, 2017; Aloisi
et al., 2011; Bruno et al., 2012; Gonzalez and Palano, 2014; Cannata
et al., 2015; Spampinato et al., 2015; Viccaro et al., 2016; Gambino
et al., 2016; Camacho et al., 2020, Fig. 6b).

Since the spatial pattern of the shallow seismicity shows some sim-
ilarities with the geodetic one (Fig. 4a and Fig. 5), we performed a
simple comparison between both (Fig. 6¢). We therefore considered the
strain-rate variation (in terms of areal dilatation) and the number of
shallow (gray histogram; depth < 10 km) and deep (red histogram;
depth > 10 km) earthquakes along the A-A’ cross-section. No significant
correlations arise from the comparison of the geodetic areal dilatation
and the number of deep earthquakes. Conversely, a good correlation
between the geodetic areal dilatation and the number of shallow
earthquakes (here considered as a gross measure of the seismic release,
given the 1.2-4.9 range of recorded magnitude) can be observed for the
—20 =+ 15 km horizontal range of the A-A’ cross-section. However, both
patterns are poorly correlated for the south-easternmost portion of the
analysed cross-section in correspondence of the Nizzeti and the Timpe
fault system, where despite the occasional occurrence of moderate
earthquakes (Azzaro et al., 2013), the large deformation is not balanced
by the seismic release, remarking the prevalent aseismic behavior of
these faults. Aseismic deformation is also associated to slow slip events
nucleating along a shallow sliding surface, as well observed during the
last decade (Palano et al., 2022).

Conclusive remarks

The long-term dense GNSS velocity field at Mount Etna well high-
light the contrasting patterns between the small deformation of the
north-western flank (buttressed by the presence of the Apenninic-
Maghrebian chain) and the large deformation of the eastern flank
(amplified by the lack of buttressing by surrounding material). Within
the eastern flank, the deformation doesn’t occur homogeneously and
shows a set of different patterns along both the faults bordering/cutting
the unstable sector, probably related to heterogeneities in the sedi-
mentary basement. We observed also a small contraction along the pe-
ripheral base of the volcanic edifice, which coupled with a small uplift
suggest the concurrent action of different processes as local and regional
tectonics as well as long-term magmatic doming. A simple comparison
between shallow seismicity and the geodetic strain-rate reveals a good
correlation for the north-western flank, the summit area and the upper
south-eastern flank; conversely, both patterns are poorly correlated for
the lower south-eastern flank evidencing the prevalent aseismic
behavior of active faults cutting it. These results may help also in con-
straining active deformation sources, therefore providing useful infor-
mation on the magmatic plumbing system of Mount Etna volcano along
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Fig. 6. a) Instrumental seismicity with magnitude larger than 1.2 occurred at Mount Etna volcano during the 2000 - 2019.5 time interval (Alparone et al., 2015,
2020a, 2020b, 2022). b) Instrumental seismicity with magnitude larger than 1.2 located within +2.5 km from the profile trace A-A’. Red and blue ellipses represent
the volumes in which most of the inflating and deflating sources modelled in the last two decades concentrate, respectively. ¢) Histograms (0.5 km bins) for seismicity
with depth < 10 km (gray histogram) and with depth > 10 km (red histogram). The red line stands for the areal change variations.

with its interaction with other processes such as flank instability, active
faults, etc. Achieved results highlight how dense continuous and
episodic geodetic networks may help revealing and understanding
complex deformations at other basaltic volcanoes as Mount Etna and
may also add useful constraints for the hazard assessment of potential
flank destabilizations.
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