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Abstract We investigate the 24–27 December 2018 eruption of Mount Etna occurred from fissures
located on the volcano eastern flank and accompanied by a seismic swarm, which was triggered by the
magma intrusion and continued for weeks after the end of the eruption. Moreover, this swarm involved
some of the shallow volcano‐tectonic structures located on the Mount Etna flanks and culminated on 26
December with the strongest event (ML 4.8), occurred along the Fiandaca Fault. In this work, we analyze
seismological data and Sentinel‐1 Differential Interferometric Synthetic Aperture Radar (DInSAR)
measurements, the latter inverted through analytical modeling. Our results suggest that a dike source
intruded, promoting the opening of the eruptive fissures fed by a shallower dike. Moreover, our findings
indicate that the activation of faults in different sectors of the volcano may be considered as a response to
accommodate the deformations induced by the magma volumes injection.

1. Introduction

The relationships between magma ascent, eruptions and earthquakes have been studied all over the world
for many years (McGuire et al., 1990; Pollard et al., 1983; Tedesco et al., 2007). These are well‐known pro-
cesses when spatial and temporal relationships are evident, such as the intrusion of a dike along the flank
of a volcano, which leads to fracturing processes and eruption (Acocella & Neri, 2003, 2009; Geshi et al.,
2010; Gudmundsson, 1998). The Mount Etna eruptions and the associated displacements provide a unique
possibility to study the relationships between volcanism and volcano instability; in the past, several erup-
tions started with the movement of the eastern volcano flank and were associated with earthquakes and sur-
face ruptures (Walter et al., 2005). The eruption of Mount Etna that took place on 24–27 December 2018
(EE2018) is an excellent case study to investigate both a lateral eruption and earthquakes that occurred even
many kilometers away from the eruptive fissures (Figure 1).

Mount Etna, with its height of 3,324 m (in 2015; Neri et al., 2017), is the largest active onshore volcano in
Europe. The volcanic activity is presently characterized by summit eruptions from five craters, and by fis-
sural eruptions mainly clustered along three rift zones extending from the summit toward northeast, south,
and west, respectively (Cappello et al., 2013). These fissures are usually related to the emplacement of dikes
radiating from the central conduit, with lateral transport of magma causing central‐lateral eruptions. In
minor cases, magmamay reach the flanks of the volcano by means of vertical dikes propagating from below,
forming eccentric (or peripheral) eruptions (Neri et al., 2011; Figure S1 in the supporting information). The
development of extensional fractures, faults and grabens accompanied magma intrusions and eruptions dur-
ing historical flank eruptions of Mount Etna and the eruptive fractures length ranges from a few tens of
meters up to ~9 km (Neri et al., 2011). The subhorizontal‐lateral migration of magma from the central con-
duit (Bousquet & Lanzafame, 2001), confirmed by flow indicators exposed along dikes in the Valle del Bove
(VdB; Ferrari et al., 1991), is accompanied by shallow (1–2 km) seismicity lasting from a few hours to days
(Patanè et al., 2003). The interaction between regional stress, dike‐induced rifting, and gravity force is the
cause of a continuous and roughly eastward and downslope motion of Mount Etna eastern flank, which
has been interpreted as the effect of the volcano spreading (Acocella & Neri, 2005; Apuani et al., 2013;
Borgia et al., 1992; Groppelli & Tibaldi, 1999; Lundgren et al., 2004; Neri et al., 1991; Palano et al., 2006;
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Figure 1. Study area and seismological data. (a; right) The main fractures are redrawn from Falsaperla and Neri (2015) and represented by black lines; the rift sec-
tors (light blue areas) are also highlighted. Themagenta rectangle indicates a zoom of the study area reported on the left. The fissures (white lines) and the lava flows
(red zones) caused by the EE2018 are also shown. (b–d) Maps and sections of the seismicity nucleated on 24–26 December 2018; earthquakes are shown as a
function of occurrence (from blue to red circles). To show the main seismological patterns, we also highlight the main cluster axes (black dotted lines) in the
sections.
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Solaro et al., 2010; Urulaub et al., 2018). The unstable sector is confined to the north by the Pernicana Fault
System (PFS; Ruch et al., 2013) and to the west by the Ragalna Fault System (RFS; Neri et al., 2007), whereas
to the south it is bordered by more faults (Figure 1a). Several authors highlight a significant temporal corre-
lation between periods of flank eruptions and acceleration of flank displacements (Azzaro et al., 2004;
Bonforte et al., 2011; Cannavò et al., 2016; Neri et al., 2009). The faults located on the southeastern flank
represent the main sources of the seismicity of that area, generating the strongest earthquakes known over
the last 200 years (Azzaro et al., 2012); part of this seismicity is related to the activity of the Fiandaca Fault
(FF; Figure S1).

In this study we investigate how magmatic events (dikes intrusion and eruption) and flank movements may
interact at Mt. Etna. We focused on the 24–27 December 2018 eruption, characterized by lateral fissures
opening on the eastern flank, from which a lava flow expanded in VdB. The eruption was associated with
a seismic swarm that culminated with a ML 4.8 earthquake, which occurred on 26 December 2018 along
the strike‐slip FF (Figure 1a). The EE2018 provides the opportunity to investigate the relationships between
volcanism at Mount Etna and the surrounding fault systems. In particular, we analyze the distribution of the
relocated hypocenters in order to investigate the activated structures and, to better constrain the geometry
and characteristics of the main sources, we extend our analysis by applying an analytical modeling approach
to the retrieved Differential Interferometric Synthetic Aperture Radar (DInSAR) displacements obtained by
processing SAR data collected by the Sentinel‐1 (S1) satellites.

2. Exploited Data

The EE2018 took place about 10 years after the last flank eruption of Mount Etna (13 May 2008 to 6 July
2009; Bonaccorso et al., 2011). Between these two flank eruptions, only summit eruptions occurred, some
of which were extremely explosive (i.e., in 2015) and led to the birth of a new summit cone, the New
South‐East Crater (NSEC; Acocella et al., 2016, and references therein).

Since early November 2018, a weak strombolian activity has characterized the Bocca Nuova crater, the
North‐East Crater and the NSEC. Moreover, between 4 and 24 December, the strombolian activity at the
NSEC formed a small fan‐shaped lava field (Etna Bollettino Settimanale, 2018). Around noon on 24
December, a NNW‐SSE 2,800‐meruptive fissure opened on the eastern flank of the NSEC cone, and in a cou-
ple of hours propagated southward within the VdB western wall. This fissure is easily recognizable also from
high spatial resolution (3 m) COSMO‐SkyMed (CSK) SAR images (Figure S2). Moreover, a seismic swarm
preceded, accompanied and followed the eruptive activity; this swarm was characterized by more than
4,000 events, which occurred in the following days, with some earthquakes that have been caused by the
activation of the faults that border the volcano sectors affected by flank deformation.

In order to investigate the source responsible for the displacement observed during the EE2018 and for the
most energetic seismic event occurred along the FF, we analyze the seismological data and the DInSARmea-
surements discussed in the following.

2.1. Seismological Data

Relevant information on volcano behavior before, during, and after an eruption derives from the analysis of
seismicity space‐time distribution and earthquakes fault plane solutions. In order to constrain the geometry
and location of the main structures involved during the investigated volcano‐tectonic crisis, we considered
365 earthquakes with a magnitude interval 1.0 ≤ ML ≤ 4.8 that occurred between 22 and 28 December
2018, as reported by ISIDe working group (2016); this seismic activity was characterized by 207 events with
1.0 ≤ ML ≤ 1.9, 134 with 2.0 ≤ ML ≤ 2.9, and 24 with 3.0 ≤ ML ≤ 4.8 (Figure 1a).

We first focused on the earthquakes that occurred in the area where the main eruptive fissures developed.
On 24 December, the sequence occurred with a maximum epicenters concentration corresponding to La
Montagnola area (Figure 1b). On 25 December, the seismic activity increased and a crustal volume became
seismically active to the southwest and to the northeast of the main earthquakes cluster, with a depth ran-
ging between 8 and 1 km above sea level (a.s.l.) to the southwest and between 6 and 0 km to northeast,
respectively (Figure 1c). Finally, on 26 December, the seismic activity propagated toward the Mount Etna
southeast sector, involving the FF, which produced the most energetic seismic event (ML 4.8; Figure 1d).
This event nucleated at a depth of about 300 m a.s.l. and caused extensive damages to the surroundings
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near Fleri (Catania); the focal mechanism and the P1 and P2 fault plane solution parameters are also
reported in Figure 1a.

2.2. DInSAR Measurements

The ground displacements caused by the EE2018 have been studied through space‐borne DInSAR measure-
ments. Both CSK and S1 constellations acquired SAR data across the event from ascending and descending
passes (Figures 2 and S3–S5). In particular, we concentrated on S1 data that, over Mount Etna, acquires the
same day from ascending (Track 44) and descending (Track 124) passes with a 6‐day revisit time.
Accordingly, we were able to generate a set of S1 co‐event interferograms (Figure S3). This allowed us to
investigate the interferograms for possible undesired phase artifacts (atmospheric phase delays, decorrela-
tion noise, etc.) and select the best DInSAR pairs to be used in the following displacement analysis.

Figures 2a and 2b show the selected wrapped ascending and descending interferograms, respectively, which
are relevant to the acquisitions of 22 and 28 December 2018. Both interferograms are characterized by a bi‐
lobate structure, with one lobe featuring positive range change in the radar line of sight (LOS) and one fea-
turing negative LOS range change. The ascending interferogram (Figure 2a) has a negative LOS lobe over the
eastern flank and a positive lobe over the western one; in contrast, in the descending interferogram
(Figure 2b), the lobe over the western flank of Mount Etna is negative, whereas the positive lobe lies over
the eastern flank. Apart from main lobes visible over the summit, two other phase patterns should be high-
lighted. The first one is located across the FF and testifies the displacement associated with the ML 4.8 earth-
quake; the second one is close to La Montagnola area. Finally, interferometric phase discontinuities beside
the PFS and RFS are also recorded, testifying the occurrence of displacements along those fault systems too.

Figures 2c and 2d show the LOS displacement maps corresponding to the interferograms of Figures 2a
and 2b. The above‐described deformation patterns induced by the magmatic intrusion and the ML 4.8
earthquake, which are associated with the major displacement values, are evident. Moreover, although
being already clear from the analysis of the wrapped interferograms, the displacement maps of Figures 2c
and 2d further highlight the evidence of deformations already noticed along the PFS and the RFS.

Finally, by exploiting the displacement maps presented in Figures 2c and 2d, we were able to retrieve the
vertical and east‐west (EW) components of the displacements (de Luca et al., 2017; Wright et al., 2004).
The EW component (Figure 2e) shows that the eastern flankmoved eastward up to 58 cm, while a maximum
of 38 cm was measured for the westward motion of the western flank; for the ML 4.8 earthquake, displace-
ments of 13 cm toward east and 16 cm toward west were recorded on the northeastern and southwestern
sides of the fault, respectively. The vertical component (Figure 2f) shows a general subsidence of the western
sector of the summit; moreover, the most localized deformation pattern identified, corresponding to La
Montagnola area, shows a subsidence of 15 cm, whereas, to the east, 28 cm of uplift are revealed. Note also
that for the ML 4.8 earthquake, 13 cm of subsidence and 6 cm of uplift have been retrieved.

3. Analytical Modeling and Stress Change

We jointly exploit the S1 displacement maps obtained from ascending and descending orbits (Figure 2) to
model the source responsible for the recorded seismicity and retrieved displacements; to do this, we compute
the analytical solutions for shear and tensile dislocations in an elastic and homogeneous half‐space
(Okada, 1992).

The analysis is focused on a set of about 12,000 points sampled from the DInSAR displacement maps. This
sampling operation properly takes into account the deformation values and their spatial distribution;
accordingly, areas affected by larger signals result spatially denser with respect to those where displacements
are smaller. Moreover, those areas where the DInSAR displacements are characterized by significant phase
unwrapping errors have been masked out.

The modeling is carried out with a consolidated two‐step approach (Wright et al., 2003): a preliminary non-
linear optimization, based on the Levemberg‐Marquardt algorithm (Marquardt, 1963), to define fault geo-
metry and rupture mechanisms, followed by a linear inversion to get the slip/opening distribution, both
carried out in a residual least square sense. The nonlinear global minimization is implemented with multiple
restarts to avoid the cost function local minima; parameters uncertainty and trade‐offs are also calculated at
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this stage, running 200 inversions of data sets perturbed with a spatially correlated noise generated by
following the lines of Parsons et al. (2006). The linear inversion is carried out with a variable opening for
the volcanic sources, and a variable slip for the seismic ones (Atzori et al., 2009). Topographic
compensations according to Williams and Wadge (1998) were applied to all the analytical models, in
order to mitigate the impact of the high topography of the area; the contribution of possible DInSAR

Figure 2. Differential interferometric synthetic aperture radar analysis. LOS interferograms generated from Sentinel‐1 image data pairs acquired on 22 and 28
December 2018: (a) wrapped ascending, (b) wrapped descending, (c) unwrapped ascending, and (d) unwrapped descending maps; (e) E‐W displacement map
and (f) vertical displacement map both computed by exploiting the ascending and descending Sentinel‐1measurements shown in (c) and (d). The white star and the
white square represent the 26 December ML 4.8 earthquake and the reference point, respectively; the main structures and the eruptive fissures are also
reported with black andwhite lines, respectively. Note that the exploited ascending and descending interferograms have been filtered by applying a power spectrum
filter (Goldstein &Werner, 1998) with a factor equal to 0.5. Moreover, they have been unwrapped by considering the pixels with a coherence value greater than 0.3
and by applying the minimum cost flow approach (Costantini, 1998). LOS = line of sight.
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orbital artifacts, assumed to be well approximated by a ramp, is simultaneously assessed. The overall mod-
eling is conducted with the SARscape® modeling module. In particular, the two‐step (nonlinear and linear
inversion) analysis is fully performed only for the volcanic sources, which are responsible for most of the dis-
placement signal; for the seismic sources, characterized by significantly lower displacement values, we con-
sidered deformation patterns and parameters available in literature to skip the source geometry definition
via nonlinear inversion, thus performing only the linear inversion. In addition, for the volcanic sources
we benefited from some field observations (position of dry and eruptive fractures) to reduce the number
of free parameters involved in the nonlinear inversion. Moreover, for the parameters left free in the inversion
we provide an assessment of their uncertainty, according to Atzori et al. (2009). In the linear inversion, we
considered patches of 0.5 × 0.5 km2, after extending sources to let the opening or the shear dislocation to
vanish at the edges. The solutions found for volcanic and seismic sources are reported in Figure 3. After a
careful tuning of the modeling parameters, our preferred model consists of two vertical tensile structures
located beneath the summit area and three segmented active/seismogenic faults corresponding to the
PFS, RFS, and FF. Despite the unavoidable approximations introduced by the analytical models
(Lavecchia et al., 2016), we were able to properly reproduce most of the retrieved displacement signals, as
it can be seen from the residuals (Figures 3a–3d). Themodel retrieves two dikes: the former is vertically elon-
gated for about 4.4 km, eastward dipping 77 ± 5° and with a maximum opening of ~1.2 m. It matches very
well the location of the vents and of the ground fractures observed in the field. The latter dike extends south-
ward in the area of La Montagnola to 8.5‐km depth, eastward dipping 83 ± 3° and with a maximum opening
of 0.95 m. For what concerns the ML 4.8 causative fault, we find that it is characterized by a main region
where there is a maximum slip of about 0.7 m at a depth in the 0.4‐ to 1.0‐km range, along the seismogenic
plane; moreover, we modeled maximum slip values of about 0.2 m and 0.1 m for the PFS and the RFS,
respectively (Figure 3e). Following this source model, we investigate the effectiveness of the stress transfer
analysis (Stein, 1999) to understand the possible trigger between volcanic and seismic sources (Harris,
1998; Hill et al., 2002; Marzocchi, 2002; Stein, 1999; Thatcher & Savage, 1982; Walter & Amelung, 2004).
We note that the magnitude of static stress changes during eruptions or earthquakes is typically on the order
of 0.01–1 MPa (Hill et al., 2002) and is in good agreement with our findings, which show an increase of the
Coulomb Stress Change (CSC) up to 0.27 MPa over the FF, 0.18 MPa over the PFS and 0.49 MPa over the
RFS (Figure 4).

4. Discussion and Conclusions

During the 24–27 December 2018 eruption, a complex interaction between volcanic and tectonic processes
controlled the kinematic response of Mount Etna flanks. The distribution of seismicity in this period is con-
sistent with the formation, location, and kinematics of the observed ground displacements (Figure 1). The
EE2018 formed two en echelon arranged eruptive fissures at the eastern base of the NSEC that were active
only 4 days, and themagma injection caused the opening at surface of several vents from ~3,000 to 2,400m a.
s.l., feeding a lava flow which propagated in the VdB. Following the dikes emplacement, a seismic swarm
occurred along a seismogenic NE‐SW structural trend, and it is considered to be the brittle response to
magma intrusion along the NNW‐SSE volcano‐tectonic system (Patanè et al., 2003). This swarm may also
be related to magma lateral migration from the central conduit toward the lower portions of the east‐
southeast, testified in the past by numerous eruptive fissures, faults and dikes radiating from the volcano
summit in that directions (Neri et al., 2011).

Our model suggests the existence of two volcanic sources, which allow us to retrieve the surface displace-
ments measured through the DInSAR maps (Figure 2) and are consistent with the observed seismic swarm.
In particular, we retrieve (i) a shallow dike‐source 340 ± 3° striking, 77 ± 5° dipping and with a maximum
opening of about 1.2 m, and (ii) a second dike‐source, deeper than the first one, 353 ± 4° striking, 83 ± 3°
dipping and with an opening of about 0.95 m (Figure 3).

The shallow source properly matches the location of the vents and the ground fractures observed in the field,
whereas the deeper source identifies a long dike involving the volcanic pile together with part of the substra-
tum. In particular, the deeper dike is located at the boundary between two zones characterized by different
elastic properties, as also detected by recent seismic tomographies (Aloisi et al., 2011; Chiarabba et al., 2000;
Laigle et al., 2000; Mattia et al., 2015). These tomographies identify a high‐Vp body, which is alternatively
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Figure 3. Source modeling results. Line of sight projected displacement maps computed from the retrieved analytical
model for the following S1 interferograms: (a) ascending and (b) descending orbits. Their corresponding residual maps
are shown in (c) and (d), respectively, wherein the areas affected by significant phase unwrapping errors have been
masked out. The white star indicates the ML 4.8 seismic event. The retrieved model parameters for all sources are also
reported in (e) with a 3‐D view. PFS = Pernicana Fault System; RFS = Ragalna Fault System.
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interpreted as (i) high‐density cumulates, fractionated during repeated intrusions (Chiarabba et al., 2000),
(ii) a permanent reservoir where the magma stops during its ascent (Puglisi et al., 2001), or (iii) a fossil
magma chambers of ancient volcanoes, migrated toward southeast together with their effusive and
sedimentary cover (Laigle et al., 2000). Moreover, the detected displacement signal in La Montagnola area
(Figure 2f) is well modeled through the contribution of the deeper dike source. Very likely, this is a
consequence of the dike lateral expansion that produces the local subsidence as a secondary effect above
the dike (Billi et al., 2003; Pollard et al., 1983). Several fault segments were activated during EE2018: the
PFS, the RFS, and the FF, for which we modeled a maximum dislocation of 0.2, 0.1, and 0.67 m,
respectively (Figure 3e).

As regards the ML 4.8 event, which nucleated along the FF, our results reveal a strike‐slip mechanism; in
particular, the fault is characterized by (i) a NW‐SE striking segment (~313°), (ii) a north dipping, high‐angle
plane (80°), and (iii) a rake value close to −170°. These findings are in rather good agreement with the com-
puted focal mechanism relevant to the plane P1 (Figure 1a), thus allowing to resolve for the nonuniqueness
of the fault plane solutions. Moreover, a small dip‐slip normal component (rake from−168° to−144°) is also
found for the three segments used to retrieve the FF displacements. In particular, we find that, during theML

4.8 event, the FF motion was characterized by a strike‐slip component up to 0.65 m and a normal dip‐slip of
about 0.14 m. This result is consistent with ground ruptures surveyed in the field (EMERGEO Working

Figure 4. Coulomb stress change (CSC) results. (a) CSC values retrieved along the investigated structures; the shallower
and the deeper dikes are also shown with green polygons, and the seismic events recorded from 22–28 December 2018 are
reported (yellow spheres) as a function of the magnitude. (b) Map where the encouraged (red) and discouraged (blue)
motions are reported; the main structures (black lines) and the surficial projection of the two dikes (green polygons) are
also shown. The seismicity recorded from 22–28 December 2018 (yellow circles) and from 29 December 2018 to 10
February 2019 (light blue circles) is also reported as a function of magnitude.
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Group, 2019). To summarize, the ML 4.8 event was an effect of an important dynamic episode that affected
the flank structures, timely related to a deep intrusion along the flank itself.

Also, note that the DInSAR maps presented in this work show the static displacement cumulated between
the master and slave SAR acquisitions and, therefore, we modeled the sources as acting simultaneously;
however, the dike activity lasted days, during which the seismic swarm developed. Though the cause‐effect
relationship between dikes and the accommodation of anomalous large‐scale movements is intuitive, we
exploited the CSC analysis to understand how the volcanic activity relevant to the EE2018 affected some
of the seismogenic structures of this area. Our analysis clearly reveals that the intrusion encouraged, with
a positive loading, the seismic activation of the faults in all the three areas examined: indeed, the magnitude
of static stress changes during EE2018 shows an increase up to 0.27 MPa over the FF, 0.18 MPa over the PFS,
and 0.49 MPa over the RFS (Figure 4a). Because the highest CSC values are observed along the western
flank, where seismicity is known to have persisted after the time interval encompassed by DInSAR map
(light blue epicenters in Figure 4b), we may also hypothesize that the stress increase was not completely
released. These results permit to speculate on a possible feedback process for Mount Etna between volcanic
activity and flank movement: most of the flank deformations occurred during the ascent and the emersion
of the magmatic dike. However, although the most significant deformations occurred on 26 December along
the FF, also the other faults that border the volcano unstable blocks were induced to move, accommodating
the kinematics of the entire deforming sector, toward a new tectonic balance. This picture highlights the
potential hazard of Mount Etna flank eruptions for the surrounding towns and villages, because (i) they
can produce lava flows that can bury inhabited areas and (ii) they may trigger the motion of faults located
in urbanized areas, potentially able to cause seismic events like the one occurred on 26 December 2018.
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