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Abstract On 24 December 2018, a violent eruption started at Mount Etna from a fissure on the
southeastern flank. The intrusive phenomenon, accompanied by intense Strombolian and lava fountain
activity, an ash-rich plume, and lava flows, was marked by significant ground deformation and seismicity.
In this work, we show how an integrated investigation combining high-rate GPS data, volcano-tectonic
earthquakes, volcanic tremor, infrasound tremor, and infrasound events allows tracking the magma
intrusion phenomenon spatially and temporally with unprecedented resolution. Moreover, it enabled
showing how the central magma column lowered as a response to the flank eruption and to constrain the
zone of interaction between the dike and the central plumbing system at a depth of 2–4 km below sea level.
This is important for understanding flank and summit interaction, suggesting that explosive summit
activity may in some cases be driven by lateral dike intrusions.

1. Introduction
On 24 December 2018, a violent eruption took place from a 2-km-long fissure opened on the southeast-
ern flank of the volcano (Figure 1; Bonforte et al., 2019). The eruption, preceded by a 5-month-long period
of moderate explosive activity and small lava flows at the summit craters (Laiolo et al., 2019), consisted of
Strombolian and lava fountain activity from several vents along the fracture (reaching a minimum altitude
of ∼2,400 m a.s.l. (above sea level)) and minor explosive activity from the summit craters (especially Bocca
Nuova, BN; New South-East Crater, NSEC; and North-East Crater, NEC). The eruption gave rise to a dense
ash-rich plume and lava flows on the Valle del Bove. From the first moments, the relatively medium-low
altitude of the effusive fracture prompted concerns for civil defense because of the hazards related to the
opening of distal eruptive fissures (Bonaccorso et al., 2015). The explosive activity decreased markedly dur-
ing the afternoon and ended during the night between 24 and 25 December, while the lava flows were fed
up to 27 December.

In this work, we show how an integrated geophysical approach, combining high-rate GPS data,
volcano-tectonic earthquakes, volcanic tremor, infrasound tremor, and infrasound events, allows tracking
the magma intrusion phenomenon over time and space with unprecedented resolution. Furthermore, by
exploiting the infrasound source modeling, we were able to provide information on the variations taking
place in the central plumbing system at the same time as the lateral eruption.

2. Materials and Methods
In order to track the magma migration during the intrusion phenomenon, as well as to reconstruct the
concomitant variations of the plumbing system feeding the central craters, video, GPS, volcano-tectonic
earthquakes, volcanic tremor, infrasound tremor, and events acquired from 08:00 to 24:00 (all times reported
here are Greenwich Mean Time) on 24 December 2018 were analyzed. To characterize infrasound-related
variations, infrasound data included a wider time interval (23–25 December).

Regarding video data, following Gaudin et al. (2017), images acquired by ENT thermal camera (Figure 1),
with sampling rate of 0.5 Hz, were used to show the temporal evolution of the maximum temperature in
each frame row (Figures 2a and 2b).
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Figure 1. Digital elevation model of Mount Etna showing the locations of the sensors used in this work. The inset in the left upper corner shows the digital
elevation model of the summit area (VOR, Voragine; BN, Bocca Nuova; NEC, North-East Crater; SEC, South-East Crater; NSEC, New South-East Crater; from
Neri et al., 2017).

As for deformation, we used time series of positions of 21 GPS stations processed by GIPSY/OASIS 6.4
(Zumberge et al., 1997) in kinematic mode with a 5-min rate. Displacements were computed as the differ-
ence between the observed position at each time step and the position at 08:00 (see, e.g., Figure 2c). The
dike was modeled with an Okada model (Okada, 1985), whose parameters were estimated by inverting the
cumulative displacement field for 24 December 2018 (Figures 3a and 3b and Table S1 in the supporting infor-
mation). To analyze the spatiotemporal evolution of the eruption, we patched the dike model (Figure 3b)
in a matrix of 6 × 6 cells (each one of ∼800 × 600 m in length × width). After solving for unit opening
Green's functions for each patch, in order to suppress unrealistic scattered solutions, we added a spatial
Laplacian and a second-order backward derivative (to preserve causal consistency) smoothing constraints
to the inverse problem design matrix (Jonsson, 2002; Montgomery-Brown et al., 2010, see Text S1 for more
details). The linear direct problem considered for the ground deformation source modeling is shown in the
following equation: [

d
0

]
=
[

G
ks∇2 + ktd2∕dt2

]
𝜃 + 𝜀 (1)

where d is the vector of cumulative displacements on time, 𝜃 is the vector of the unknown model param-
eters (i.e., the patches openings on time), G is the matrix of Green's functions, and 𝜀 are the remaining
errors. A nonnegative least squares inversion was used to solve for the dike-time-varying-opening model 𝜃
in equation (1).

The volcano-tectonic earthquakes were characterized by computing local magnitude (ML), hypocentral loca-
tion by the Hypoellipse (Hirn et al., 1991), and the 1-D velocity model (Hirn et al., 1991) and released
energy by using the equation of seismic power (Dibble, 1974) assuming a seismic velocity of 2,500 m/s,
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Figure 2. Time series from 08:00 to 24:00 on 24 December 2018. (a) Frames taken by ENT thermal camera.
(b) Time/height diagram showing the evolution of the maximum temperature in each row of the portion of the frame,
enclosed by the dashed rectangle in (a). The black arrow shows the downward migration of the eruptive vent along the
fracture. (c) Displacement of east-west component of ECPN (black line) and EINT (red line) GPS stations. The red and
gray areas show the band of error of the displacement. (d) Longitude, (e) latitude, and (f) altitude of the VT earthquake
locations with the error bars. The color of the dots depends on the magnitude (see colorbar in (d)). The blue line in
(f) indicates the variation in time of the cumulative seismic energy. (g) Longitude (red dots) and latitude (blue dots) of
the tremor source centroid, with the associated errors (orange and blue bands). (h) Altitude of the volcanic tremor
source centroid with the associated errors (gray band). (i) Seismic velocity reduced at 1 m from the volcanic tremor
source (black line) and infrasonic pressure reduced at 1 m from the infrasonic source (red line). The vertical black
dashed lines indicate the boundaries between the different phases represented in Figure 3.
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Figure 3. (a) Digital elevation model of Etna showing the locations of volcanic tremor centroids (red dots), infrasonic tremor and events (blue dots),
volcano-tectonic earthquakes (green dots), the crack modeled by GPS data (black thick line), and the eruptive fissure (gray thick line) during six time intervals
of 24 December 2018. (b) Section of Mount Etna along the dike direction showing the locations of volcanic tremor centroids (red dots), infrasonic tremor and
events (blue dots), volcano-tectonic earthquakes (green dots), and the dike aperture modeled by GPS data (smoothed color scale) during six time intervals of 24
December 2018. (c) Cumulative volume calculated from the dike aperture with the associated error band (in gray).

applied on the signal recorded by ESCV (Figures 1, 2d–2f, 3a, and 3b). This time series of cumulative seismic
energy shows sharp steps due to the earthquakes with the highest magnitudes, such as ML = 4.0 at 11:01,
ML = 4.3 at 16:50, and ML = 4 at 19:26 (Figure 2f). As for volcanic tremor, its dynamics was character-
ized by (Figures 2g–2i, 3a, and 3b): (i) source centroid locations, constrained by the grid search algorithm,
developed by Di Grazia et al. (2006) and based on the spatial distribution of seismic amplitudes at 17 broad-
band seismic stations with a sampling rate of 100 Hz (Figure 1); (ii) reduced seismic velocity at 1 m from the
source. Infrasound, recorded by eight microphones with flat response in 0.3–20,000 Hz and sampling rate
of 50 Hz (Figure 1), was characterized by the following (Figures 2i, 3a, 3b, 4a–4c, and S2): (i) normalized
spectrogram at EMFO station (Figure 1); (ii) source locations of both infrasound events and tremor by a grid
search method based on the brightness function for the events and semblance function for tremor (Cannata
et al., 2011, 2012); (iii) pressure reduced at 1 m from the source assumed to be at BN during 08:00–11:10, at
the eruptive fissure during 11:11–13:30, and again at BN during 13:30–24:00.

To show in an integrated way the representative data together with the model outcomes and to follow the
eruption dynamics, we edited an audiovisual available in the supporting information (Movie S1).

3. Results and Discussion
The period preceding the 24 December 2018 eruption was characterized by an almost constant rate of infla-
tion, which started with the end of paroxysm sequence during 2011–2016 and was occasionally interrupted
by episodic volcanic activities. We modeled the ground displacements measured by the GPS network during
this long inflation (i.e., 2016–2018) phase with a finite spherical source (McTigue, 1987), located at about
8.3 km b.s.l. (below sea level) with a volume change of about 40 · 106 m3 (see Table S1 for details).

On the morning of 24 December, a seismic swarm marked the beginning of a new eruption, characterized
by distinct phases (Figures 2-4). Starting from 8:30, the swarm of low-magnitude volcano-tectonic earth-
quakes accompanied the beginning of dike intrusion hitting the shallow base of the volcano at about 2 km
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Figure 4. (a) Normalized spectrogram of the infrasound recorded by EMFO station from 23 to 25 December 2018.
(b, c) Longitude and latitude of infrasonic tremor and events sources from 23 to 25 December 2018. (d) Length of the
resonating portion of the conduit feeding BN, assuming a conduit radius equal to 12 m and the acoustic speed in the
fluid into the conduit in the range 400–750 m/s. (e) Sketch of Mount Etna section showing the plumbing system
feeding BN. It is shown how a drop in magma level took place within the BN conduit due to the opening of the
eruptive fissure. Before and after in (a–d) indicate the two time intervals highlighted in (e).
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b.s.l. Less than 1 hr later (∼9:20), the summit GPS stations at the surface started to measure an appreciable
ground deformation pattern (Figure 2c). From the detection of the ground displacement and till 1 hr after
the beginning of the phenomenon (up to ∼10:00), the dike opening onset, inferred by GPS data, was esti-
mated to be confined in the same zone affected by volcano-tectonic earthquakes, between 0 and 2 km b.s.l.
with a predicted volume of 3 · 106 m3 (see Phase I in Figure 3c). The intrusion was also accompanied by
migration of the volcanic tremor source centroid, as well as by its amplitude variations (Figures 2g–2i). In
particular, up to ∼10:00 the tremor source centroid was located at very shallow depth below the BN-NSEC
area. Successively, at the same time as a gradual tremor amplitude increase, the centroid migrated at higher
depth (down to ∼1 km a.s.l.; see Phases II and III in Figures 2 and 3), suggesting the activation of a second
deeper and more energetic tremor source. The deepest locations of this source coincide with the shallow-
est part of the dike modeled by GPS data. From ∼10:00 to ∼10:50, at the same time as the activation of this
second tremor source, stronger displacements allowed us to infer the magma rising along the northwest
part of the crack reaching the top of the modeled crack (1.7 km a.s.l.; see Phase II in Figures 2 and 3). The
magma ascent velocity was estimated from the model at ∼2 km/hr, in agreement with literature estimate of
magma ascent rate (e.g., Rutherford, 2008; Petrelli et al., 2018). At ∼11:10, accordingly with the southeast-
ward migration of the tremor source centroid at shallower depth, a sharp opening in the uppermost part
of the dike indicated that the magma was approaching to the surface at summit crater latitude. The anal-
ysis of thermal images shows that the eruptive fissure opened at the eastern base of NSEC at 11:11, and
from 11:11 to ∼11:35 (see black arrow in Figure 2b) a downward propagation of the eruptive vents took
place in SSE direction (see Phase III in Figures 2 and 3). Such a first eruptive phase, characterized by the
most intense explosive activity, was accompanied by the climax in the amplitude of both volcanic tremor
and infrasound. As for the latter, at the same time as the opening of the eruptive fissure and the lava foun-
tain development, a sharp increase of the reduced pressure occurred (Figure 2i). This infrasonic signal was
located at the eruptive fissure (see Figures 3a, 3b, 4b, 4c, and S2 for details), and consisted of tremor and dis-
crete events. The end of this intrusion was marked by the depletion of the ground displacements at ∼12:00
and a subsequent decline in explosive activity from the fissure, as shown by the thermal camera in the
early afternoon (∼13:30; Figure 2b) together with the amplitude decrease in geophysical signals (volcanic
tremor and infrasound). In detail, at ∼13:30 together with the gradual decrease of volcanic tremor ampli-
tude, the reduced pressure showed a slight decrease, and a few minutes later a further increase (Figure 2i),
which was not related to the volcanic activity at the eruptive fissure, but rather to the low-frequency infra-
sonic tremor from BN (see Phases IV and V in Figures 2i, 3a, 3b, and 4a–4c). At ∼14:30, the volcanic tremor
source centroid migrated northwestward and was located again at shallow depth below the BN-NSEC area
(see Phase IV in Figures 2 and 3). This suggests the weakening of volcanic tremor source related to the dike
propagation and activity, that became gradually secondary, in terms of amplitude, with respect to the source
located in the summit crater area. Starting from ∼15:00, a number of low-magnitude earthquakes resumed
striking the southern sector of Etna edifice, and in particular the upper southern rim of Valle del Bove (see
Figure 1). In the meantime, the eruption continued with a mild and steady effusive activity from different
vents along the eruptive fissure till ∼16:00 when seismic and geodetic measurements indicated a further
pulse of intrusion. Indeed, at that time, the swarm of volcano-tectonic earthquakes intensified in numbers
and released energy (Figure 2f), and relevant displacements were measured by the GPS stations located in
the southern sector of the volcano (Figure 2c). The space-time modeling explained this deformation pattern
with a southward propagation of the dike. The crack propagated to the SSE at a depth between ∼0 and 1 km
b.s.l., in good agreement with the volcano-tectonic earthquake locations (see Phase V in Figures 3a and 3b).
This dike propagation, taking place in the afternoon and highlighted by deformation and volcano-tectonic
earthquake data, can be explained as an impairment of the southern and lower-altitude part of the volcano,
already heavily stressed during the first intrusion. A sudden drop in the amplitude of volcanic tremor and
infrasonic signals was recorded at ∼20:45 (see Figure 2i Phases V–VI) when the maximum opening part of
the dike finally moved southward, while the southward dike propagation waned only at ∼22:00 and ceased
the following day. It is worth noting that the measured seismic energy release, in agreement with the other
data, outlined the two key phases: the shallow dike emplacement between 10:00 and 12:00 (see Phase III in
Figure 2f) and the beginning of dike propagation from 16:00 (see Phase V in Figure 2f).

The total intruded volume has been estimated from the modeled dike aperture at ∼14 · 106 m3 (Figure 3c).
Although ground cracking was quite extensive, only a small volume of material was erupted. Most of this vol-
ume did not extrude as testified by preliminary observations, suggesting a total erupted volume of∼1 · 106 m3
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(Laiolo et al., 2019). The low efficiency of the volcano in releasing the stored volumes is notable: from an
estimated recharged volume of 40 · 106 m3 only 35% (i.e., 14 · 106 m3) of it was able to intrude, and even only
7% (i.e., 1 · 106 m3) of the intruded volume reached the surface during this eruption.

The analysis of infrasound indicates that the dike intrusion affected the dynamics of the central plumbing
system. The spectrogram of infrasound (Figure 4a) indicates a continuous volcanic infrasonic tremor during
the considered time interval. As shown by the infrasonic locations (Figures 3a, 3b, 4b, 4c, and S2b), during
the explosive activity (i.e. ∼11:11–13:00), the tremor, with most energy between 0.5 and 2.0 Hz, was gen-
erated by the eruptive fracture, while before and after was emitted by BN. The spectral content of the BN
tremor changed before and after the explosive phase: indeed, it had a frequency content of ∼ 0.64 Hz before
the eruption and ∼ 0.34 Hz on average right after (Figure 4a). In particular, at around 21:00 and for about
12 hr, it reached the minimum frequency of 0.3 Hz. The energy radiated at frequencies <0.3 Hz before the
eruption onset was not related to volcano activity but to both microbarom and wind noise. Infrasound radi-
ation from BN during 24 December mainly consisted of discrete events and low-frequency tremor, which
was characterized by high reduced pressure up to ∼20:45 (Figure 2i).

The monochromatic signature of this infrasonic tremor emitted by BN before and after the eruption suggests
mechanisms involving the resonance of portions of plumbing system, conduit and/or vent. Furthermore, the
fact that this signal persisted, with the same frequency content, during different kinds of degassing/explosive
phenomena at the vent are other factors supporting a path effect rather than a strictly source-related cause.
Such a type of resonance-related generation mechanism of infrasound has been evoked by several authors
to explain infrasonic emission from volcanoes (e.g., Kilauea: Fee et al., 2010; Villarica: Johnson et al., 2018;
Etna: Spina et al., 2014; Cotopaxi: Johnson et al., 2018; Aso: Yokoo et al., 2019). In the light of these resonance
models, changes in the plumbing systems were inferred based on the temporal variations of the infrasonic
frequencies (Etna, Sciotto et al., 2013; Spina et al., 2014; Villarrica, Richardson et al., 2014; Johnson et al.,
2018). In the case of the 24 December 2018 Etna eruption, the decrease of the peak frequency of the infrasonic
tremor from ∼0.64 to ∼0.34 Hz can be interpreted as resulting from an increase in the resonator dimension.
We assume that the pipe-like resonator is the portion of the conduit, filled with a gas mixture and comprised
between the free magma surface (closed termination) and the crater rim (open termination). To avoid the
increase of unknown resonator parameters, we assumed a simple cylindrical geometry of the conduit. To
model the length of the resonating portion of the conduit (L), we applied the following equation (e.g., Kinsler,
2000; Johnson et al., 2018):

Leff = L + 8
3𝜋

a =
ci

4𝑓p
(2)

where Leff is the effective pipe length, function of both conduit length (L) and radius (a), ci is the acoustic
speed in the fluid into the conduit, and fp is the fundamental resonance frequency. The radius of the conduit
was considered in the range 4–20 m (Rymer et al., 1995; Vergniolle & Ripepe, 2008). The acoustic speed in a
fluid is given by the root square of the heat capacity ratio (𝛾), the gas constant (R), and the temperature (T)
of the fluid. To constrain the acoustic speed into the conduit, we used chemical compositions of gas emitted
by central craters (La Spina et al., 2010) and applied the ideal mixing theory (Morrissey & Chouet, 2001).
The obtained speed values, considering T equal to 300, 800, and 1200 K, and R and 𝛾 values for each gas
species (Morrissey & Chouet, 2001; Serway & Jewett, 2005), range between 400 and 750 m/s. Considering
an average value of the acoustic speed (575 m/s), the increase of the resonator length after the eruption
was ∼200 m (Figure S1) with an uncertainty of about 10 m, associated with the conduit radius. Likewise,
the magma-free level inside the conduit of BN crater deepened from about 215 to 415 m below the crater
rim (for a 12-m conduit radius). Such a variation, suggesting a drop in the magma level inside the central
plumbing system, is consistent with the opening of the eruptive fissure at low altitude and the consequent
effective magma drainage (see Figure 4e). This is also a further evidence of the link between the eruptive
fissure and the central plumbing system. A similar drop in magma level in the central plumbing system, due
to the hydraulic connection with a lateral vent/fissure, was observed at Mount Etna during the 2008–2009
eruption (Spina et al., 2014). Furthermore, at Kilauea Patrick et al. (2019) showed how during the 2010–2011
fissure opening, events at the East Rift Zone regulated summit activity at distances of 20 km. If we consider
an altitude of the inner part of BN of 3,200 m a.s.l. (Neri et al., 2017), the altitude of the magma-free level
inside the BN conduit should be 2,800 m a.s.l. after the eruption onset, higher than the eruptive vents along
the fracture (minimum altitude of∼2,400 m a.s.l.). Following Patrick et al. (2019), such an altitude difference
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could be related to either the lower density of the magma in the central plumbing system (due to greater
gas content) or to the incomplete summit draining, taking time to reach equilibrium. Another evidence of
volcano summit-flank pairing, even if at shallower depth, has recently been provided by Ripepe et al. (2015)
on Stromboli flank eruptions/plumbing system.

From the spatiotemporal modeling, since the dike ascent propagated vertically decentralized from the cen-
tral craters at a depth of 2 km b.s.l. (Figure 3b), the interaction between the central plumbing system and
dike intrusion had to happen at least at a depth equal or higher than 2 km b.s.l., consistent with the common
magma deflation sources feeding the central craters located below 4 km b.s.l. (Aloisi et al., 2018). An upward
migration/intrusion of magma along a NNW-SSE structural trend was also inferred for the 1991–1993, 2001,
and 2002–2003 lateral eruptions (Alparone et al., 2012, and references therein) and the 13 May 2008 eruption
(Aloisi et al., 2009).

It is worth noting that most of the considered geophysical signals measured deviations from their normal
values up to 2.5 hr before the opening of the fissure at the surface (Figure 2). This confirms the reliabil-
ity of the volcano monitoring tools in sensing the changing volcanic status. The volcanic tremor centroid
changed its position right after the first earthquakes that likely opened a path for the dike ascent. This was
confirmed 1 hr later not only by a deepening of its location but also by the ground deformation data which,
increasing their signal-to-noise ratio, showed a clear intrusive pattern. The inversion of deformation data
in accordance with the earthquake and volcanic tremor locations clearly defined in time the dike geometry
and position even before the evidence of the eruptive fractures. The information coming from the different
kinds of geophysical data are complementary though partially overlapped: GPS and volcano-tectonic earth-
quakes permitted tracking the dike intrusion from depth up to the volcano surface; volcanic tremor allowed
identifying and locating the shallowest part of the intruding dike; infrasound tracked the explosive activity,
in terms of explosivity and eruptive vent locations.

4. Conclusions
On 24 December 2018, an eruption, accompanied by one of the most intense ground deformation and
volcano-tectonic activity since 2002, took place at Mount Etna. The main findings of the multiparametric
investigation of the very first day of the eruption are as follows: (i) It has been possible to track the dike
intrusion from its early stage at depths of ∼2 km b.s.l. and during its propagation; (ii) Geophysical data have
allowed us to constrain the location and geometry of the dike and its dynamical parameters. Indeed, we cal-
culated a magma ascent rate of ∼2 km/hr, a minimum intruded volume of ∼14 · 106 m3. We have shown
that, despite the significant seismic and geodetic energy released, the efficiency of this eruption in terms of
ratio between erupted and intruded volumes of magma is quite low; (iii) Thanks to the infrasound data, it
has been possible to detect and quantify the interaction between the dike and the central plumbing system,
and, by the geodetic modeling, to constrain the likely depth of this interaction between 2 and 4 km b.s.l.

The joint analysis of all the considered kinds of data and their interpretation through models has allowed us
to image the spatiotemporal dynamics of the intrusion leading to the eruption with unprecedented detail.
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