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ABSTRACT
Rising magma, dike intrusions, and flank collapse are observed at many volcanoes world-

wide, but how they interact is still poorly documented. Extensive synthetic aperture radar 
interferometry and continuous global positioning system observations captured a sharp dike 
intrusion at Mount Etna, Italy, during the 2018 paroxysm that triggered a vigorous seaward 
sliding of the eastern flank connected with brittle failure and deep magmatic resourcing. We 
propose a feedback process between flank acceleration and magma intrusion that derives 
from the interaction between the long- and short-term deformation of the volcano. The flank 
sliding acts as a valve that modulates the emplacement and eruption of magma within the 
shallow system. Rapid flank acceleration could potentially evolve into sudden collapses and 
seismic release at shallow depth. In turn, flank slip events could act as a sentinel for changes 
in magma depth and paroxysmal eruptions at Mount Etna.

INTRODUCTION
The pressurization of magmatic bodies and 

intrusions through the shallow crust influence 
the local stress state, promoting fault slip and 
movements of unstable volcano flanks (Savage 
and Clark, 1982; Sigmundsson et al., 1997; 
Cayol et  al., 2000; Hill et  al., 2002; Walter 
et al., 2005). Mechanisms of dike propagation 
and interaction with preexisting structures are 
highly debated (Rubin, 1995; Valentine and 
Krogh, 2006; Acocella and Neri, 2009; Macca-
ferri et al., 2015; Rivalta et al., 2015), because 
they might influence the magma emplacement 
and flank instability, as inferred for Krakatau 
(Indonesia; Deplus et al., 1995), Kilauea (Ha-
waii, USA; Neal et al., 2019), Stromboli (Italy; 
Tibaldi et al., 2003), and Mount Etna (Italy; 
Tibaldi and Groppelli, 2002; Carbone et al., 
2009; Urlaub et al., 2018).

The vivid dynamics of Mount Etna enable 
evolutionary processes to be captured within rel-
atively short time periods, providing key infor-
mation and lessons for other volcanoes world-
wide. Large-scale seaward motion of the eastern 
flank of Mount Etna has been documented since 

the early 1990s (Borgia et al., 1992; Branca and 
Ferrara, 2013; Urlaub et al., 2018), as well as 
the interaction between the flank motion and 
eruptions (e.g., Acocella et al., 2003; Walter 
et al., 2005).

During the few days of the December 2018 
paroxysm, we observed (1) the intrusion of a 
dike on 24 December (see Figs. 1A–1C); (2) 
a large shallow earthquake on 26 December 
(Mw 4.9; Figs. 1C and 1D) along the Fiandaca 
fault, an arcuate fault running on the eastern 
flank of the volcano (Azzaro et al., 2013); (3) 
lava emission from the eruptive fractures in the 
upper eastern sector of the volcano between 24 
and 27 December; and (4) post-event accelera-
tion of flank sliding coupled with pressurization 
of a deep reservoir.

Using a large data set, including continuous 
global positioning system (CGPS) and synthetic 
aperture radar interferometry (InSAR) data, we 
set constraints on the processes leading to the 
dike intrusion and to the earthquake. We also 
present the first continuous measurement of 
the flank acceleration following an intrusion, 
as captured by CGPS and multitemporal In-

SAR time series. Finally, we integrated defor-
mation source models deduced from the Cou-
lomb failure function (CFF) and tomographic 
models (Giampiccolo et al., 2020) to obtain a 
comprehensive view of the volcano’s dynamic 
processes.

DATA AND METHODS
CGPS observations collected during the 1 

December 2018–28 June 2019 time span were 
analyzed using the GAMIT/GLOBK software 
(http://geoweb.mit.edu/gg/; Herring et  al., 
2018); daily time series and displacements 
(Figs. 1E and 1F) were referred to a local ref-
erence frame (Palano et al., 2017). In order to 
constrain the temporal evolution of the events, 
we computed the high-rate solutions of select-
ed CGPS stations using the TRACK software 
(http://geoweb.mit.edu/gg/; Herring et al., 2018; 
see the Supplemental Material1).

Using Sarscape software (http://www.
sarmap.ch/wp/index.php/software/sarscape/), 
we processed a SAR data set consisting of two 
C-band Sentinel-1 (European Space Agency) 
pairs, in ascending and descending geometry 
(22–28 December; Figs. 2A and 2B), and a de-
scending L-band ALOS-2 (Japan Aerospace Ex-
ploration Agency) pair (18 December–29 Janu-
ary; Fig. 2C). Corresponding displacement maps 
are shown in Figures 2D, 2E, and 2F. To cap-
ture the post-event deformation (Fig. 3), we pro-
cessed 29 descending (December 2018 through 
June 2019) and 29 ascending (January 2019 
through June 2019) SAR Sentinel-1 images us-
ing the small baseline subset (SBAS) approach 
(Berardino et al., 2002). We applied multilook-
ing factors of 6 and 23 for the azimuth and range 
directions to obtain a ground resolution of 90 m. 

1Supplemental Material. Description of the volcanic and seismic activity at Mount Etna, and details on the data processing and models. Please visit https://doi​
.org/10.1130/XXXXX to access the supplemental material, and contact editing@geosociety.org with any questions.
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Double filtering in space and time (high and low 
band-pass) was applied to remove atmospheric 
artifacts. For both single-pair and multitemporal 
SAR processing, we used the 30-m-resolution 
Shuttle Radar Topography Mission digital eleva-
tion model for the topography subtraction step.

CGPS and SAR data sets were jointly in-
verted to obtain the dike opening and fault slip 
models, while we used CGPS measurements to 
invert the short-term dike evolution and the post-
intrusion inflation pattern.

The joint inversion was performed using 
Okada’s (1985) formalism for the dike and fault 
sources, after separating their relative contribu-
tions to the ground deformation. We adopted 
a two-step approach (Atzori et al., 2009) con-
sisting of a nonlinear inversion for the location, 
dimension, and orientation of a homogeneous 
dike opening, followed by a linear inversion 
for the opening distribution along the plane. 
Nonlinear-inversion parameter uncertainties 
and trade-offs show how positions and orienta-
tion are well constrained, with an opening dis-

tribution uncertainty <4.3 cm and a resolution 
varying from 250 m at the surface to 1.3 km at 
depths >3 km below sea level (bsl). To model the 
fault slip, we directly performed a linear inver-
sion, constraining the fault geometry and rake 
from interferogram fringe patterns and the focal 
mechanism (Fig. 2).

The evolution of the intrusive event was 
modeled by performing day-by-day inversions 
of CGPS displacements (Fig. 4B), keeping the 
previously defined dike geometry fixed. We 
also modeled the post-event ground deforma-
tion (Fig. 3A), adopting the Yang et al. (1988) 
formalism.

In order to investigate how the dike opening 
affected faults and flank sliding, we estimated 
the static stress changes through the CFF ap-
proach. We set the dike opening distribution as 
the stress source, whereas the Fiandaca fault and 
the detachment plane, on which the Fiandaca 
fault soles, were the receivers. The detachment 
was assumed to be located at the volcanic-sed-
imentary interface (Palano, 2016) with the ge-

ometry constrained by the isovelocity surface in 
tomographic models (Giampiccolo et al., 2020), 
in agreement with geologic data (Branca and 
Ferrara, 2013) and the shallow slip observed on 
the Fiandaca fault.

Additional details on modeling methods and 
parameter uncertainties are given in the Supple-
mental Material.

RESULTS
Co-event CGPS and InSAR ground deforma-

tion patterns (Figs. 2D, 2E, and 2F) were domi-
nated by a roughly 1 m ENE-WSW–oriented 
widening of the volcano. After the 24 December 
intrusion, the northern portion of the flank began 
to creep, while the southern portion remained 
locked until the Mw 4.9 strike-slip earthquake 
on 26 December (Figs. 1C and 3D). CGPS and 
InSAR data coherently detected a post-event 
acceleration of the eastern flank, speeding up 
to 15 cm/yr (Fig. 3) from the average rate of 
3.3–6.1 cm/yr (Palano, 2016). Aseismic creep 
occurs along a detachment surface and a set 
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Figure 1.  Map of Mount Etna, Italy, showing December 2018 eruption. (A) Horizontal observed (red) and modeled (yellow) ground deformations 
covering the 22–28 December 2018 period. Seismicity and M 4.9 earthquake focal mechanism (http://cnt.rm.ingv.it/event/21285011#) are plot-
ted. Green dotted line marks boundary of the unstable flank (FF—Fiandaca fault; PF—Pernicana fault). Red and blue lines indicate baselines 
reported in C. (B) Vertical observed (red) and modeled (yellow) ground deformations covering same period. Inset shows Mount Etna summit 
area with eruptive fracture field (blue lines) opened on 24 December, and emitted lava. NEC—North-East crater; VOR—Voragine; BN—Bocca 
Nuova; SEC—South-East crater, NSEC—New South-East crater. (C) High-rate baseline length variations for selected couples of continuous 
global positioning system (CGPS) stations located close to the summit area (blue) and across the Fiandaca fault (red).
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of edge faults (e.g., the Pernicana to the north 
and the Fiandaca to the south). In addition, the 
post-event ground deformation pattern identi-
fied a near-radial inflation (Fig. 3A; Table S1 
in the Supplemental Material) that summed up 
to the long-term steady inflation of the volcano 
(Fig. 3C).

The main observed deformation is consis-
tent with the opening of a NNW-SSE–oriented, 
68°E-dipping dike with a tensile component up 
to ∼3 m in its upper portion (from 1000 m above 
sea level [asl] to the top; Fig. 4A). The short-
term evolution during the period 23–28 Decem-

ber highlights a progressive downdip opening 
of the dike (from z > 1800 m asl on 23–24 De-
cember to z < 1800 m on 24–25 and 25–28 De-
cember; see Fig. 4).

The fault model consists of an arcuate four-
segment fault with a maximum slip of ∼1 m 
confined within the upper 2 km of the fault 
(Fig. 4A), suggesting that flank sliding is accom-
modated by shallow faults at the edges, which 
sole into the detachment plane.

The post-intrusion deformation is consistent 
with the inflation of a magmatic reservoir lo-
cated at a depth of 6.5 km bsl beneath the sum-

mit area, showing a positive volume variation 
of 15.7 × 106 m3 (see Fig. 3).

Results of CFF analysis showed a maxi-
mum stress increase of 0.16 MPa on the fault 
induced by the dike opening and a maximum 
of ∼100 MPa on the upper portion of the de-
tachment plane (Fig. 4C). We also evaluated 
how the sliding of the flank interacted with the 
dike intrusion, calculating the pressure varia-
tion along a vertical profile beneath the sum-
mit area caused by the long-term sliding and 
by the post-intrusion acceleration. Assuming a 
rigid, steady movement of the collapsing block 
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Figure 2.  (A–B) Sentinel-1 (European Space Agency) ascending (A) and descending (B) interferograms covering 22–28 December 2018 period. 
(C) ALOS-2 (Japan Aerospace Exploration Agency) descending interferogram, spanning 18 December 2018 to 29 January 2019. (D–F) Corre-
sponding subsampled displacement maps. (G–I) Modeled displacement maps for three data sets. (J–L) Residuals for three data sets. Blue 
colors (positive values) are approaching sensor; green colors (negative displacements) are moving away along satellite lines of sight (LOS), 
sketched as black arrows orthogonal to flight paths. Red box and segments represent surface dike projection and fault trace, respectively. 
Black triangles are continuous global positioning system (CGPS) benchmarks.
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at 4.5 cm/yr, we inferred a pressure decrease of 
∼1 MPa/yr in the upper portion of the volcano, 
1.4 km from the top (Fig. 4D). Considering a 
post-intrusion acceleration up to 15 cm/yr veloc-
ity, we obtained a similar pattern but with values 
up to 3 MPa/yr (profiles in Fig. 4D).

DISCUSSION AND CONCLUSIONS
Previous models of the 2018 intrusive event, 

constrained by the Sentinel-1 SAR pairs, consist 
of a vertically linked, three-source asset, with two 
dikes and a deep deflation (Bonforte et al., 2019) 
or a double-source system with partially overlap-

ping dikes (De Novellis et al., 2019). Our model 
results in a simplified dike geometry, but it cap-
tures all the key features and the evolution of the 
intrusion. The day-by-day opening distribution 
along the dike (Fig. 4B) suggests that the erup-
tion was initially fed by magma stored at shallow 
levels, and later by deeper magma. The model 
predicts an uplift in the volcano summit area that 
was not seen by CGPS stations; this discrepancy 
may be due to a lack of compensation between 
the lava withdrawal by the eruption and deeper 
magma supply or, more likely, to an oversimpli-
fication of the elastic medium in modeling.

The dike intrusion yielded a dramatic stress 
increase on the detachment plane, promoting the 
flank sliding acceleration (up to 15 cm/yr) and the 
occasional brittle failure on faults at the collapse 
edge. In turn, the flank sliding favored the remo-
bilization of magma residing at shallow depth and 
the cessation of the eruption for the sudden de-
pressurization at the dike top, like a one-way valve 
(Figs. 4C and 4D, step 2). The shallow dike em-
placement and eruption were followed by a deeper 
intrusion below the detachment surface (Fig. 4B), 
coupled with a deep re-filling of the system and 
the acceleration of flank sliding (Fig. 4D).
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We hypothesize that magma ascent is favored 
by weak zones within the sedimentary basement, 
identified by a sharp E-dipping scarp in tomo-
graphic models, lying in vertical continuity with 
the modeled dike. The 2018 dike is part of a set 
of coalescing structures, which form the shal-
low rifting system involved in recent eruptions 
(e.g., 1997, 2001, 2002–2003, and 2008; Aloisi 
et al., 2009; Palano et al., 2017). During the 
2002–2003 eruption, seismicity developed along 
the south and the northeast rift zones, herald-
ing the dike intrusions and eruption, coupled 
with a sudden sliding of the northern sector of 
the flank and the occurrence of three M > 4.2 
shallow earthquakes at its southern edge (e.g., 
Barberi et al., 2004).

The interaction between gravitational phe-
nomena and rising magma, potentially chan-
neled through preexisting weak zones, controls 
the stratovolcano construction, evolution, and 

dynamics. Previous models hypothesized that 
the eastern flank collapse is driven by magma 
pushing along the central conduits that mobi-
lize a deep E-verging thrust fault (Walter et al., 
2005). Conversely, in our model, the push of 
the rising magma acts on a shallow E-dipping 
detachment located at the volcano-sedimentary 
interface. This shallow depth of the detachment 
is consistent with the very surficial slip observed 
on the edge faults (like the Fiandaca fault) and 
the modeling of GPS data (Palano, 2016). While 
a long-term steady sliding induces a progres-
sive depressurization (1 MPa/yr) of the shallow 
system, occasional post-eruptive flank sliding 
accelerations are linked to deep magma pres-
surization. Repetition over time of this process 
produces a long-term instability of the flank that 
acts as a valve in remobilizing shallow magma, 
but an abrupt catastrophic collapse of the flank 
might be coupled with fast ascent of deep mag-

ma, leading to paroxysmal eruptions. Comple-
mentary, abrupt accelerations of flank sliding 
could be considered a sentinel for post-event 
deep resourcing of the magma reservoir. In any 
case, such powerful data sets still do not allow 
short transient signals (hours to days) related 
to magma pushing to be captured, nor related 
to deep repressurization and transit of magma 
from the mantle source.

Large data sets from Mount Etna highlight 
processes occurring over different temporal and 
spatial scales, thus providing knowledge that can 
be used to study other volcanoes. Interactions 
among flank slip events, changes in the depth 
of magma, and eruption frequency appear to 
be episodic also at Kilauea, as documented by 
the 2018 lower East Rift Zone eruption (Neal 
et al., 2019). In that particular case, continued 
withdrawal of magma resulted in the collapse 
of the volcano edifice, channeled by preexisting 
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crustal weaknesses, including the caldera ring-
fault system (Anderson et al., 2019). The open 
question of whether the reduction of summit 
magma pressure due to flank sliding could pro-
mote a new magma supply from depth seems to 
be confirmed in the case of Mount Etna.
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