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Abstract we analyze Global Navigation Satellite System (GNSS) and tilt data from the permanent
monitoring networks of Etna volcano starting just after the 24 December 2018 eruption to an unusual
two-month period of deflation in February—March, 2021, which coincided with the occurrence of 17 lava
fountain episodes. Based on changes in slope in the GNSS displacement time series, we divide the period
starting 7 months after the eruption into five phases, spanning the continued inflation of the edifice punctuated
by short periods of effusive and strombolian activity (four phases) and a 2-month phase of intensive deflation.
Our model indicates a progressive deepening of the internal pressure sources followed by a fast ascending
source starting two-months before the first 2021 paroxysms. We explain these results in light of a recent
volcanological model on the nature and behavior of magma ascending through the Etnean feeding system.

Plain Language Summary On 16 February 2021, an eruptive phase characterized by 17 paroxysms
from the Southeast Crater began at Etna volcano, producing km-high volcanic plumes and large tephra fallouts,
causing hazard to air traffic and impacting inhabited areas. The paroxysms caused the most intense deflation

of the volcanic edifice in the last two decades. We model both the inflation phases preceding the paroxysms
and the period of deflation to investigate the internal pressure sources. Data suggest that the volcanic pressure
source deepens progressively, during the recharging phases, and ascends only 2 months before the start of the
paroxysms. A complex interaction between the high amounts of volatile elements dissolved in the molten rock
and the arrival of new melt intrusions from depth allowed us to explain this singular behavior.

1. Introduction

From 16 February to the end of March 2021, the eruptive activity of Etna volcano (Italy) was characterized by
a sequence of 17 lava fountain episodes from the South East Crater (SEC), which produced one of the most
intense deflations (Figure 1) observed over the past two decades (e.g., Aloisi, Mattia, Ferlito, et al., 2011; Bruno
etal., 2012; Bruno et al., 2016) and involved the entire volcanic edifice. All the lava fountains had similar charac-
teristics. They started with strombolian activity that rapidly increased and shifted to lava fountains in a few hours.
The paroxysmal phases were accompanied by lava flows and copious tephra emissions. The eruption columns
rose several kilometers above the summit area, producing the fall of ash and lapilli in the urbanized areas around
the volcano. The tephra fallout caused major problems to infrastructure and considerable hazard for aviation, with
temporary closures of the Catania International Airport.

In this paper, we analyze the ground deformations preceding and accompanying the 17 lava fountains using
Global Navigation Satellite System (GNSS) and tilt data. We start our analysis seven months after the end of the
24 December 2018 eruption (Mattia et al., 2020), that induced an exceptionally large southeastward displacement
of the eastern flank of the volcano and the reactivation of its tectonic structures (Monaco et al., 2021). The GNSS
southeastward velocities of the unstable eastern flank increased drastically to values of about 300 mm/yr soon
after the intrusion (Mattia et al., 2020), compared to values of about 30 mm/yr over the preeruptive period.

After the December 2018 eruption, the volcanic edifice started a new period of continued inflation that was
measured by the GNSS monitoring network (Figure 1a). The inflation was briefly interrupted during May—June
2019, July 2019, December 2019, April-May 2020 and December 2020. In particular, between 30 May and 5
June 2019, effusive activity was observed at the New SEC (NSEC, see inset in Figure 1b). In the course of July
2019, NSEC was characterized by effusive and strong strombolian activities. During December 2019, strong
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strombolian activity occurred at SEC, NSEC and Voragine Crater. On 19 April 2020, a modest lava fountain
episode was observed at NSEC together with strong strombolian activity between April and May 2020. Moreover,
from November 2020, strombolian activity restarted at the SEC with intensity and frequency varying over time,
until December 2020, when two paroxysmal episodes occurred on 13 and 21 December. From the end of 2020,
the two craters NSEC and SEC were morpho-structurally indistinguishable and hereinafter we will assign to them
the acronym SEC. From January 2021, sustained strombolian activity at SEC continued until 16 February when
a rhythmic sequence of 17 paroxysms began.

We model the different pressure sources that produced the measured deformations on Etna volcano between
2019 and 2021. We discuss the progressive deepening of the internal pressure sources followed by a fast ascend-
ing source starting two-months before the first 2021 paroxysms with reference to a recent model published by
Ferlito (2018) on the nature and behavior of magma rising through the Etnean feeding system.

2. Methods

Data from GNSS and tilt permanent networks (see Text S1 in the Supporting Information S1 for network descrip-
tions and data processing) were used together to investigate medium and short-term pressure sources at different
spatial scales. GNSS has a homogeneous coverage over the volcanic edifice, enabling it to detect the medi-
um-term inflation/deflation phases. The tilt network, on the other hand, can detect the effect of small and short-
term phenomena such as the lava fountains with a greater precision. We modeled the GNSS ground deformation
patterns for each different phase preceding the February—March 2021 paroxysms. Velocity fields (Figures 2a—2e)
show how ground deformations evolved in the different sectors of Mt. Etna, driven by the pressure sources that
we modeled (Figure 3). Moreover, the deflation occurring during the 17 paroxysms (Figure 2e) was modeled
using both GNSS and tilt data. Finally, the first lava fountain of the eruptive cycle (Figure 2f) was modeled using
exclusively tilt data.

3. Data Analysis and Modeling
3.1. GNSS Data

After the end of the December 2018 eruption, we observed an overall trend of inflation at the volcano edifice,
evidenced by a positive trend in the areal variation of a triangle of the three GNSS stations, EINT-EMEG-EDAM
(Figure 1c). It was interrupted by brief periods of areal contractions, closely correlated with episodic eruptive
activity at the summit craters. We started our analysis from the second half of 2019 because a strong eastern flank
sliding, begun during the December 2018 eruption (Mattia et al., 2020), was still ongoing during the first half
of 2019. Subsequently, from August 2019, we identified five sub-intervals (Figures 1c and 1d). In particular, the
time series follow a near-linear trend, interrupted by five changes in slope, as evidenced in Figure 1d, in which the
radial components to the summit craters of the stations set on different flanks of the volcano are shown. During
time periods characterized by a near-linear trend, we can infer that a stationary pressure source is active. There-
fore, we can describe the analyzed period through five temporal sub-intervals, considering them as “snapshots”
that represent the kinematic time evolution of the plumbing system before and during the 2021 eruptive activity.
The first four phases of inflation preceded the February—March 2021 paroxysms (Figures 2a—2d). The fifth phase
was the intense deflation recorded during the paroxysms (Figure 2e). The first inflation phase (01 August-31
December 2019) was characterized by a radial deformation pattern which was still strongly influenced by the
instability of the eastern flank of Mt. Etna, induced by the December 2018 eruption (Figure 2a). The second
phase (01 January—31 July 2020) was characterized by a general decrease in velocities (Figure 2b). The velocity
pattern was not radial. Indeed, the velocities of summit GNSS stations (EPDN, ECNE, EPLU and ECPN) were all
southeastern oriented and the vector of ECPN rotated counterclockwise with respect to the first phase, suggesting
a westward shift of the inflating source. In the third phase (01 August—24 November 2020) the velocities of all the
GNSS stations started increasing in the radial direction (Figure 2¢). The fourth period (12 January—15 February
2021) was the last phase of the inflation that preceded the beginning of lava fountains. It was characterized by
a significant increase of velocities (Figure 2d) although, due to the shortness of this analyzed temporal interval,
the GNSS velocities have large uncertainties that make them suitable only for qualitative analysis. Finally, the
fifth phase (16 February—24 March 2021) was characterized by an unusual deflation pattern involving the entire
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Figure 1.
volcanic edifice including the eastern flank, that is usually affected by a near continuous southeastward sliding
toward the sea (e.g., Aloisi, Mattia, Monaco, & Pulvirenti, 2011; Bruno et al., 2012; Bruno et al., 2017; Mattia
et al., 2015). We also show the measured displacements path for the five phases in Figure S1 in the Supporting
Information S1. It evidences the major changes in directions during the second phase, particularly in the summit
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area, and the continuous southeastward displacements in the eastern flank. Furthermore, it highlights how the
deflation phase is quite pronounced.

3.2. Tilt Data

During each paroxysm, the tilt stations recorded signal variations characterized by sharp increases, with changes
no higher than 1.0 prad, except for ECP station, positioned close to SEC, that showed larger amplitudes (2-3 prad)
(Figure 1b). Signals were very similar for each episode (Figure 1b). Tilt trends changed starting from the first
episode (16 February 2021), evidencing a general lowering toward the summit area and suggesting a deflation
phase that ended with the fifteenth paroxysm (19 March 2021). The last two fountains started and ended gradu-
ally, recording smaller variations with respect to previous episodes.

3.3. Modeling

We modeled the five subphases and the 16 February 2021 lava fountain by an analytical inversion of GNSS and
tilt data using the software developed by Cannavo (2019). For the inflation phases (Figures 2a—2d), we did not
use the GNSS stations located on the eastern flank of the volcano because it is affected by an almost constant
ESE-ward motion whose origin is still controversial and not directly related to the magmatic process of uprising
(e.g., Aloisi, Mattia, Monaco, & Pulvirenti, 2011; Mattia et al., 2015). The first and the second phase were char-
acterized by a non-uniform deformation pattern, probably due to a combined action of a magmatic source and
secondary dislocations along tectonic structures. We imaged the two phases using an arbitrarily oriented, finite,
prolate and spheroidal cavity (Yang et al., 1988). Regarding the radial deformation pattern characterizing the third
and fifth phases, we used the spherical source model of McTigue (1987). We verified that the McTigue (1987)
source is sufficient to obtain a good fit for the fourth phase, although we consider this phase more qualitative due
to the high errors of the velocity field. We maintain that vertical variations for the first four phases were affected
by local effects or by dislocations along not well-known seismic structures and, therefore, not easily modeled. In
particular, their magnitude was lower than the recording uncertainty (about 0.01 m; Aloisi et al., 2003; Bonac-
corso et al., 2002). Furthermore, the stations located near seismic structures showed negative vertical variations
during the inflation. Exclusively during the deflation phase, vertical variations were greater than the uncertainty
of measurement and showed negative values (Figure S2 in the Supporting Information S1). Final optimal solu-
tions for each phase are reported in Figure 3 and Table 1.

4. Results and Discussion

A key issue on active volcanoes is the evolution of the magma pressure sources over time. In this manuscript,
we analyze ground deformations data that cover a period longer than two years, from 2019 to 2021. An inflation
of the volcanic edifice is clearly noticeable until the first half of February 2021. It produced an areal dilatation
of about 20 ppm at an intermediate altitude triangle (Figure 1c). Such an inflation, associated with an over-
pressure occurring within the magmatic feeding system, is traditionally interpreted as an intrusion of batches
of molten rock. Whereas, we apply the paradigm published by Ferlito (2018), trying to provide a more exhaus-
tive interpretation. According to Ferlito (2018), the magma rising through the Etnean feeding system should
not be considered merely as molten rock with a relatively scarce amount of volatile elements dissolved in it.
Rather, it can be interpreted as a flux of fluid continuously moving upwards, in which two vertical portions
can be recognized. Below is a solution made up of ~70% in volume by a continuum gas phase (mostly H,0) at

Figure 1. (a) Maps of Etna volcano with the Global Navigation Satellite System (GNSS) (red circles) and tilt (yellow squares) permanent networks; the blue triangle
highlights the area whose variation is shown in Figure (c), while the black circle indicates the ECP tilt station. VdB indicates the Valle del Bove area. The inset at the
left bottom shows the location of Mt. Etna in southern Italy; (b) Tilt recorded on the N14°E component of ECP station during the fountain sequence tilt series: F1-F15
shows changes associated with the first 15 fountains also characterized by a general lowering trend ending with the last two episodes (F16 and F17). The inset at the left
bottom shows the summit crater of Mt. Etna (De Beni et al., 2015). SEC, South East Crater; NSEC, New SEC; (c) Daily variation of the area recorded at an intermediate
altitude triangle (EDAM-EMEG-EINT) indicated by the blue triangle in Figure (a). Positive variations indicate inflations, while negative variations are measured during
deflations of the volcanic edifice, due to volcanic activity; (d) N-S daily components of the EINT and EDAM GNSS stations (blue and gray circles, respectively), on the
southern and northern flanks of Mt. Etna, respectively. E-W daily component of the EMEG station (red circles), located on the western flank. Red rectangles indicate
short and episodic interruptions of the inflation due to summit eruptive activity. The orange rectangles highlight the deflation produced by the 17 lava fountains. The
vertical black lines indicate the start of each phase characterized by a different ground deformation pattern, recognized on the basis of the changes in the slope of the
time series. Black arrows indicate inflation, while the red arrow indicates the deflation of volcanic edifice.
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Figure 2. (a, b, c, d, and e) Observed Global Navigation Satellite System (GNSS) horizontal velocities (red arrows) with 95% confidence ellipses and modeled
velocities (blue arrows) for each of the five phases indicated in Figures 1c¢ and 1d. Error ellipses are not reported in Panel (d) as the analyzed time interval is very short
and computed velocities are affected by large errors; in (e) recorded (orange lines) and modeled (light blue lines) tilt vectors are also shown. In (f) tilt vectors for the 16
February 2021 lava fountain are reported. The red stars in each phase represent the locations of the modeled pressure sources.
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W E a supercritical state (density 360 kg/m?®) and ~30% in volume by basaltic

Central craters

components dissolved in it, named water melt solution (WMS); the over-
all density is low (ca.1140 kg/m?3). At the top of the WMS, the continuous
loss of gas, characterizing the persistent activity of the Etnean volcano, will
leave a highly dense (2,800 kg/m?) basaltic melt, defined as a continuous
melt phase (CMP). The CMP has a low viscosity to permit the passage of the
gas bubbles coming from the WMS. The transition between the WMS and
the CMP can be erratic within the plumbing system. In this new paradigm of
magma, the eruptions can be considered as being due to a significant pressure
increase within the WMS in the deep plumbing system, which cannot be kept
confined by the weight of the overlying basaltic melt (CMP). Therefore, the
source of the overpressure, that causes deformations, can be associated with
variations of the stationary fluid flux. Variations can be related to an increase
or decrease in the flux discharge rate, or alternatively, as due to an increase
in viscosity of the CMP that, decreasing its permeability, hinders the upward

-6 - E y s migration of the gas bubbles. The occurrence of such conditions will end up

| = " H1 with an overpressure of the entire feeding system, which might trigger an

g ” eruptive event. Theoretically, we can recognize two distinct patterns in the

-8 8 deformation sources. A first one might be produced by a source in which

_ the increased overpressure of the gas-rich WMS pushes against the country

10 ‘ rock. When the gas is released, the deformation could be near completely

i oor T T Tt retrieved. On the contrary, a pressure source associated with a permanent

494 496 498 500 502 504 508 deformation can be interpreted as a batch of CMP intruding within the upper-

Longitude (km) most section of the feeding system. Such accumulations could occur along

horizontally elongated discontinuities, leading to the formation of sills, simi-

ZF 3‘-2 [ ] 4? N 5‘-6 '—H Ve lkm/s] larly to what must have happened during the early phase of Etna's evolution

(Trifoglietto eruptive center). Indeed, several subvolcanic bodies are fairly

Figure 3. W-E section of Mt. Etna passing [hrough the Central craters and well visible in the Valle del Bove area, embedded within the rock successions
showing the position of the modeled sources for each of the five deformation (Ferlito, 1994).

phases of the volcanic edifice (indicated with progressive numbers from 1
to 5, inflation in red and deflation in blue), for the 16 February 2021 lava With these theoretical arguments in mind, we can interpret the results of our

fountain (indicated with number 6) and inferred by several authors since 1992 analysis. During the second half of 2019 (first phase), we observed the action

(represented by asterisks). Blurred areas around each pressure source represent
the related uncertainties. In the background, vp velocities are also reported

(redrawn from Aloisi et al., 2002).

of a prolate source of inflation. It can be interpreted as an increased over-
pressure in the WMS, located at a depth of —2.1 Km (b.s.l.). This increase
might be due to a decreased permeability of the system to the gas release,
related to a viscosity increase in the uppermost section of the feeding system.
A further increase in WMS overpressure could be deemed responsible for
the deepening of the deformation source during 2020 (Phase 2). We modeled a prolate source located at about
—4.4 km (b.s.l.). The deformation in Phase 3, during the last months of the 2020, which was produced by a deep
(—5.7 km, b.s.1.) spherical source, indicates that, besides the WMS overpressure, there might be another compo-
nent such as new melt intrusion coming from depth. The eruptive event of 13 December 2020 seems to change
the conditions of the volcano that leaves the stationary regime state. A clear increase in SO, release has been
observed, associated with that event (INGV, 2021), indicating that the overpressure accumulated in the previous
phases began to be released. In the last inflation (Phase 4), that ended with the beginning of the paroxysms (the
first on 16 February), the source became shallower (—2.0 Km, b.s.1.), probably due to an increase of overpressure
in the WMS, which could be associated with an increase of the volcanic gas flux, as demonstrated by the high
SO, release (INGV, 2021). The beginning of the paroxysms, on 16 February 2021, produced an intense and
rapid deflation due to the gas release in WMS and melt release in the CMP, which reduced the previously accu-
mulated overpressure. Similarly, we observed the sharp drop of the SO, plume flux down to background level
(INGYV, 2021). This fifth phase was imaged by a deflation source located at —2.0 km (b.s.1.). It can be considered
as a near-perfect elastic response of the entire volcanic edifice. In fact, the eastern flank was also affected by
the deflation process. This phase includes the most intense deflation on Mt. Etna over the last two decades. Its
exceptional nature consists not only in the measured displacements, but in the short time period over which they
occurred, namely a little more than a month, from 16 February to 24 March 2021. From 2004, we measured
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- ; different phases of deflation of the volcanic edifice associated with eruptions (as the
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< o o L‘E § 2004-2005, 2006 and 2008 eruptions, see Aloisi, Mattia, Ferlito, et al., 2011; Bruno
= =) . . . . ..
3| & @ EI & 2 é- et al., 2012) or eruptive episodes characterized by sequences of strombolian activity
S| EIS o . . . ..
S 5 = ;I @ ct' H S| 8 that eventually evolved into lava fountains (as the 2013 volcanic activity, see Bruno
TR =1 . .
§ g EJ § § o:\ e = et al., 2016). Nevertheless, we have never measured before deflation phases with
N .. . .
§ | = s g5 ! 5 8 GNSS velocities that reached values of 275 mm/yr in the summit area and as much
® i & as 87 mm/yr at the peripheral stations (e.g., ESCV station, the westernmost point in
§ E the network, Figure 2e).
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.Eo = o S o = = Finally, we also sought to model the position of the source generating the single
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2w éo &= lffl o & e 2 lava fountain that occurred on 16 February (“F” in Figure 2 and “6” in Figure 3).
B ; e $ H H E s We obtained a depth of about —1.8 km (b.s.l.) but this result was not very well
S| = = = . . L . . .
§ = E’ % § 'ﬁ S E. é constrained. In fact, variations were clearly visible exclusively on the clinometric
9 — . I . . . .
g = T 5 ! 0 g signals. In any case, it is interesting to highlight that the depth levels activated by the
§ T ) fourth inflation phase pre-fountains (—2.0 km), by a single fountain (—1.8 km) and,
E ; finally, by the entire eruptive cycle (—2.0 km), are very similar. This shallow level
% § § of the plumbing system is compatible with one of the three volumes where De Gori
i g 23 o ﬁ E et al. (2021) found a significant reduction of seismic wave velocity since 2019 (see
) IS ] !
‘E j) % 2 (_l\_ll | :‘I :I - E also Bonaccorso et al., 2021).
818 2z 2 & o =| 8
?} > E’ <) g 2 § §_ < § Indeed, although we know that modeled pressurized cavities are just “mathemati-
= o . . . . . . .
“.5 s 2 5 | g é cal artifacts” that mimic the strain/stress field of the physical deformation sources
%: T 2 (Segall, 2019), our modeled volume variations well correspond with the location of
§ 5 the magma ascent paths found by tomographic studies (Figure 3; Aloisi et al., 2002).
S -
% 8 g In particular, the pressure sources (1), (4), (5), and (6) are located where tomo-
S < s 2 o & o graphic studies found a shallower magmatic storage, usually generating lava foun-
5 =
a2 . u‘\';l :l = a g tains (Bonaccorso et al., 2013). Moreover, our solutions (2) and (3) are located along
.“S ;ﬁ g 2 © g [:tl :;' a "c% the elongated storage zone corresponding to a low-velocity-domain (L) found on the
3 D et . . . . .
S| ~| g2 ©C 38 N T = western side of the high velocity body (H1; Figure 3). Many authors agree that this
e 5] 2N = m E
S = b 0 0 low-velocity zone includes both highly fractured rocks and paths for magma ascent
o
g + = and stationing. Therefore, we can hypothesize that our mathematical solutions corre-
S .
= ‘s spond with “real” sources.
Q 0 Z2
“ S o
S o i =
Q [o2e) (=) =
0 o S o m &
2 =) v o Q2 o >
S (el = - = = : (=) = Q 5 C l .
= ~ n NS v = o . onclusions
Slgls 2 H 8203 44 43|2s
IR EEE ! A Ed
E = el O g g %‘ § é ~ § § e ":% 4 In this work, we have examined the ground deformations associated with the Febru-
2 E g 3 o : = = ary—March 2021 Etnean paroxysms and the inflation of volcanic edifice preceding
‘é q .§ é it, interpreting the dynamics of the sources of deformation as mostly due to overpres-
B ‘2: = sure increase or decrease in the gas-rich portion of the magma (WMS), within the
% ey oy ks feeding system (Ferlito, 2018). We have highlighted a progressive deepening over
~§ 3 o 2 o & 2 E time of the pressure source during the inflation that preceded the lava fountains. In
S ) . . .
= ) w :I Tl g = S w8 = 2 E the last 20 years, there was a clear association of this phenomenon with strong explo-
= ; H N o5 . . . . . .
2 g = cﬁ N @ :' H o4 o";' ;' g 3 g sive eruptions (Aloisi, Mattia, Ferlito, et al., 2011; Bonaccorso & Aloisi, 2021),
= b5} < - 7 2 . . .. . .
5 = 20 © § 2 ('Tll T 5 = = E— g g particularly, before the 2011-2015 explosive activity and the explosive eruptions of
3 = g &
- 5 0 T o [gE  2001and2002.
1) o
= it g8
g £ = The phase of paroxysms we have analyzed in this work produced the most intense
[=]
§ 23 deflation of the entire volcanic edifice observed through the GNSS perma-
% % § nent network in the last 20 years (e.g., Aloisi, Mattia, Ferlito, et al., 2011; Bruno
S =1 E etal., 2012, 2016). The deflation was so intense that it was even visible by the GNSS
§ g 5 % stations located along the coast line and on the lower eastern flank of the volcano
é ; § ;:: that, typically, maintains an ESE-ward motion also during deflation phases (Bruno
o~ 5 B
S| s 2 — 2325 etal., 2012).
53| E|8 27 = = AR
=3| €| 2 £ E E EE s 2B > '!3 g3 During the drafting of this paper, a new phase of lava fountains on Etna volcano
RS[&|d A X > NS5 odrZa resumed on 18 May 2021, after a short inflation phase following the February—
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March 2021 paroxysms. This activity seems rather similar to the eruptive activity occurring between January
and June 2000, consisting of 64 lava fountain episodes (Alparone et al., 2003). Both the 2000 and 2021 activity
constitute an exceptional series of paroxysms within a short time in the known eruptive history of Etna (Andron-
ico et al., 2021).
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The data reported in this paper can be freely downloaded in the FIGSHARE folder (https://doi.org/10.6084/
m9.figshare.14986788.v1).
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