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Abstract Between 2011 and 2013, there were 43 lava fountain episodes from Mount Etna’s New
South-East summit crater (NSEC). In 2014, this intense activity was supplanted by sporadic Strombolian
explosions and the opening of an eruptive fissure between July and August. The only lava fountaining
episode of the year occurred on 28 December; this was characterized by the emplacement of a shallow dike
that, at the surface, fed two distinct lava flows from an ENE-WSW trending eruptive fissure. Here we provide a
detailed picture of the onset of the dike emplacement, as well as the mechanism driving its migration, using a
multidisciplinary data set based on seismic, geodetic, geochemical, and volcanological observations. The dike
emplacement was preceded by a pressurization of the magmatic plumbing system recorded from August
2014 on. This pressurization has been modeled as a vertically elongated magmatic source located beneath
the summit craters at ~4.5 km below sea level. From September to October, magma rising was also detected
by seismic and geochemical data that highlighted pressurization of the shallower portion of the plumbing
system. We suggest that the 28 December 2014 dike emplacement resulted from a modification of the
preexisting NSEC shallow plumbing system, largely due to drainage of the main shallow conduit during the
July-August 2014 eruptive fissure activity. Such a structural modification might have created the conditions
for magma emplacement as a dike-like structure.

1. Introduction

Mount Etna is an open-vent basaltic volcano whose eruptive activity ranges from quiescent degassing from its
summit craters to explosive and effusive phases from either its summit or flanks [Branca and Del Carlo, 2005].
Over time, the volcano has fed long-lasting effusive eruptions, commonly associated with weak explosive
activity from its flanks, and short-lasting, more powerful explosive episodes ranging from strongly
Strombolian to subplinian and usually accompanied by small lava flows [Andronico and Lodato, 2005;
Branca and Del Carlo, 2005]. In particular, after the spectacular lava fountain paroxysms fed by the South-
East crater (SEC) in 2000-2001 [e.g., Andronico and Corsaro, 2011; La Spina et al., 2015] (inset in Figure 1a)
and the 2001 and 2002-2003 eruptions producing both lava flows and explosive activity of variable intensity
[e.g., Acocella and Neri, 2003; Spampinato et al., 2008], between 2004 and 2006 Mount Etna’s activity showed
predominantly effusive eruptions [e.g., Burton et al., 2005; Andronico et al,, 2009]. In 2007, episodic explosive
activity and lava fountains were observed [e.g., Andronico et al.,, 2008], with the last preceding the start of the
2008-2009 effusive eruption [e.g., Aloisi et al., 2009; Bonaccorso et al.,, 2011]. After the end of lava effusion, in
January 2011, a new phase of explosive eruptions started [e.g., Bonaccorso et al., 2013; Spampinato et al.,, 2015].
This phase consisted of episodic short-lasting eruptions of predominantly explosive behavior [e.g., Gouhier
et al, 2012]. The eruptions were fed by a new summit crater (named New SEC or NSEC) that built up around a
pit that had opened on the SEC eastern flank in late 2009 [e.g., Behncke et al,, 2014] (inset in Figure 1a).

Overall, from January 2011 and 2013, NSEC produced 43 lava fountain episodes (see Patané et al.[2013], De Beni et al.
[2015], and Bonforte and Guglielmino [2015] for chronology details). The episodes consisted of Strombolian activity of
increasing intensity that eventually evolved into powerful lava fountaining [e.g., Calvari et al,, 2011; Bonaccorso and
Calvari, 2013]. Some eruptive episodes displayed short transitional times, whereas others needed longer time to
evolve into lava fountains [e.g., Spampinato et al, 2015]. Further, this phase of activity was characterized by eruptive
events of variable intensity. In the first half of 2014, the explosivity of NSEC decreased in intensity, and only a period
of intense Strombolian activity on 21-27 January was observed; for the remaining time, mainly intracrater to mild
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Strombolian activity was detected [De
Beni et al, 2015]. On 15 June 2014, intense
Strombolian activity occurred at NSEC
and preceded on 5 July, the opening of
an eruptive fissure at ~3020m above
sea level (asl), which eventually fed
Strombolian activity and lava flows until
10 August 2014 [De Beni et al., 2015].
The development of dry fractures in the
area between the eruptive fissure and
the NSEC suggested that fissure activity
was fed by the NSEC shallow magmatic
system [De Beni et al,, 2015]. The location
where the eruptive fissure developed was
almost the same as previous effusive
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On 8 August 2014 weak Strombolian
activity was observed at NSEC, and on
10 August a new eruptive fissure
opened on its eastern flank; this epi-
sode marked the return of eruptive
activity to the NSEC. This fissure pro-
duced a lava flow that spread toward
Valle del Bove (Figure 1a) and vigorous
Strombolian activity until the four-
teenth of the same month. Eruptive
activity at the NSEC ended on 16
August 2014, although intracrater
explosions occurred weakly and dis-
continuously until early December
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In this study we focus on this last lava
Figure 1. Shaded relief of Mount Etna volcano showing the location of the  fountain that showed some peculiari-
(a) seismic, and (b) GPS and tilt networks. The inset in Figure 1a shows the ties when compared with the previous
summit craters (NSEC: New South-East Crater; SEC: South-East Crater; NEC:
North-East Crater; BN: Bocca Nuova; VOR: Voragine), the eruptive fissure
that opened on 28 December 2014 (thick black line), and the associated rence of dike emplacement [Bonforte
lava flows (light grey areas) are also shown (redrawn from Bonforte and and Guglielmino, 2015]. However,

Guglielmino [2015]). rather than focusing only on the dike

modeling, here we also investigate
the likely triggering mechanisms leading to the dike-fed lava fountain, especially considering the difference
with the previous NSEC fountains that showed similar mechanisms [e.g., Calvari et al., 2011; Bonaccorso et al.,
2013; Patané et al., 2013; Viccaro et al., 2014; Spampinato et al., 2015]. Specifically, we use integrated geophy-
sical, geochemical, and volcanological observations, spanning the period from March 2014 to December
2014 to (i) model the dike, (ii) set the occurrence of this anomalous paroxysm in the framework of the lava
fountains produced by NSEC in 2011-2013, and (iii) investigate the relationship between the July-August
2014 fissure eruption and the following December lava fountain.

activity at NSEC, namely the occur-
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2. The 28 December 2014
Lava Fountain Chronology

The 28 December 2014 lava fountain
started abruptly at ~16:50 (all times
are in Greenwich Mean Time) and
intensified throughout the day. Poor
weather conditions prevented any
visual observation of the phenom-
enon, and the only evidences came
from volcanic tremor (Figure S1 in
the supporting information) and
from ash fallout over the eastern sec-
tor of the volcano [Bonforte and
Guglielmino, 2015]. The paroxysmal
phase lasted about 2 h in all; volcanic
tremor decreased after 18:30, and at
~21:00 the eruptive activity ended
definitively. During the paroxysm,
two distinct lava flow fields devel-
oped from a NE-SW trending erup-
tive fissure that opened between
SEC and NSEC summits and
emplaced in the upper part of the
Valle del Bove (inset Figure 1a)
[Bonforte and Guglielmino, 2015].
The eruptive fissure developed
between the two SE craters, an area
already affected by intense fracturing
and fumarolic activity (Figure 2a). The

Figure 2. Photographs taken on (a) 8 April 2014 and on (b) 18 August 2014, degassing fractures were aligned in
showing the fracture field (highlighted with red dashed lines) opened at the ~ the N75°E direction and were distribu-
summit of NSEC and between SEC and NSEC. Figures 2a and 2b are courtesy of  ted following an almost concentric
S. Branca and Com. Piero Berti, Butterfly s.r.l. Helicopters Services, respectively.  -oncave pattern. The fractures in that

zone were already observable at least
since April 2014 (Figure 2a) and seemed to be more prominent in August 2014, in particular after the end of
the fissure eruption (Figure 2b).

3. Data Analysis

3.1. Seismic Data

Seismic activity at Mount Etna is monitored by the permanent network of Istituto Nazionale di Geofisica e
Vulcanologia, Sezione di Catania-Osservatorio Etneo (see supporting information for details).

3.1.1. Long-Term Analysis

Volcanic tremor and long period (LP) events were investigated during the period between 1 August and 31
December 2014. We investigated temporal and spatial variations in both amplitude and source centroid of
volcanic tremor. The amplitude was estimated as RMS (root-mean-square) calculated over 10 min long
time windows of the signal recorded by the vertical component of the EPDN station and filtered in the
band 0.5-5.5 Hz (Figure 3a). The source of the centroid was located every 30 min by using an amplitude-based
method [Cannata et al., 2013]. Figure 4 shows source location results plotted in a map together with sections,
as well as its temporal variation.

The detection of LP was performed by short-time-average over long-time-average algorithm on the seismic
signals recorded at ECPN and EPDN. ECPN is the reference station for the characterization of LP events at
Mount Etna [Cannata et al., 2009, 2013]. The choice to consider the additional station EPDN was made after
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Volcanic tremor location 01/08/2014 - 31/12/2014
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Figure 4. Spatial distribution of source centroids of volcanic tremor location plotted in (a) map and (b and c) sections of
Mount Etna during 1 August to 31 December 2014 (the dot color indicates the event chronology according to the time
color bar) and (d-f) corresponding time evolution.
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ECPN stopped working on 15 November. Both peak-to-peak amplitude and source location were determined
for each LP event. The amplitude was calculated on the signal recorded by both EPDN and ECPN stations
(Figure 3b), while the source location was obtained by means of a grid search method based on the joint
computation of semblance function (which measures the similarity among signals recorded at different
stations) and R? values (based on the calculation of the spatial distribution of seismic amplitudes)
(Figure 5) [Cannata et al., 2013].

On the basis of both volcanic tremor and LP event features, we identified three periods of activity: (1) 1-20
August; (2) 21 August to 15 October; and (3) 16 October to 31 December. The first period was characterized
by high amplitudes of both volcanic tremor and LP events related to the July-August eruptive fissure activity
and to an explosive event at the NSEC. The volcanic tremor source centroid was located below the eastern
flank of North-East Crater (NEC) up to 10 August when the eruptive fissure was active, and successively below
NSEC, at very shallow depths (~2.5-3.0 km asl). The second period showed low amplitudes of both LP events
and volcanic tremor, whose source centroids were located between NSEC and NEC at shallow depths of
2-3 km asl. Finally, during the third period we observed a gradual increase of the LP event amplitudes
and a progressive migration of the tremor centroids toward the NEC at depths up to ~1 km asl. It is worth
noting that it was not possible to verify prospective variations of the tremor source location during the
28 December lava fountain, because of the low number of properly working stations (Figure 4). Finally,
during all the three periods, the sources of LP events were located below the summit craters at 2-3 km asl
and did not show significant temporal changes (Figure 5).

3.1.2. Short-Term Analysis

A seismic short-term analysis was also carried out on data of 28 December 2014. The RMS time series of the
vertical component of the EPDN station was calculated on nonoverlapping sliding 1 min long time windows
(Figure 6a). The most obvious variation was a gradual increase of volcanic tremor amplitude at the same time
as lava fountain activity started at ~14:00. At ~16:30 the increase in volcanic tremor amplitude became shar-
per, and the highest RMS values were reached between 17:20 and 18:20. During the following hours, volcanic
tremor amplitude gradually decreased.

The number of seismic events during 28 December, within 10 min time windows, is reported in Figure 6b. A
peculiar seismo-volcanic feature of this lava fountain was the increase in the rate of occurrence of seismic
events during the initial phase (~16:00-17:00; see also Figure S1c) with the strongest event observed at
16:50. The lack of events after ~17:00-17:30 was partially due to the high amplitudes of volcanic tremor that
prevented detecting possible small seismic events masked by the background noise.

With the exception of the 16:50 event, the detected transients were mainly characterized by emergent
onsets, unclear S phases, and frequency content below 10 Hz (Figure S2). Such features suggested that these
transients were LP events. On the other hand, the 16:50 event showed impulsive onsets and clear S phases
(Figure S3). As for the spectral content, it was possible to observe a first part with higher frequency content
than the coda (Figure S3). Since this characteristic was not observed at all the stations, it was not possible to
clearly classify the 16:50 event. It was thus considered either a hybrid event or a shallow volcano tectonic
earthquake (the so called VT-B) [Wassermann, 2012], with local magnitude of 3.0. However, in both cases
(hybrid or VT-B event), a rock fracturing process is expected to have been involved.

The eight strongest seismic events taking place before the climax of the eruption (the 16:50 event and seven
energetic LP events) were located using the HYPOELLIPSE software [Lahr, 1989]. Successively, such events
were relocated using the tomoDDPS algorithm [Zhang et al., 2009] and the 3-D velocity model of Alparone
et al. [2012]. Such method was used instead of the joint computation of semblance function and R?, in order
to obtain locations as precise as possible. Indeed, compared to other simpler algorithms, the tomoDDPS algo-
rithm uses a combination of both absolute and differential arrival time readings between couple of events of
an earthquake cluster. This essential feature allows considerably improving the relative locations. In fact, the
use of the differential arrival times ensures that, for earthquake clusters with foci lying close to each other, the
travel time errors due to incorrect velocity models in the volume outside the cluster will essentially be
canceled out. The 3-D locations show that the weighted RMS residual decreases from 0.19 to 0.155s, and
the average location uncertainties (ERH and ERZ) are ~0.4 km. The results show that the considered seismic
events tend to cluster in the depth range between 1.6 and 1.4 km asl, except for two ~800 m deeper events,
one of which is that of 16:50 (Table 1).
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Figure 5. Map and sections of Etna with the source locations of LP events (blue surface) recorded during August-
December 2014. The blue surface encloses all the grid nodes, used for the grid search location, with more than 500
LP event locations.

3.2. Geodetic Data

3.2.1. GPS Data

Daily raw observations collected from the permanent GPS network (Figure 1b) were analyzed using the
GAMIT/GLOBK software [Herring et al., 2010] and adopting the methodology described in the supporting infor-
mation [Gonzdlez and Palano, 2014]. To detect signals related to the 28 December lava fountain, as well as
during the months before the event, we analyzed the daily baseline changes between ECNE and EINT sites
as they were quasi-continuously operating throughout the investigated period (Figure 3c). Since these stations
are located northward (ECNE) and southward (EINT) of the summit crater area, their relative motion (e.g., base-
line variation) over the time is sensitive to any deformation of the volcano summit. Visual inspection of the time
series of the ECNE-EINT baseline length, spanning from 1 August to 31 December 2014, allowed detecting three
different ground deformation stages (Figure 3c¢): (T1) from 1 to 21 August, the baseline shortened by ~0.7 cm,
(T2) from 21 August up to 25 December, the baseline lengthened by ~1.5 cm, and apparently shortened by
~0.4cm in the following 2 days (due to noisier acquisition at EINT), and (T3) from 27 to 29 December, the
baseline lengthened by ~4.7 cm, well capturing the ground deformation field encompassing the 28 December
lava fountain.

T1 reflects a depressurization of the plumbing system, as a consequence of the lava withdrawal related to the
July-August 2014 eruptive fissure activity. In the following we focus on T2 and T3 by computing the 3-D
deformation field of the GPS network. The 3-D deformation field related to T2 was computed in terms of
geodetic velocities by combining the daily GAMIT solutions into a consistent set of station positions and
velocities. To compute the amount of 3-D displacement during T3, we estimated the average site position
in the 3 days preceding the event and in the 3 days following by applying minimal inner constraints (i.e.,
constraining translations, scale and rotations, to 0.1 mm). Estimated velocities/displacements for T2 and T3

GAMBINO ET AL.

AN UNUSUAL DIKE-FED PAROXYSM AT MOUNT ETNA 7



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012379

Seismic data

10~
£ q47a
wE 8-
2o 6-
O g 4
3P
© E 2-
(%) g. s .
Z 0 T T Y T T T T T T i
25
=) % 20
e
35
n O
gé 10
39 5
‘G 2
C--g 0 T 1 1 \ 1 1 1 T T 1
28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14 29112114  29/12/14
00:00 02:24 04:48 07:12 09:36 12:00 14:24 16:48 19:12 21:36 00:00
8 1 - 5
7 Ce Tangential component Tilt data 4
=== Radial component
6 - 3
~ 5+ - 2
S 5
o
=2 4 -1
E —
= 34 -0
2 - -1
e ——
1 - -2
0 L] L] 1 1 1 1 L] 1 1 -3
28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14  28/12/14 29112114  29/12/14
00:00 02:24 04:48 07:12 09:36 12:00 14:24 16:48 19:12 21:36 00:00
0.157
d === North component GPS data
0.10 - East component
0.05 -
E
o 07
o
©)
-0.05
-0.10 -

15~
28/12/14 28/12114 28/12114 28/12114 28/12114 28/12114 28/12114 28/12114 28/12114 28/12114 29/12/14
00:00 02:24 04:48 07:12 09:36 12:00 14:24 16:48 19:12 21:36 00:00

Date (dd/mm/yy HH:MM)

Figure 6. Variation in time of (a) seismic RMS at the vertical component of EPDN station, (b) of seismic events within 10 min long windows, (c) tangential and radial
components of tilt at PDN long-base station, and (d) East and North component of EPDN GPS station during 28 December 2014.

were referred to a local reference frame (supporting information). The ground deformation field for T2
showed a general radial pattern of the computed surface velocities, clearly indicating pressurization of the
volcano plumbing system (Figure 7). The deformation field occurring during T3 was captured by the stations
closely located to the summit crater area, thus indicating a source that was confined at shallow
depths (Figure 8).
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Table 1. Progressive Number, Date, Origin Time, and Hypocentral Parameters of the Eight Seismic Events Relocated Using the tomoDDPS Algorithm and the 3-D

Velocity Model [Alparone et al., 2012]?

No Date® Origin Time Latitude (°N) Longitude (°E) Depth
1 2014/12/28 16:11:06.85 37.7481 15.0015 —1.56
2 2014/12/28 16:11:52.85 37.7497 15.0030 —1.56
3 2014/12/28 16:15:46.15 37.7493 14.9991 —0.51
4 2014/12/28 16:30:07.37 37.7503 14.9998 —1.42
5 2014/12/28 16:30:54.81 37.7543 15.0015 —1.44
6 2014/12/28 16:38:14.29 37.7519 15.0055 —1.61
7 2014/12/28 16:44:26.11 37.7481 15.0037 —1.57
8 2014/12/28 16:50:32.09 37.7454 15.0032 —0.68

¥The main event at 16:50 has local magnitude M, = 3.0.
Dates are formatted as year/month/day.

3.2.2, Tilt Data

The permanent tilt network at Mount Etna comprises 13 instruments installed in shallow boreholes and one
long-base instrument consisting of two orthogonal tubes filled with mercury positioned along two 80 m long
tunnels at the Pizzi Deneri Observatory (PDN) (2850 m asl, Figure 1b) [Ferro et al., 2011]. Tilt changes were sys-
tematically recorded during the tens of lava fountains occurring in the last decade [e.g., Bonaccorso et al.,
2011; Patané et al., 2013; Gambino et al., 2014]. During the 2011-13 paroxysm:s, tilt variations generally ranged
between 0.1 and 1.0 microradians [Gambino et al., 2014]. The most obvious changes were visible on the radial
components and showed deflation of the volcano edifice during the fountains [Bonaccorso et al., 2011, 2013].
The 28 December 2014 episode differed from the others, because large variations (more than 3.0 microra-
dians) were recorded at PDN station (Figure 6¢), while the pattern of the other stations (Figure S4) showed
a marked deflation tilt trend with respect to the 2011-2013 episodes. Starting from 14:00 slight changes were
evident at CBD and CDV tilt stations, while all stations exhibited obvious changes of signals at ~16:00-16:20
(Figure S4). At PDN, the variation started at ~16:00, and showed the highest rate of deformation between
16:30 and 17:30, to return to normal values at ~19:00-19:30.
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Figure 7. Comparison between the observed (blue arrows) and modeled (yellow arrows) (a) horizontal and (b) vertical geodetic velocities, relevant to T2 time interval
(21 August to 25 December 2014). Uncertainties of the observed geodetic velocities are reported (with white ellipses) at the 95% level of confidences. The location of
the modeled source is indicated with a yellow star. The parameters of this source are reported in Table 2.
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i 3.2.3. Geodetic Data Modeling
3 * & The surface ground deformation
fields for T2 and T3 were inverted to
constrain isotropic half-space elastic
< models. The inversions were per-
formed using the genetic algorithm
R approach [Tiampo et al, 2000] to
: minimize the misfit defined as the
weighted root-mean-square error

~ 2
_ n YVi—y)
WRMSE = /> " Tz~ O
where y; is the predicted measures
(either displacement or tilt compo-
nents), y; the observed ones, and o?

their associated errors.

Estimation of the uncertainties in best
fitting parameters was performed by
adopting a Jackknife sampling method
[Efron, 1982] (Table 2). In the computa-
tion, both horizontal and vertical GPS
components were inverted by taking
into account the weights proportional
to the associated errors.

Considering the radial pattern of the
deformation field estimated for T2
and following the criterion described
by Cannavé [2012], we selected the
Yang et al. [1988] analytical pressure
source to model it. In order to
account for the effects of topogra-

Figure 8. Comparison between the observed (blue arrows) and expected
(yellow arrows) horizontal geodetic displacements, relevant to T3 time phy, we included into the computa-
interval (27-29 December 2014). The amount of 3-D displacement during tion the method of Williams and
this time was estimated by averaging site position in the 3 days precedingthe  \ygdge [2000]. We discarded all
event and in the 3 days following it by applying minimal inner constraints. The
modeled dike is traced with a dark blue line. The parameters of this source are
reported in Table 2. Additionally, we indicate the eruptive fissure (black line).
The yellow circles stand for seismic events locations (small circles: LP events as affected by long-term seaward
taking place on 28 December at ~16:00-17:00; big circle: M; =3 event motion [e.g., Palano et al., 2008]. The
occurring on 28 December at 16:50) as described in section 3.1.2. The A-B optimal model, which minimizes the
dashed line indicates the section reported in Figure 10.

stations located on the middle to
lower eastern flank of the volcano

weighted root-mean-square error
(WRMSE) in (1), is given by a near
vertical elongated ellipsoidal source centered beneath the summit craters at ~4.5 km below sea level (bsl) and with
an estimated volume variation of ~2.45x 10®m® (Figure 7 and Table 2). The final result shows a reasonable fit
(WRMSE = 22.8) between modeled and observed displacements (Figure 7). Locally, some mismatches in both
3-D direction and magnitude between the modeled and observed displacements can be seen. These are
possibly linked to local effects, such as monument instability and/or motion along nearby active faults.

To model the deformation field estimated for T3, we selected the Okada [1985] analytical dislocation source
as the model with the best fit to the data in terms of WRMSE. Due to the expected shallow depth of the mod-
eled source, we did not take into account any topographic effect, as such effects cannot be properly resolved
with the approximate solutions of Williams and Wadge [2000]. However, in our case the topography contribu-
tion can be considered negligible, as we used exclusively GPS stations close to summit crater area and with
almost the same elevation for the inversion. In addition, we included in the inversion the tilt measurement at
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Table 2. Parameters of the Modeled Sources Inferred for Time Intervals T2 the PDN summit station (this was

a
and T3 weighted as the GPS velocities).

FEEIMEEE 2 B After some preliminary runs, we fixed
Easting (m) 499710 + 357 499774 +274 the dip- and strike-slip components
Northing (m) 4178005 + 269 4178042518 of the Okada [1985] dislocation
Depth (masl) —4553 683 2850209 source to zero because of their poor
a axis (.m) 688136 constraints. In this way, we also reduced
a/b ratio 0.210+0.188

Length (m) 2388+ 286 the number of unknown parameters to
Width (m) 832 +54 be resolved by the inversion. The best
Azimuth (°) 28.7+99 228+28 model (WRMSE = 50.6) is given by a ver-
Dip () 23 89+7.0 tical 24 km long and 0.8km wide dike
av (Pa)6 3 163:+0.3x10 located at a depth of ~2.85km asl just
é‘gél?ngnzni) 245 0314043 beneath the NSEC-SEC area and charac-

terized by an opening component of
@a and b are the lengths of the major and the minor axes of the spher- ~31 cm (Figure 8 and Table 2).

oidal pressure source [Yang et al., 1988], respectively. AV is calculated as
AV = APab2r/u according to Tiampo et al. [2000], where u is the rigidity 3.2.4. Time-Dependent Modeling
modulus of the elastic half-space. For each parameter, errors (at 95% of In order to analyze the volcano defor-
[c[?fl:j’?e]ngcgz)]were estimated by adopting a Jackknife sampling method mation during T3 at higher time reso-
' ' lution, we processed the GPS data in
kinematic mode by using the TRACK
software [Herring et al.,, 2010]. In the processing we chose station ENIC as reference (Figure 1b). The time
series obtained after filtering with a 5 min sliding window was used to build a time-dependent model of
the intruded dike. The previously modeled dike (Figure 8) was divided into a regular grid of patches. The ana-
lytical displacement due to each patch is linear in its opening component [Okada, 1985]; thus, following the
superposition principle, we can write

dui(p,t) = > 610(p)- (1) @

s=1 1

where duj(p, t) is the ith component of the vector displacement at the point p and the time t, Ns is the number
of patches, d; (p) is the ith component of the vector displacement at the point p due to the unit opening of
patch s, and ¢(t) is the opening value of the patch s at the time t. We defined a time-space norm between

two patches (s; and s5) in two times (t; and t;) as
() _ ()2 2
st — 5 tp —t
> ,<“ = ) + (—‘ 2> 3)
! Ogq oOp

551‘1)7 Sgtz)

where i is the ith component of the patch centroid and ¢, and g, are the two normalizing factors. As con-
straints, we considered for each patch a maximum allowable tensile value as the one found in the static
model (i.e., 0< ¢(t)<0.3). Moreover, we constrained the maximum variance between opening value of a
patch s at time t and mean of time-space neighbor values

1
(us(t) T Z(J» T)Gl(s,t)¢j(r) < d’max (4)
o

<1 }.

For our model we used the previously found dike, lengthened to avoid boundary effects and divided in a grid
of 10 x 10 patches with o, as twice the diagonal length of a patch and ¢, as twice the minimum time step
(15 min). We used the active-set algorithm [Gill et al., 1981] to solve the constrained linear least squares pro-
blem, obtaining the results shown in Figure 9 and in Movie S1 (supporting information). In particular, Figure 9
focuses on the time interval when the dike intruded (15:50-19:12) showing simultaneously (i) the opening
distribution on the dike plane at five different times, (ii) the time series of measured and predicted displace-
ment components recorded at the GPS stations, (iii) the RMS of the seismic signal recorded, and (iv) the
occurrence of the main seismic events.

where /sy is the set of neighbor patches, /(s = {(j, 7)#(s, t)

Ss(0)5 Sjo

The time sequence shows a first intrusion in the eastern part of the SEC-NSEC fracture system (Figure 2) with a
deep quasi-vertical feeding and deepening of the dike opening. This was followed at 17:30 by shallow migra-
tion of the intrusion toward the western portion of the fracture system, whose width did not exceed 400 m.
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Figure 9. Results from the time-dependent modeling. (a) Opening distribution on the dike plane at five different times; black filled symbol refers to the four GPS
stations, and their projection on the dike plane is shown. (b) Time series of the measured and predicted (dashed lines) displacement components recorded at
the four GPS stations. (c) RMS of the seismic signal recorded at the vertical component of EPDN station; the yellow stars show the occurrences of the most powerful

seismic events.

3.3. Geochemical Data

Assessment of the type and concentrations and fluxes of volcanic gases has provided significant insights into
studying and modeling of magma ascent, transport, and degassing in volcanic plumbing systems [e.g.,
Oppenheimer et al., 2003]. Volcanic gas emissions can provide insights into the degassing of ascending
magma and its nature. For this reason, gas monitoring and study have proven to be critical for a better
understanding of volcanic unrest phases [e.g., Caltabiano et al., 2004] and for tracking the dynamics of vol-
canic activity [Allard et al., 2005; La Spina et al., 2015]. The dissolved volatiles exsolve from magma to form
a separate gas phase (bubbles), in response to a pressure decrease during magma ascent and according
to the characteristic saturation pressure of the single gas species; thus, every species will give an indication
on the depth from which magma is degassing. In this paper, we consider the ratio between SO, and HCl that
start to exsolve from parental magma at depths of <4 km and <2 km, respectively [Spilliaert et al., 2006]. The
SO,/HCI molar ratio was determined using an open-path Fourier Transform Infrared spectrometer in solar
occultation mode (supporting information).

From late September 2014, the SO,/HCI ratio showed an increasing trend peaking with a value of 4 in the
second half of November (Figure 3d). In December 2014, the ratio remained stable at high values (>3.5) to
decrease in early January 2015 (Figure S5). At the end of January 2015, the ratio return to the values observed
in September 2014. This trend marks the ascent and emplacement of undegassed magma in the shallower
portion of the volcano. In particular, the period of increase of the ratio reflects progressive deficit in the
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HCl degassing from the shallow magma system, connected to deeper derived gas bubbles, and less
efficient convective motion of magma inside the upper conduit. On the contrary, in early January 2015,
the decrease of the ratio and thus the predominance of HCl on SO, suggest efficient magma circulation
at shallower conditions.

4, Results and Discussions
4.1. Timing and Mechanisms of the 28 December 2014 Lava Fountain

The paroxysmal event started abruptly in the afternoon of 28 December. However, the poor weather condi-
tions prevented visual observation of the phenomenon, and the only evidences came from volcanic tremor
and ash fallout and lava flows on the volcano flanks [Bonforte and Guglielmino, 2015]. Additional information
was provided by the a posteriori processing of static and high-rate GPS and tilt data acquired by the summit
stations. Volcanic tremor amplitude began to increase at ~14:00, and at 16:00-16:10 also the tilt and GPS sig-
nals showed clear changes indicating the onset of a dike intrusion (Figures 6¢ and 6d). Such a change in the
ground deformation was accompanied by some strong LP events (Figure 6b). Starting from 16:30, the rate of
deformation and the increase of the volcanic tremor amplitude intensified, and at 16:50 an M, = 3.0 seismic
event occurred. The event was probably due to the rock shear failure at depth in between 0 and 1kmasl,
caused by the changes in local stress field generated by the dike intrusion, as previously observed at
Mount Etna [e.g.,, Gambino, 2004; Bonanno et al., 2011]. From 18:20, both volcanic tremor amplitude and
ground deformation gradually decreased until 19:00-19:30, when the lava fountain eventually ended.
During the fountain, two distinct lava flow fields developed from the opposite tips of the NE-SW trending
eruptive fissure that opened in the fractured area between SEC and NSEC as the shallow response to the dike
intrusion [Bonforte and Guglielmino, 2015] (inset in Figure 1a).

The occurrence of considerable horizontal displacements at stations close to the summit area (up to 10 cm at
ECPN station; Figure 8) allowed us to develop isotropic elastic models to infer the geometry and position of
the dike feeding the lava fountain, as well as the temporal and spatial variation of its opening component.
Modeling of the GPS data inferred a shallow dike crossing the SEC-NSEC saddle (Figure 8), with similar depth
and azimuth to the one proposed by Bonforte and Guglielmino [2015], although different in the size (~0.5 km
wider in plunge direction and ~1.6 km longer in strike direction) and kinematics. Regarding this last feature,
our best model is characterized by a tensile component of ~0.31 m, while the one proposed by Bonforte and
Guglielmino [2015] shows a left-lateral reverse fault kinematics, with a slip of 2.3 m and a tensile component
of 5.6m.

Our best model results in a WRMSE of 50.6, which is a much lower value when compared with the one
obtained using the model parameters inferred by Bonforte and Guglielmino [2015] (i.e., 327.1). Such a
difference might be due to the partially different set of GPS data used as input for constraining the models
(i.e., Bonforte and Guglielmino included also measurements from GPS campaigns, while we included instead
continuous tilt data) and to the different time intervals covered by the modeled deformation pattern.
Regarding the time interval, it must be noted that our data set covers the 27-29 December 2014 period, while
Bonforte and Guglielmino [2015] cover the time window between July 2014 and January 2015. Such a longer
time interval includes the cumulative effects of different sources—i.e., a deflating source active from 1 August
to 21 August 2014 (Figure 2), an inflating source from 21 August to 27 December 2014 (Figures 2 and 7), and
the dike intrusion of 28 December 2014 (Figures 2 and 8). The use of tilt data allowed us to better constrain
the position of the modeled dike. In this way, different from Bonforte and Guglielmino [2015], our modeled
dike is located just beneath the fracture field between SEC-NSEC. Moreover, considering the fracture field
extension and seismic event location, our wider and longer dike seems more reasonable (Figures 8 and 9).

As far as the temporal and spatial variation is concerned, the time-dependent modeling allowed us to infer-
ring the opening component of the intruding dike (Figure 9). The vertical upraise of the dike started around
16:30 and was accompanied by the increase of volcanic tremor amplitude and of the occurrence of the seis-
mic events. The time-dependent modeling evidenced that the northern sector of the dike opened initially
and for its entire width, and after 17:15 the upper portion of its southern sector started to open too. After
17:45, the ECNE and EPLU stations located northward to the fracture field showed no significant deformation,
while the ECPN station sited westward to the fracture field significantly deformed until ~18:30. The behavior
of these stations, coupled with the other independent observations previously reported, suggests that

GAMBINO ET AL.

AN UNUSUAL DIKE-FED PAROXYSM AT MOUNT ETNA 13



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012379

1. the onset of the dike intrusion was accompanied by amplitude increase of the volcanic tremor and the
occurrence of LP events (Figures 6a and 6b). Although the increase of the volcanic tremor amplitude is
a common feature to all Mount Etna’s lava fountains [e.g., Viccaro et al., 2014; La Spina et al., 2015], the
LP activity intensification is unusual. These LP events, located just below the base of the intrusion, can
here be attributed to geometrical discontinuities (such as changes in conduit diameter, pipe elbow,
interlocking cracks, and so on) [e.g., James et al., 2006; Chouet et al., 2010] of the SEC-NSEC shallow feeding
system likely “modified” by the dike intrusion. The lack of LP activity increase during the previous lava
fountains was probably due to the ascent of gas-rich magma that took place through the well-established
plumbing system of NSEC and not to dike intrusion;

2. while approaching the surface, magma first migrated laterally toward SW and fed the western lava flow,
and then it fed lava fountaining and the eastern lava flow;

3. the time interval, when the eruptive fissure propagated southwestward, coincided with the period of
maximum amplitude of volcanic tremor at 17:30 (Figure 9 and Movie S1 in the supporting information).
Given that during explosive activity volcanic tremor amplitude positively correlates to the intensity of
the eruptive phenomena [e.g., Alparone et al., 2003], we may deduce that the fissure propagation took
place at the same time as the lava fountain episode climaxed.

4.2. What Made the 28 December 2014 Lava Fountain Different From the Previous Episodes?

While analyzing the mechanisms of the 28 December 2014 feeding dike intrusion, a key question arose: why a
dike intrusion? All the 2011-2013 NSEC lava fountains were, in fact, interpreted as resulting from the well-
known foam collapse model [e.g., Calvari et al., 2011], frequently used to explain lava fountains at Mount
Etna, and thus were not associated with dike intrusions [e.g., Parfitt, 2004; Allard et al., 2005; Vergniolle and
Ripepe, 2008; Calvari et al.,, 2011; La Spina et al., 2015]. In this frame, we attempted to find the mechanism that
triggered the difference between this lava fountain and the previous NSEC-fed events. Indeed, after 43 lava
fountains, we expected the NSEC shallow feeding system to be well structured and stabilized, so what was
the reason for its likely structural modification? To answer this question, we tried to set the 28 December
event within the framework of all the NSEC eruptive activity. Indeed, the 28 December lava fountain occurred
after a year, during which the NSEC modified its eruptive style, shifting from sequences of intense lava foun-
taining in 2011-2013 to Strombolian activity accompanied by lava output that never climaxed in lava foun-
taining [e.g., De Beni et al, 2015]. In July—August 2014 the discontinuous eruptive activity of NSEC was
supplanted by the opening of an eruptive fissure eastward from NEC that fed Strombolian explosions and
lava flows [De Beni et al., 2015]. The activity at the fissure was not triggered by dike intrusion but was likely
correlated to the NSEC system. The connection between the two systems was evident while considering that
the crater summit activity stopped as soon as the fissure established and renewed almost when the fissure
sealed (Figure 3a). Our hypothesis was confirmed by De Beni et al. [2015], who assessed the connection
between NSEC and the eruptive fissure by observing the fracture system that developed in that area. As a
result, we can infer that after the high intensity of the last 2013 lava fountains [e.g., Spampinato et al.,
2015], a volatile depletion of the magma batch supplying the NSEC shallow plumbing system occurred.
This likely promoted sporadic Strombolian activity centered at NSEC and drainage of the volatile depleted
magma from a lower zone, which was already affected by the eruptive fissure opening in 2008-2009 [e.g.,
Aloisi et al., 2011]. Petrological analysis evidenced that the composition of the products erupted by NSEC
between January and August 2014 was homogeneous and comparable to those erupted starting from
2011 (Corsaro and Miraglia, unpublished data). On the other hand, the composition of the products of the
eruptive fissure was more evolved with respect to the NSEC ones, thus suggesting that the shift of the erup-
tive activity from NSEC to the fissure was not associated with the arrival of more primitive batches of magma
in the volcano shallow feeding system (Corsaro and Miraglia, unpublished data).

Magma drainage from the eruptive fissure likely caused destabilization of the NSEC summit system due to
conduit emptying that was observable at the surface by the further development of the fracture system that
had previously formed between the NSEC and SEC summits (Figure 2), and by subsidence of the NSEC inner
summit (Figure 2b). The progressive effusion through the fissure then promoted the rise of another volatile-
rich batch magma. This was at first detected by the GPS observations that, starting from August 2014,
recorded the pressurization of a deep portion of the Mount Etna plumbing system (Figure 3d). Modeling
of these data, over the August-December 2014 interval, infers a pressurizing magma source with a vertically
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elongated ellipsoidal shape located
at a depth of ~4.5kmbsl beneath
the summit craters (Figure 10),
matching well the location of the
2008-2009 eruption magma sources
[e.g., Aloisi et al.,, 2011; Patane et al.,
2013]. From the end of September,
the pressurization became evident
in the geochemical data as sug-
gested by the increase of the SO,/
HCI ratio indicating deeper magma
degassing and shallow accumulation
of magma, potentially refilling the
NSEC system (Figure 3e). From mid-
October, pressurization was also
observable from the progressive
increase of the LP event amplitudes
(Figure 3¢) and as a gradual migra-
tion of the tremor centroids toward
NEC and at deeper depth (1-2 km asl;

Depth (km)

Figure 10. The schematic NW-SE section (A-B dashed line in Figure 8)

crosses the summit area of Mount Etna and shows the modeled sources Figure 4). Indeed, the increase in LP
and located seismicity. The red ellipse shows the vertical elongated ellipsoi- amplitudes has been interpreted as
dal pressure source modeled with the deformation data recorded during caused by pressurization of the vol-

21-25 December 2014 (phase T2). The yellow stars indicate the hypocenters cano plumbing system that some-
of the seismic events that occurred on 28 December 2014 at ~16:00-17:00.

The blue vertical line shows the dike modeled by using the GPS and tilt data times preceded eruptions [Moran
during the phase T3. et al., 2008; Bonaccorso et al., 2011;

Cannata et al., 2015], while the volca-
nic tremor source volume below NEC at 1-2 km asl was considered representative of the shallower magma
storage zone, feeding the 2011 episodic fountaining activity [Patané et al., 2013]. The ascent of magma at
shallow depths further destabilized the NSEC shallow plumbing system, thus promoting the emplacement
of a dike-like structure. Hence, magma reached shallower depths by avoiding the pathways previously used
to feed the 2011-2013 fountains. Dike emplacement was accompanied by low seismicity, and the volcanic
tremor source variations suggested that the shallower pressurization involved the same magma storage zone
that fed the previous lava fountain episodes [Patané et al., 2013]. Based on these observations, we can infer
that dike emplacement cannot be attributed to a proper “intrusion” from depth as it was for instance in 2001,
2002, or 2008 [Acocella and Neri, 2003; Andronico et al., 2005; Aloisi et al., 2011]. In our case, the dike formed
mainly due to shallow external effects that were not related to deep supply mechanisms but likely to
morphological/structural modifications of the NSEC shallow feeding system. At the surface, the dike induced
the development of an eruptive fissure in the fractured zone previously observed between SEC and NSEC.
The azimuth difference between the modeled dike (N48°E) and the eruptive fracture field (N75°E) suggests
that the preexisting fractures were shallow and were involved by the intrusive process only in the final stage.

5. Concluding Remarks

The combination between geophysical and geochemical data and their comparison and integration with
previous observations of Mount Etna’s eruptive activity allowed us to characterize and model the 28
December 2014 lava fountain episode, as well as constrain the likely mechanisms on the basis of its onset.
Our main findings can be summarized as follows.

1. According to the geodetic data, the 28 December lava fountain was preceded by the pressurization of
both deep and shallow portions of Mount Etna’s plumbing system. In particular, modeling of the GPS data
inferred a pressure source that was active from late August, which was located beneath the volcano
summit area at depths of ~4.5 km bsl and that induced an estimated volume variation of ~2.45x 10° m®.

2. From September to October, such a variation was observed by seismic and geochemical data that high-
lighted pressurization of the shallower portion of the plumbing system;
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3. the 28 December eruptive event was characterized by the emplacement of a shallow dike, which fed lava
fountaining and lava output from an ENE-WSW trending eruptive fissure; this fissure opened between the
SEC and NSEC summits and partially retraced the fracture system observable at the surface at least from
early January 2014.

4, The time-dependent model of the tensile component of the dike provided evidence of a vertical ascent of
magma (from 16:30 to 17:15) followed by a southwestward migration (after 17:15), when it interacted with
the preexisting ENE-WSW fracture field. Such an interpretation explains well the occurrence of two distinct
lava flows spreading in different directions.

5. Moreover, except for the seismic event recorded just before the start of the lava fountain, no significant
seismic activity that might have suggested a deep intrusion process was recorded. Therefore, we believe
that the 28 December 2014 dike emplacement resulted from a modification of the preexisting NSEC
shallow pluming system (~1km depth below the summit area), mainly due to its relative emptying for
magma drainage through the July-August 2014 eruptive fissure activity. Such a structural modification
might have created the conditions for which the rising magma emplaced as a dike-like structure. This
evidence accords well with the geochemical data, which suggest that the lava fountain resulted from
the accumulation and collapse of a foam layer within the NSEC shallow feeding system.
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