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Abstract Between January 2011 and April 2013, Mt. Etna’s eruptive activity consisted of episodic intra-
crater strombolian explosions and paroxysms from Bocca Nuova, Voragine, and the New South-East (NSEC)
summit craters, respectively. Eruptions from NSEC consisted of initial increasing strombolian activity and lava
flow output, passing to short-lasting lava fountaining. In this study we present seismic, infrasound, radiometric,
plume SO2 and HCl fluxes and geodetic data collected by the INGV monitoring system between May 2012
and April 2013. The multiparametric approach enabled characterization of NSEC eruptive activity at both daily
and monthly time scales and tracking of magma movement within Mt. Etna’s plumbing system. While seismic,
infrasound and radiometric signals give insight on the energy and features of the 13 paroxysms fed by NSEC,
SO2 and halogen fluxes shed light on the likely mechanisms triggering the eruptive phenomena. GPS data
provided clear evidence of pressurization of Mt. Etna’s plumbing system from May 2012 to middle February
2013 and depressurization during the February–April 2013 eruptive activity. Taking into account geochemical
data, we propose that the paroxysms’ sequence represented the climax of a waxing-waning phase of degass-
ing that had started as early as December 2012, and eventually ended in April 2013. Integration of the multi-
disciplinary observations suggests that the February–April 2013 eruptive activity reflects a phase of release of
a volatile-rich batch of magma that had been stored in the shallow volcano plumbing system at least 4
months before, and with the majority of gas released between February and March 2013.

1. Introduction

Mt. Etna is an open-vent basaltic volcano (�3300 m a.s.l.) located in the eastern area of Sicily (South Italy; inset
in Figure 1a, left) and characterized by quiescent degassing and frequent eruptions either from the summit
area or the flanks [e.g., Rittmann, 1973; Mulargia et al., 1985; Branca and Del Carlo, 2005]. Eruptive activity ranges
from moderate lava effusion [e.g., Burton et al., 2005] to explosive activity of variable intensity, including lava
fountaining, from eruptive fissures [e.g., Acocella and Neri, 2003; Andronico et al., 2005; Spampinato et al., 2008]
or the volcano summit craters [e.g., Alparone et al., 2003; Behncke et al., 2006; Andronico and Corsaro, 2011].

Lava fountains are spectacular manifestations of active volcanism, characterized by incandescent lava jets
of heights from tens-to-hundreds of meters that can last from minutes to days [e.g., Wilson and Head, 1981,
2001; Oppenheimer and Francis, 1997; Parfitt, 1998]. The nature and conditions leading to lava fountains
have been widely discussed using methodologies spanning from ground-based observations to satellite
imagery and laboratory experiments [e.g., Jaupart and Vergniolle, 1988, 1989; Alparone et al., 2003; Allard
et al., 2005; Friedman et al., 2006; Spampinato et al., 2008; Ganci et al., 2012; Gouhier et al., 2012; La Spina
et al., 2015]. The rapidity, with which lava fountains develop, and the high energy released have forced the
volcanology community to make efforts to better understand this eruptive regime [e.g., Endo et al., 1988;
Hayashi et al., 1992; Mangan and Cashman, 1996; Parfitt, 2004; Vergniolle and Ripepe, 2008; Staudacher et al.,
2009; Stovall et al., 2011; Bonaccorso et al., 2014]. Recently at Mt. Etna, the need to predict, characterize and
track the occurrence of lava fountains for civil protection purposes has promoted multidisciplinary
approaches for monitoring and investigation of lava fountaining from the summit craters, and especially of
the most recent sequences fed by a new crater starting in January 2011 [e.g., Langer et al., 2009; Calvari
et al., 2011; Bonaccorso et al., 2013, 2014; Patanè et al., 2013].

The new crater started developing at the foot of the eastern flank of the South-East summit crater (SEC) of Mt.
Etna in late 2009 [La Spina and Salerno, 2009; Calvari et al., 2011; Patanè et al., 2013] (inset in Figure 1a, right).
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Initially a pit crater, a new cone rapidly grew
due to intense episodic eruptive activity fed
between 2011 and 2013 [Calvari et al., 2011;
Bonaccorso et al., 2013; Behncke et al., 2014].
Overlapping of lava flows and pyroclasts
allowed the hereinafter named New South-
East Crater (NSEC) to reach sizes comparable
with the nearby SEC [Behncke et al., 2014].
While lava flows emplaced eastward, explo-
sive activity, consisting of initial strombolian
explosions evolving into lava fountains, pro-
duced eruptive columns and copious ash fall-
outs that frequently forced the closure of the
Catania airport [Calvari et al., 2011; Ganci et al.,
2012].

Paroxysms at NSEC stopped in spring 2012
and renewed in the second half of February
2013 lasting until the end of April 2013. In
this paper, we report on this �2 month par-
oxysmal phase by integration of geochemi-
cal, seismic, infrasound, thermal and
geodetic data recorded by the Istituto
Nazionale di Geofisica e Vulcanologia,
Osservatorio Etneo (INGV-OE) permanent
networks and portable Fourier Transform
InfraRed (FTIR) spectrometers. For this
study, we focus on data collected between
May 2012 and April 2013 with particular
emphasis on geophysical and geochemical
observations recorded from February to
April 2013. The synoptic outlook allows us
to characterize each of the February–April
2013 paroxysms and assess the likely mech-
anisms for the renewed activity at NSEC.

2. NSEC Eruptive Activity

2.1. Eruptive Activity Between May and
December 2012
Following the last lava fountain of April
2012 and until the first half of November
2012, the activity of NSEC included weak
degassing mainly from the fumaroles
located along the crater rim [e.g., INGV-OE
Internal Report, 2012a, 2012b] and episodes
of ash emission from the morphological
depression between SEC and NSEC [e.g.,
INGV-OE Internal Report, 2012c, 2012d]. At
the end of November 2012, NSEC activity
became focused inside the crater with
incandescence due to emission of high
temperature gases [e.g., INGV-OE Internal

Report, 2012e, 2012f]. In December, the degassing style changed to intermittent and dense gas release, and
poor emissions of fine volcanic material [e.g., INGV-OE Internal Report, 2012g].

Figure 1. (a) Shaded relief map of Mt. Etna volcano showing the location of
the seismic, acoustic and radiometric stations used for this study, and the
geometry of the FLAME UV scanner network. The inset on the left shows
the geographic location of Mt. Etna and the inset on the right is a magnifi-
cation of the volcano summit area. (b) Photograph showing EBEL integrated
station, the New South-East crater (NSEC) with the South-East crater (SEC) at
the back, and the radiometer FOV (area delimited by the pink circle). (c) Sta-
tions of the permanent GPS network analyzed in this study; summit and
intermediate altitude triangles are also shown.
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It is noteworthy that between July and October 2012, the Bocca Nuova (BN) summit crater also fed eruptive
activity from one of the two pits (BN1 in Figure 1a, top-right corner). Continuous intracrater strombolian
explosions and lava output were recorded from 2 July to the end of August, and on 2 and 18 October 2012.
Eruptive activity formed an intracrater cone due to the superimposition of pyroclastic products and lava
flows [e.g., INGV-OE Internal Report, 2012h].

2.2. Eruptive Activity Between January and April 2013
In 2013 the INGV-OE monitoring networks showed renewal of the eruptive activity at NSEC [INGV-OE Internal
Report, 2013a]. In January, sporadic low intensity strombolian explosions interspaced by ash emissions were
observed [INGV-OE Internal Report, 2013a, 2013b, 2013c, 2013d]. In February, the intensity of explosive activity
increased, though it was initially confined within NSEC, and displayed discontinuous pulsating incandescence
[INGV-OE Internal Report, 2013e, 2013f]. From 15 to 17 February, the eruptive activity intensified with continuous
explosions ejecting fresh scoriae outside the crater rim [INGV-OE Internal Report, 2013f]. After the evening of 18
February, NSEC activity resumed leading to the paroxysmal phase that eventually ended late in April 2013
[INGV-OE Internal Report, 2013g]. Overall, between 19 February and 27 April 2013, NSEC fed 13 paroxysmal epi-
sodes [INGV-OE Internal Report, 2013g]. Each of the episodes was characterized by strombolian activity growing
in intensity, lava flow effusion, and transition from discrete explosions to the continuous gas and lava jetting
typical of lava fountaining [e.g., Parfitt, 2004; INGV-OE Internal Report, 2013g]. Between the 4 months of observa-
tions, the BN and Voragine (VOR) summit craters were also sporadically active. In particular, BN fed intracrater
strombolian explosions on 3, 9, 14, 16, 18, and 28–30 January, 8–9 and 27 February, and 3, 4, and 17 March
[INGV Internal Report, 2013a, 2013d, 2013e, 2013h, 2013i]. VOR produced intra-crater strombolian activity on 27
February and 1, 3, and 9 March, and ash emissions on 3, 5, 8, and 17 March 2013 [INGV Internal Report, 2013h].

3. Methodology and Results

3.1. Seismic and Infrasound Signals
The seismic and infrasonic investigations were performed on the signals recorded by EBEL and EMFO sta-
tions for the intervals between May 2012 to February 2013 and February–April 2013, respectively (Figure
1a). An additional station—ECPN—was used for the entire period to study the long period (LP) events (Fig-
ure 1a). EBEL, EMFO, and ECPN are sited on Mt. Etna’s eastern and south-eastern flanks at elevations of
�2850, 1200, and 3040 m (a.s.l.), respectively, and distances from NSEC of �1, 7.4, and 1.4 km, respectively
(Figure 1a). ECPN is ‘‘historically’’ considered the reference station for the LP event analysis at Mt. Etna
because of its proximity to the most active LP source located below BN [e.g., Cannata et al., 2009a; Patanè
et al., 2008, 2013]. Switching from EBEL to EMFO for the study of NSEC was necessary due to the destruction
of the former by lava flows fed by the 28 February 2013 paroxysm. The choice of using data from EBEL is
based on its proximity to NSEC and to the high signal-to-noise ratio. The equipment of the stations consist
of broadband sensors (40 s cutoff period) equipped with three-component Trillium seismometers (Nano-
metrics) sampling data at 100 Hz. The infrasonic microphones are G.R.A.S. 40AN acoustic sensors with flat
response in the frequency range of 0.3–20 Hz and sensitivity of 50 mV3Pa21, acquiring acoustic signals at a
frequency of 50 Hz. Seismic and infrasound amplitudes were obtained by calculating a RMS (root-mean-
square) envelope on 10 min-long windows (Figures 2a, 2b, 3a, and 3b). In order to calculate the RMS values
both seismic and infrasonic signals were filtered in the 0.5–5.5 Hz band, which contains most of the seismic
and infrasonic volcano energy [e.g., Cannata et al., 2013].

The seismic signal recorded at the summit stations of Mt. Etna is dominated by volcanic tremor, whose
source mechanism is generally associated with fluid dynamics in the volcano plumbing systems [e.g.,
Chouet, 1996]. The most important aspects of volcanic tremor at Mt. Etna are its continuity in time, and its
close relationship to changes in eruptive activity, highlighted by variations in amplitude, spectral content,
wavefield features, and source location [e.g., Cannata et al., 2013]. While the seismic RMS is mainly domi-
nated by temporal changes of the volcanic tremor energy (except for some peaks caused by volcano-
tectonic earthquakes, tectonic earthquakes or energetic long period event swarm), the infrasonic RMS is
modulated by both volcano-related signals and weather-dependent effects. The former are the so-called
infrasonic events and tremor generated by degassing and explosive processes. The latter, and mainly the
wind, causes broadband noise that is not easily removed. For this reason infrasonic RMS data, during noner-
uptive periods, show higher ‘‘background noise’’ than the seismic data. In our study, the maximum seismic
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RMS values were reached during the paroxysmal episodes taking place from February to April 2013 (Figures
2a, 2b, 3a, and 3b). During paroxysms, both volcanic tremor and infrasound signal amplitude underwent
gradual increases at the start of the strombolian activity and reached the highest amplitude values a few
hours later with the development of the main lava fountaining phase. In particular, during the paroxysmal
event climax, we observed that the discrete infrasonic events that generally accompany strombolian activity
[e.g., Vergniolle et al., 2004; Vergniolle and Ripepe, 2008], were replaced by continuous infrasonic tremor,

Figure 2. Temporal variation of (a) seismic RMS, (b) infrasonic RMS, (c) peak-to-peak amplitude (black dots) and cumulative daily number
of LP events (red line), (d) SO2 flux (thin red line) and HCl flux (blue line and dots), (e) radiometer RMS, and (f) areal variation of the two
GPS triangles during 1 May 2012 – 30 April 2013. The black and red lines in Figures 2a and 2b correspond to the RMS of the vertical com-
ponent of the seismic and infrasonic signal recorded by EBEL and EMFO stations, respectively. The thick red line in Figure 2d represents
the SO2 flux 7 day-moving average. The rectangle at top of Figure 2a indicates the main eruptive activity episodes taking place at the sum-
mit craters during the targeted time window. The green-dashed vertical line separates Period 1 (P1) from Period 2 (P2).
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observed during previous lava fountains at Mt. Etna [e.g., Cannata et al., 2009b]. As previously observed at
other volcanoes, during long lasting explosive eruptive episodes infrasound signal becomes continuous,
preventing from pinpointing discrete events [e.g., Caplan-Auerbach et al., 2010]. Smaller peaks occurred in
both seismic and infrasound RMS amplitudes and were related to the BN and VOR volcanic activity that,
occurred starting from January 2013.

Similarly to volcanic tremor, also the sources of LP events are related to the fluid dynamics in the volcano
plumbing systems [e.g., Chouet, 1996]. An interesting aspect of the LP events recorded at Mt. Etna is the
relation with volcanic activity, shown by changes in occurrence rate, energy, waveforms, spectral content,
and/or source locations time-related to eruptive activities [e.g., Patanè et al., 2008]. However, it is also worth
noting that LP and VLP events are recorded at Mt. Etna even during noneruptive periods, and their occur-
rence is often not directly associated with any observable volcanic activity [e.g., Cannata et al., 2009a].

Figure 3. Magnification of Figure 2 showing the main features of the time window between 1 February and 30 April 2013.
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LP events were investigated by taking into account the cumulative daily number of events and their peak-
to-peak amplitude calculated at ECPN station. Figures 2c and 3c show the sharp increase of both number
and amplitude of LP events undergone at the end of February 2013. Mean daily LP events changed from
�120 to �900 and mean amplitude values doubled.

In order to characterize each paroxysm, we also calculated the energy of the seismic and infrasonic signals
recorded during the lava fountains (Figure 4). Energy estimation of acoustic and seismic signals has been
used in literature to explore strombolian explosions, lava lake and ash emission type volcanic activity with
the aim of investigating eruptive dynamics, and, by means of their comparison, gaining information about
source depth and vent geometric features [e.g., Johnson and Aster, 2005; Sciotto et al., 2011; Andronico et al.,
2013; Richardson et al., 2014]. Although the approach introduced by Johnson and Aster [2005] to estimate
acoustic and seismic energy has been mainly applied to minor and discrete explosive episodes, recently it
has been considered a good method for surveillance aims, both for local [McNutt et al., 2013] and long-
range monitoring [Fee et al., 2010; Dabrowa et al., 2011] and to evaluate the strength of volcanic tremor dur-
ing more explosive eruptive episodes [West, 2013; McNutt et al., 2013].

Here the seismic energy (Figure 4a) was evaluated assuming isotropic radiation at the top of a homogene-
ous half-space following the approach of Johnson and Aster [2005], and setting volcano density and P wave
velocity equal to 2500 kg/m3 and 1800 m/s, respectively (see Sciotto et al. [2011] and Andronico et al. [2013]
for details about attenuation and site response chosen values). The recorded velocity included in the seis-
mic energy equation [Johnson and Aster, 2005] was calculated as the resultant vector of the three-
component traces at EBEL and EMFO. Similarly the acoustic energy radiated was calculated by integrating
the excess pressure in space and time over a hemispherical surface [Johnson and Aster, 2005] and assuming
the density of atmosphere and sound velocity of 0.9 kg/m3 and 340 m/s, respectively (Figure 4b).

Lava fountain intervals were selected based on the seismic RMS time series and comprised the increasing
patterns at the beginning of the episode, the paroxysmal phase and the decreasing patterns at the end of
the episode (Table 1). Once the periods were selected, energies were calculated for each signal sample (rep-
resenting 0.01 s and 0.02 s of seismic and infrasonic signals, respectively). Finally, one value of acoustic

Figure 4. Cumulative (a) seismic and (b) acoustic energies (MJ), calculated at the EBEL and EMFO stations (grey solid diamonds and black
solid squares, respectively), for the time window during which the lava fountain episodes occurred.
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energy and one value of seismic energy per fountain were calculated by summing all energy values falling
into the chosen time intervals.

If, in the case of seismic waves, scattering phenomena make the isotropic radiation assumption valid [Kuma-
gai et al., 2010, 2011], the acoustic sources, as stated by Matoza et al. [2013], in a volcano environment are
likely to be highly directional, and thus the atmosphere structure at short propagation distances poorly
affects the wavefield. For these reasons, especially in case of acoustic energy, the differences between the
energy values of distinct lava fountains should be taken into account rather than the absolute values. The
possible presence of noise related to wind in the computation of acoustic energy is considered negligible,
both because wind usually exhibits lower amplitudes with respect to the amplitude characterizing the infra-
sound signal during such lava fountains, and due to a visual inspection of the recorded signal, which
allowed us to exclude high weather-related noise.

The lava fountain episodes taking place during February–March 2013 exhibit seismic and infrasonic ener-
gies of the order of 104 and 103 MJ, respectively. During April 2013, an evident increase of the released
energies took place (Figure 4). Indeed, except for the lava fountain that occurred on 20 April, the seismic
and infrasonic energies of each lava fountain had values of the order of 105 and 104 MJ, respectively. Such
greater energy values relate to both higher RMS values and longer durations of the lava fountains as for
instance, the 12 and 27 April episodes that showed the longest durations (more than 1 day; Figures 3a and
3b). The low energy of the 20 April episode is mainly due to the very short duration of the event (a few
hours) when compared to the other lava fountains of the month (Table 1). The order of magnitude of seis-
mic energy found in our investigations is comparable with energy values calculated with the same
approach for eruptive episodes at Bezymianny volcano [West, 2013]. As regarding acoustic energy, at
Redoubt volcano similar values were obtained for explosive eruptions lasting from few minutes to 1 h and
generating plumes several kilometers higher [McNutt et al., 2013], while the same explosive eruptions radi-
ated lower seismic energy (of several order of magnitude) with respect to the present results. Moreover, as
expected, acoustic energy values during lava fountains are higher than those found at other volcanoes dur-
ing strombolian and vulcanian explosions [Marchetti et al., 2009].

3.2. Gas Fluxes
The assessment of volcanic gas composition and flux is essential for the understanding and forecasting of
volcanic activity, as magma degassing plays a key role in triggering and controlling the style and timing of
volcanic eruptions [e.g., Anderson, 1975; Oppenheimer et al., 2003; Williams-Jones et al., 2008; Edmonds,
2008]. Daylight sulphur dioxide fluxes (SO2 flux) from the bulk plume of Mt. Etna were measured by the
FLux Automatic MEasurement (FLAME) network consisting of 10 fixed scanning ultraviolet spectrometers
(Figure 1a). A complete volcanic plume-scan profile is achieved in �5 min, and collected open-path ultravio-
let spectra are reduced on site in SO2 column densities applying the Differential Optical Absorption Spec-
troscopy (DOAS) methodology using a modeled reference spectrum [Platt and Stutz, 2008; Salerno et al.,
2009a; Merucci et al., 2011]. SO2 cross-section profiles are then transmitted to INGV-OE in Catania, where

Table 1. Lava Fountains From February to April 2013 With Their Start and End Times (GMT), Duration (h), and Seismic and Acoustic
Energy (MJ) Calculated From Data of the EBEL and EMFO Stations

Lava Fountain
Episode (Date) Start (hh:mm)

End
(hh:mm)

Duration
(h)

Seismic Energy
(MJ) at EMFO

Seismic Energy
(MJ) at EBEL

Acoustic Energy
(MJ) at EMFO

Acoustic Energy
(MJ) at EBEL

19/02/13 00:00 06:00 6 7,91E103 1.55E102
20/02/13 22:00 (on 19/02/2013) 02:30 5.5 3.19E103 1.75E102
20/02/13 09:30 15:00 5.5 1.07E104 3.94E103 2.31E102 2.49E102
21/02/13 00:30 07:00 6.5 5.29E103 1.43E102
23/02/13 13:00 22:00 9 1.87E104 5.08E102
28/02/13 06:30 11:30 5 1.86E104 1.28E104 1.07E103 7.47E102
06/03/13 19:00 (on 05/03/2013) 00:30 5.5 1.66E104 5.38E102
16/03/13 07:00 21:00 14 3.10E104 2.88E103
03/04/13 07:30 16:00 9.5 1.21E105 6.47E103
12/04/13 00:00 (on 11/04/2013) 12:30 24.5 1.87E105 9.30E103
18/04/13 01:00 17:00 16 7.58E104 5.78E103
20/04/13 07:00 19:00 12 1.84E104 1.87E103
27/04/13 11:00 22:00 11 2.07E105 5.68E103
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emission rate is computed; uncertainty on SO2 flux ranges between 222 and 136% [Salerno et al., 2009b;
Campion et al., 2010; Bonaccorso et al., 2011].

Figure 2d shows the daily SO2 flux between May 2012 and April 2013. Overall throughout the 1 year obser-
vation period, the emission rate was level for about 6 months before then gradually increased from late
December 2012 until April 2013. In the first 5 months of 2012, the flux fluctuated widely between minimum
and maximum values of 300 and 6600 tonnes per day (t/d) on 19 July and 23 May, respectively, and
remained at mean values of �2000 t/d. The mean emission rates steadily rose to �2700 t/d (minimum of
600 t/d and maximum of 6000 t/d) by December, and then more sharply to 3600 t/d (minimum and maxi-
mum fluxes of 700 and 11,800 t/d) between January–April 2013. In the first 4 months of 2013, the intraday
SO2 flux showed a gradual increase between January and February 2013 peaking at �20,000 t/d on 22 Feb-
ruary, and slowly dropped off in late February (Figure 3d). Between March and early April 2013, the SO2 flux
fluctuated widely with an overall declining trend. Although generally decreasing, the mean SO2 flux was
comparable with that released between January and February 2013 (�3600 t/d) peaking at 18,500 and
20,100 t/d on 8 March and 3 April, respectively. Following the decrease recorded on 4 April, the SO2 flux sig-
nificantly rose again peaking on 27 April with 13,000 t/d.

The HCl flux was computed by combining the SO2 flux with the SO2/HCl ratio retrieved from open-path
spectra collected by a Fourier Transform Infra-Red spectrometer (FTIR). The instrument used was a Bruker
OPAG-22 (Bruker GmbH, Germany) with ZnSe beam splitter at 0.5 cm21 resolution. The detector is a liquid
nitrogen-cooled MCT detector with sensitivity between 1000 and 6000 cm21. The absorption spectra were
collected in solar occultation mode using the Sun as the infrared source [e.g., Francis et al., 1998], and from
different sites around the volcano (�14 km distance from the Mt. Etna summit), depending on the volcanic
plume direction and Sun position. Volcanic gas amounts were retrieved for each spectrum using a custom-
made nonlinear least squares fitting analytic approach [Rodgers, 2000]; uncertainty in retrieved concentra-
tions is of order of �4%. Molar ratios are determined by plotting the retrieved amounts of SO2 against those
of HCl. The gradients of the linear regression plot are thus expressed as SO2/HCl ratios [e.g., La Spina et al.,
2010]. Figure 2d shows the HCl flux calculated between May 2012 and April 2013. Between May and August
2012, the HCl flux showed a decreasing from maximum values of �1500 to �380 t/d. In the following
months until December 2012, the flux was characterized by a fairly stable trend around values of �500 t/d.
In late December 2012, the flux began to increase peaking in February 2013 with values of �2000 t/d
(Figure 3d).

3.3. Radiometry
The study of heat fluxes and temperature variations at active volcanoes provides a key contribution to
understanding of volcanic processes, and to volcanic hazard assessment and risk management [e.g., Spam-
pinato et al., 2011]. The integration of thermal data with geophysical and geochemical signals, has provided
useful insights of eruption onsets and eruptive dynamics [e.g., Chr�etien and Brousse, 1989; Connor et al.,
1993; Flynn et al., 1993; Oppenheimer et al., 1993a; Dehn et al., 2002; Dean et al., 2004; Burgi et al., 2002;
Branan et al., 2008; Spampinato et al., 2013]. For this study, thermal investigations were carried out by using
a permanent radiometer integrated in the EBEL seismic station (Figures 1a and 1b) [Murè et al., 2013]. The
instrument consisted of an Optris CT LT15F infrared thermometer sensitive in the 8–14 lm waveband and
with system accuracy of 61% at ambient temperature of 23658 C, optical resolution of 15:1 (90% radiation
energy), and response time of 9 ms in analog output. The detector can record thermal signals according to
dynamic ranges between 250 and 9758C and at sampling rate of 50 Hz. For EBEL’s radiometer recording,
we used emissivity of 0.97, transmissivity of 0.85 (in agreement with the absorption effect of the external
protective lens used), and a dynamic range of 220 to 9508C (to avoid signal saturation). External tempera-
ture reference was automatically and simultaneously acquired by the instrument. Considering the mean
line-of-sight of 1 km (radiometer to crater rim), the radiometer field-of-view (FOV) consisted of a circular
area of �3490 m2 (Figure 1 b) including a small portion of the very top part of NSEC rim but with most of
the part being clear sky (in the absence of fumarolic/eruptive activity). For this study, we considered the
RMS of the 50 Hz signal calculated over a time window of 1 min (Figure 2e). Note that apparent tempera-
tures are underestimated with respect to absolute values due to the broad radiometer FOV, the mixed
nature of the different temperature components falling within it, and factors affecting remote thermal
measurements [e.g., Spampinato et al., 2011]. However, we are not actually interested in absolute tempera-
ture retrieval but rather in variations of the signal indicative of eruptive activity [e.g., Harris et al., 2003].
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For this study, we considered data continuously acquired from 1 May 2012 until 28 February 2013 (Figure
2e), when the EBEL station was buried by the NSEC lava flows. Between 1 May and 8 August 2012, the radi-
ometer did not record any significant temperature variations related to eruptive activity, but only the
increasing pattern of the diurnal-nocturnal oscillations due mainly to the crater area solar heating and cool-
ing (Figure 2e) [e.g., Spampinato et al., 2011]. On 9 August 2012, the temperature signal peaked suddenly at
�1508C, thus marking the passage of BN crater’s products within the radiometer FOV (Figures 1c and 2e).
The lack of radiometric information at the start of the BN eruption on 3 July 2012 relates to distance from
the target and the fact that the activity was confined within the BN crater. The combined factors signifi-
cantly attenuated the amplitude of the radiometric signal, resulting in a low volcanic-associated signal cov-
ered by the higher amplitude diurnal-nocturnal temperature variations. From September to December
2012, no significant changes associated with eruptive activity were reported.

In January 2013, apparent temperatures fluctuated between 0 and 128C (mean of 3.58C, standard deviation
of 2.0) accordingly with weather conditions and to the sporadic fumarolic activity from NSEC summit and
the background BN and VOR volcanic plume. Similarly, the overall trend of early February 2013 showed
quite low temperature values punctuated by minor peaks below �108C (Figures 2e and 3e) associated with
either gas emissions from the crater summit entering the radiometer FOV and/or increased fumarolic activ-
ity from the NSEC rim and BN and VOR activity. At �01:00 (all times are in GMT) of 19 February 2013, tem-
perature went to 08C before the rapid increase that started �2 and half hours later, leading to the first 2013
paroxysm from NSEC (Figures 2e and 3e). Temperature peaked at 04:10 passing in �1 h from 0 to �4308C,
time interval during which the eruptive regime observed at the surface changed from pure strombolian
and lava outpouring to lava fountain activity through a rapid transitional phase (Figures 2e and 3e) [e.g.,
Parfitt, 2004; Spampinato et al., 2008].

Following the first paroxysm, five other events caused temperature signals to peak at maximum values of
77 and 1008C on 20 February 2013 at 01:09 and 13:35, respectively, 708C on 21 February 2013 at 04:47,
1658C on 23 February 2013 at 18:41, and 1008C on 28 February 2013 at 10:11 (Figures 2e and 3e). Overall,
the paroxysmal events displayed the typical waveform of rapid heating of the targeted area and successive
gradual cooling to low temperature values [e.g., Harris et al., 2003, 2005; Sahetapy-Engel et al., 2008]. In all
cases, given the FOV geometry, the heating phase consisted of the superposition of two sources: heat
released by ballistics during the discrete explosive activity and lava fountain jetting, and heat released by
the hot pyroclasts accumulating on the crater rim portion falling in the radiometer FOV (Figure 1b).

3.4. GPS Data
In the last decade, GPS technique has become one of the most commonly used methodology for continu-
ous monitoring of volcano deformation (e.g., at Kilauea, Hawaii [Montgomery-Brown et al., 2011]; at Mount
St. Helens, Washington [Lisowski et al., 2008]; at Piton de La Fournaise, La R�eunion [Peltier et al., 2010]). GPS
technique is able to capture, with high resolution, any changes of the volcano shape, and when combined
with appropriate source models, provides key constraints on subsurface magma storages and conduits
[e.g., Gonz�alez and Palano, 2014].

The GPS permanent network of Mt. Etna consists of 39 stations, equipped with receivers (models GMX902,
GRX1200, SR530) and antenna (models LEIAT504, LEIAX1202, LEIAR10) manufactured by Leica Geosystems
(Figure 1c). Daily GPS time series and geodetic velocities were reduced using the GAMIT/GLOBK software
[Herring et al., 2010] and following the method described in Gonz�alez and Palano [2014]. A local reference
frame—Etn@ref—was considered in the computation to isolate the volcanic deformation from the back-
ground tectonic pattern [Palano et al., 2010]. In order to detect significant changes associated with Mt. Etna
activity, temporal records of areal variation of two triangles sited at the volcano summit (�2800 m a.s.l.) and
intermediate altitude (�1500 m a.s.l.) were retrieved (Figure 1c) [e.g., Aloisi et al., 2011]. The summit triangle
relates to the ECNE-EINT-ECPN stations and is able to track the movement of magma within the shallower
portion of the volcano plumbing system, while the intermediate-altitude triangle refers to EMGL-ESLN-
EMSG stations, and provides insights into magma movement in a deeper portion of the plumbing system.

Results revealed two main ground deformation stages (expressed in ppm, Figure 2f). Both time series show
positive areal deformation from May 2012 to mid-February 2013 followed by a prevailing negative areal
change, which lasts until April 2013. During the NSEC lava fountain sequence, the negative areal pattern fol-
lows a quasi-linear trend for the intermediate triangle, whereas the summit one displays a small positive
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areal change between 27 February and 1 April 2013 (Figure 3f). The different pattern of the two records sug-
gests different responses of the shallow and deep portions of the plumbing systems. As no consistent
deformation pattern is discernible from 27 February to 1 April in the intermediate triangle area—i.e., (i) the
deformation seems to affect only the stations located near the summit area and (ii) the associated uncer-
tainties are of the same magnitude as the signals—we calculated the ground deformation pattern for the
whole NSEC lava fountain sequence period. The estimated surface ground velocity field for the pre and syn-
lava fountaining periods are reported in Figure 5.

From May 2012 to mid-February 2013, the ground deformation field (Figures 5a and 5b) is characterized by
a general radial pattern of surface displacement of the volcano with uplift of �35 mm/yr centered westward
of the summit area, and clearly depicting a general inflation of the volcano edifice. Conversely, the NSEC
lava fountain sequence period is characterized by a volcano-wide deflation with negative height variations
up to 120 mm/yr close to the summit area (Figures 5c and 5d).

Both ground velocity fields were used as input to constrain isotropic half-space elastic inversion models.
Values of 30 GPa and 0.25 were assumed for the shear modulus and Poisson’s ratio in the half-space,

Figure 5. Comparison between observed (blue arrows) and modeled (white arrows) (a and c) horizontal and (b and d) vertical geodetic velocities relevant to the considered time inter-
vals: (a, b) for 1 May 2012 to 18 February 2013 and (c, d) for 19 February 2013 to 30 April 2013. Locations of modeled sources are reported as yellow stars.
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respectively; the chosen rigidity
represents an average value for
Mt. Etna crust [Chiarabba et al.,
2000] and corresponds to the
values commonly used for Mt.
Etna modeling [e.g., Palano et al.,
2008; Bonanno et al., 2011]. Fol-
lowing the criterion described in
Cannav�o [2012], we adopted the
Yang et al. [1988] and the Mogi
[1958] analytical pressure sources
to model the observed ground
velocity pattern for inflation and
deflation periods (i.e., pre and
syn-lava fountaining periods),

respectively. Inversions were performed using a combination of genetic algorithms [Tiampo et al., 2000] and
nonlinear least squares approaches [Morè, 1977]. To account for the effects of topography, we included in
the computation, the method of Williams and Wadge [2000]. In the computation, both horizontal and verti-
cal GPS components were inverted taking into account weights proportional to the associated displace-
ment errors. Estimation of the uncertainties in best-fitting parameters was performed by adopting the
Jackknife sampling method [Efron, 1982]. For each considered time interval, the estimated parameters of
the source are shown in Table 2. For the May 2012 to mid-February 2013 period, the best model is given by
a near vertical elongated ellipsoidal source centered at � 26500 m (a.s.l.) beneath the upper western flank
of the volcano (Figures 5a and 5b; Table 2) and characterized by a positive volume change of �113106 m3.
For the lava fountain sequence period, the best model is given by a spherical source centered at
�25500 m (a.s.l.) beneath the summit area (Figures 5c and 5d; Table 2) and characterized by a negative vol-
ume change of �63106 m3.

4. Data Interpretation and Discussion

Integration of the geophysical, infrared, and geochemical data allowed us to characterize the volcanic activ-
ity in the first months of 2013 at monthly and daily scales; as well as to assess the significance of the NSEC
paroxysms in the eruptive framework of Mt. Etna at least since May 2012. While, the seismic, infrasound and
radiometric signals provided description of each of the 13 paroxysmal events, the SO2 and HCl fluxes
helped assess the likely mechanisms on the basis of the February–April 2013 paroxysmal activity at NSEC,
and GPS data provided constraints on magma movement at depth within the volcano plumbing system.
Figure 2 shows the trend of variability of seismic and infrasonic RMS, SO2 and HCl fluxes, apparent tempera-
ture, and ground deformation between May 2012 and April 2013. In the following paragraphs we discuss
the 1 year time window by discriminating two periods: Period P1 and Period P2. P1 spans from 1 May 2012
to 18 February 2013 and P2 includes the period between 19 February and 30 April 2013 (Figure 2).

4.1. Period P1
Overall in period P1, neither the seismic and acoustic signals nor the radiometric measurements detected
any significant variation associated with the NSEC activity (Figure 2). The only exceptions were the weak
infrasonic events detected from 21 November 2012 (when crater incandescence occurred) to at least 27
November 2012, which led to a slight increase in the infrasonic RMS. During P1 the most relevant signals
ascribable to eruptive activity were those produced by BN crater starting in July 2012 [INGV-OE Internal
Report, 2012h]. BN activity irregularly lasted until August, and successively occurred on 2 and 18 October
[INGV-OE Internal Report, 2012i, 2012j] (Figures 2a and 2b). Thermal radiation produced by the strombolian
explosions and the emplacing lava flows was recorded by the EBEL radiometer with peaks between �40
and 1508C (Figure 2e). From May to August 2012, SO2 and HCl fluxes showed fluctuating steady trends sug-
gesting that although the BN July–August eruptive activity was occurring, no any new volatile-rich magma
was supplied to the shallow volcano feeding system (�21000 to 22000 m a.s.l.) [Spilliaert et al., 2006] (Fig-
ure 2d). Accordingly, the eruptive activity at the two craters might have been fed by magma already resi-
dent in the volcano upper conduit and likely by the same batch of magma that supplied the previous 2012

Table 2. Estimated Parameters and Associated Uncertainties for the Two Ground
Deformation Sources Modeled for the P1 and P2 Periodsa

Yang Magmatic Pressure
Source (See Yang et al. [1988]

for Parameter
Descriptions) for P1

Mogi Magmatic Pressure
Source (See Mogi [1958]

for Parameter
Descriptions) for P2

East UTM (m) 498195 6 35 499739 6 101
North UTM (m) 4179116 6 43 4178246 6 143
Depth (m a.s.l.) 26511 6 167 25493 6 381
DVolume (m3) 11.1 6 1.2 �106 6.0 6 1.1 �106

Major Axis (m) 110 6 88 m
Axes Ratio 0.27 6 0.05
Strike (8) 49 6 2
Plunge (8) 108 6 0.5

aCoordinates are in UTM 33N projection.
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eruptive activity [Behncke et al., 2014]. This scenario agrees well with the predominance of HCl flux released
from May to September 2012 with respect to SO2. The prevalence of HCl flux is indicative, in fact, of residual
degassing of a batch of magma relatively depleted in volatile content, at shallow depths (HCl exsolution
depths at �1000–2000 m a.s.l.) [e.g., Oppenheimer et al., 2014]. The only evidence of changes in the volcano
plumbing system was related to the linear positive trend of the surface areal time series calculated by GPS
data (Figure 2f) produced by a 26500 m a.s.l. deep pressurizing source located under the volcano’s upper-
western flank [e.g., Dvorak and Dzurisin, 1993] (Figures 5a and 5b; Table 2). In September 2012, the SO2

emission rates started increasing while HCl fluxes continued showing the same stable trend of the previous
months. HCl started increasing in October, although the two fluxes showed decoupling trends that became
significant in December 2012, with the SO2 flux dominating over the HCl flux. Such behavior, coupled with
the geodetic data (Figures 5a and 5b; Table 2), suggests refilling of the volcano feeding system by volatile-
rich magma [e.g., Dvorak and Dzurisin, 1993].

Between 3 January and 17 February 2013, Mt. Etna’s summit activity consisted in episodic strombolian intra-
crater activity at BN, and occasionally at VOR, as well as intense degassing to strombolian activity at NSEC
(P1 in Figure 2) [e.g., INGV-OE Internal Report, 2013a, 2013b, 2013c, 2013d, 2013e, 2013f]. The eruptive activ-
ity at the three summit craters produced low amplitude infrasound transients, not detectable in the RMS,
and peaking of the radiometric signal, though, due to the distance from the detector, the amplitude of the
BN and VOR transients resulting were significantly attenuated. The SO2 and HCl fluxes positively correlated
in January showing gradual and continuous increasing trends, and anticorrelated in the first half of Febru-
ary, prior to the start of the NSEC paroxysmal activity (Figure 2d). At open-vent volcanoes, decouplings
among gas species have been commonly associated with inefficient degassing dynamics, and thus with
pressurization of the volcanic plumbing systems [e.g., Aiuppa et al., 2011].

4.2. Period P2
Period P2, whose magnification is provided in Figure 3, displayed intense and impulsive eruptive activity
from NSEC with episodes of lava fountaining, surprisingly closely spaced in time in the early days. Of this
period of paroxysmal activity, we analyze only radiometric data of the first five paroxysms and the start of
the sixth, which does not allow for statistical investigations. NSEC activity was characterized by deflation
due to the depressurization of a source located at � 25500 m (a.s.l.) beneath the summit area (Figures 5c
and 5d).

Characterization of each lava fountain episode by detailed analysis of the seismic and acoustic signals
revealed an increase of the released cumulated energy trends over time according to two distinguished
trends—i.e., the February–early April 2013 and April 2013 curves (Figure 4). Focusing on the February–early
April period, the relationships of seismic and acoustic energy versus time indicates that the paroxysmal epi-
sodes progressively became more energetic and less close in time. As already observed by La Spina et al.
[2015] and based on this evidence, we suggest that the longer the interevent time, and thus the time
needed for the NSEC feeding system to reach the threshold pressure to trigger the subsequent lava foun-
tain, the greater the energy accumulated and then released. Figure 6 details the relation between intere-
vent time (i.e., interevent time between the start of a fountain episode and the start of the previous one)
and time of occurrence. The graph exhibits a linear increase of the interevent time with elapsed time from
the first episode to the 3 April lava fountain and scattered behavior for the remaining paroxysms. Combin-
ing Figures 4 and 6, we note that a clear change of both the trend of cumulative seismic and acoustic
energy and the interevent time took place after the 3 April episode. This paroxysm seems to discriminate
between two sequences of lava fountains showing slightly different seismological behaviors. In fact,
although the paroxysms following the 3 April episode also show a linear relation between the cumulative
curves and time, the slope of the curve increases (Figure 4) and the linear relation of the interevent time
observed in February–March is no longer visible (Figure 6). These changes in the eruptive behavior might
be partially explained considering a gradual increase in the efficiency of magma transport and degassing as
soon as the upper feeding system stabilizes, and an increase in the rate of accumulation of energy.

The benchmark role of the 3 April 2013 lava fountain pinpoints two eruptive phases in P2. Indeed, this event
showed slightly more evolved magma composition with respect to those observed in the previous Febru-
ary–March lava fountains that Corsaro and Miraglia [2013a] attributed to processes of magma cooling and
crystallization. These processes are consistent with the interevent times between the 16 March and 3 April
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paroxysms, which are greater than
those observed between the other
episodes, and with the geochemical
signals. The declining trends of both
SO2 and HCl fluxes displayed until the
end of March (Figure 3d) suggest
depletion of the volatile content in
the shallow supply system. In this
view, the paroxysms of the February–
3 April time window seem to fall
within an overall degassing cycle that
started as early as October 2012, and
with the majority of magmatic vola-
tiles released between February and
March 2013 (Figure 2d). The decou-
pling behavior of the SO2 and HCl
fluxes recorded since October 2012

reflects gradual conduit-filling by a volatile-rich batch of magma in the volcano shallow feeding system. The
increasing degassing mode sped up in December 2012 prior to climaxing in the second half of February and
driving the renewal of the paroxysmal activity at NSEC; the gas input eventually lasted until early April 2013.
Since March, the gradual decline of both SO2 and HCl fluxes, combined with their recoupling, indicated
degassing of a residual volatile poor batch of magma residing in the shallow volcano feeding system.

After the 3 April episode, an additional four paroxysms occurred on 12, 18, 20, and 27 April. The parox-
ysms exhibited higher seismic and acoustic energy with respect to those of the February–3 April phase,
except for the 20 April episode, which was less energetic compared to the other events (Figure 4). Petrol-
ogy evidence suggests slightly less evolved magma compositions during the paroxysms of 12, 18, and 20
April [Corsaro and Miraglia, 2013b], and more evolved in that of the 27 April lava fountain [Corsaro and
Miraglia, 2013c]. The integration of seismic and petrological observations might indicate that after the 3
April paroxysm, a volatile-rich batch of magma reinjected into the NSEC supply system; however this
hypothesis is in contrast with the SO2 and HCl flux rates (Figures 2d and 3d). In facts the trends of both
gas emission rates showed an overall decrease marked by fluctuations associated with each of the April
lava fountains (Figure 3d). The geochemical evidence is consistent with the areal changes of the
intermediate-altitude deformation triangle which does not show any variation (Figures 2f and 3f). The
slight inflation recorded for the week preceding the 3 April lava fountain, whose geodetic signals are of
same magnitude as the associated uncertainties, is in the fact that it is observed only at the stations close
to the summit area (Figures 2f and 3f), suggesting the presence of a very shallow pressurizing magmatic
reservoir. In this view, we propose that no new volatile-rich batch of magma entered the NSEC feeding
system, but rather that the same February–March batch was still involved with the less evolved products
erupted in April, likely representing its deeper portion. In this light, the small inflation of the shallow
magma reservoir might have been triggered by magma rising to the surface, which promoted volatile
exsolution and boiling. The occurrence of the post 3 April lava fountains might have been caused by self-
induced formation of bubbles that allowed buildup of pressure within the shallow feeding system prior
to each of the post-3 April episodes [Tait et al., 1989; M�etrich et al., 1993; La Delfa et al., 2001; Corsaro and
Pompilio, 2004; Vergniolle and Gaudemer, 2012]. The increasing overpressure inside the very shallow por-
tion of the plumbing system (>2000 m a.s.l.) [Cannata et al., 2013], at the same time as the onset of the
lava fountain cycle, was also observable in the LP signals. LP events, in fact, increased in both number
and amplitude at the end of February 2013. A further observation from comparison of interevent times
versus seismic energies of the 9 of the 13 episodes recorded by the EMFO station (Figure 7), is that the
lava fountains with interevent times shorter than 6 days were characterized by seismic energies lower
than 53104 MJ, while the lava fountains with longer interevent times (except for the 16 March episode)
characterized by energies higher than 53104 MJ (Figure 7).

As with the lava fountains of the first phase, this behavior can be interpreted as follows: the longer the inter-
event time between events, and thus time needed for the NSEC feeding system to reach the threshold pres-
sure to trigger a lava fountain, the greater the energy accumulated and then released.

Figure 6. Time intervals (days) between a lava fountain and the previous one (called
interevent time) plotted versus the lava fountain occurrence time.
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5. Concluding Remarks

The integration of geophysical, geo-
chemical, and radiometric observa-
tions enabled detailed study of Mt.
Etna’s NSEC eruptive activity between
February and April 2013 and the
related preeruptive conditions of the
volcano plumbing system since May
2012. The main considerations that
arose from this multiparametric inves-
tigation are the following:

1. The eruptive activity of the BN cra-
ter recorded in July–August 2012

was fed by the same magma that supplied the previous 2012 NSEC lava fountain cycle. The first signals of
the volcano feeding system recharge were recorded initially by ground deformation data, and then by
geochemical data starting from May and October 2012, respectively;

2. The relationships of seismic and acoustic energy versus time suggests that the paroxysmal episodes pro-
gressively became more energetic and less close in time;

3. The February–April 2013 lava fountain cycle is accompanied by a volcano-wide deflation due to depressu-
rization of a source located at �25500 m (a.s.l.) beneath the summit area;

4. This cycle is divided into two parts by the 3 April 2013 episode, which showed geophysical and petrologi-
cal differences with respect to the previous February–March paroxysms. Based on our observations, we
propose that the differences between the February–March and April lava fountains might be partly
explained by increase in the efficiency of the magma transport and degassing associated with stabiliza-
tion of the upper feeding system;

5. Geochemical data suggest that the paroxysms of the February–3 April fall within an overall degassing
cycle that started as early as October 2012 and with the majority of magmatic volatiles released between
February and March 2013. In this view, as also suggested by ground deformation data and LP events, no
reinjection of the shallow feeding system occurred afterward, and thus the following April 2013 parox-
ysms may result from self-induced formation of bubbles that allowed buildup of pressure within the shal-
low feeding system prior to each of the episodes.

Overall, our study has contributed to the understanding of Mt. Etna’s eruptive behavior that, since January
2011, has changed its regime from prevalently effusive to more violent, almost cyclic explosive characteris-
tics. Indeed this is not novel to Mt. Etna’s eruptive activity history; however, what has changed is the oppor-
tunity to track such variations by multidisciplinary, quantitative means. Future investigations might focus on
modeling of the eruptive events at multiple scales and on identification of the likely factors on the basis of
such modifications in the volcano eruptive regime.
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