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Abstract During 2013 Mount Etna volcano experienced intense eruptive activity at the summit craters,
foremost at the New Southeast Crater and to a minor degree at the Voragine and Bocca Nuova (BN), which
took place in two cycles, February–April and September–December. In this work, wemainly focus on the period
between these cycles, applying a multiparametric approach. The period from the end of April to 5 September
showed a gradual increase in the amplitude of long-period (LP) events and volcanic tremor, a slight inflation
testified by both tilt and GPS data, and a CO2 flux increase. Such variations were interpreted as due to a gradual
pressurization of the plumbing system, from the shallowest part, where LP and volcanic tremor are located,
down to about 3–9 km below sea level, pressure source depths obtained by both geodetic and CO2 data. On
5 September, at the same time as a large explosion at BN, we observed an instantaneous variation of the
aforementioned signals (decrease in amplitude of LP events and volcanic tremor, slight deflation, and CO2 flux
decrease) and the activation of a new infrasonic source located at BN. In the light of it, the BN explosion probably
caused the instantaneous end of the pressurization, and the opening of a new vent at BN, that has become a new
steady source of infrasonic events. This apparently slight change in the plumbing system also led to the gradual
resumption of activity at the New Southeast Crater, culminating with the second lava fountain cycle of 2013.

1. Introduction

Eruptions are preceded by magma movements and pressure increases, involving the plumbing systems,
especially in closed volcanic systems [e.g., Chaussard et al., 2013]. Such phenomena can produce elastic wave
radiation, due to both rock failure (volcano-tectonic earthquakes) and fluid dynamics (volcanic tremor and
long-period seismicity), ground deformation, and geochemical variations [e.g., Scarpa and Gasparini, 1996;
Kilburn and Voight, 1998]. Each monitoring parameter, taken individually, has advantages and drawbacks,
and for this reason cannot be considered totally reliable for volcano monitoring purposes. Hence, the more
methods that can be used at one time, the better will be the chances of detecting precursory variations [e.g.,
McNutt et al., 2000]. The multiparametric approach is useful not only for monitoring/surveillance purposes
but also for investigating the volcano dynamics and reconstructing the plumbing system. For instance,
Rivet et al. [2014] revealed inflation-deflation cycles at Piton de la Fournaise volcano by seismic velocity
change observations and GPS measurements. Takeo et al. [2006] reconstructed the magma supply path
beneath Mount Asama volcano using dense seismic and geodetic networks.

The summit area of Mount Etna volcano is characterized by five summit craters: Southeast Crater (hereafter
referred to as SEC), New Southeast Crater (NSEC), Bocca Nuova (BN), Voragine (VOR), and Northeast Crater
(NEC) (see Figure 1a). From 2011 to 2015, Etna showed an intense activity, with tens of lava fountaining
episodes, effusive and Strombolian eruptions from some of these craters. Moreover, a subterminal eruption
took place in the summer of 2014. During the last 10 years, Etna was also characterized by gradual and
important improvements of the monitoring systems, involving seismic, geodetic, infrasonic, video camera,
and geochemical networks [e.g., Patanè et al., 2013]. Both intense eruptive activity and effective monitoring
systems have made Etna the best volcano to apply a multiparametric approach aimed at investigating the
volcano dynamics. For these reasons, during the last years the number of multidisciplinary studies on
Mount Etna has been increasing. Some of these studies focus on a single lava fountain episode [e.g.,
Bonaccorso et al., 2011]; others take into account longer time intervals [e.g., Patanè et al., 2013].
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In this paper, we study Etna’s dynamics during January–December 2013, characterized by a first lava fountain
cycle in February–April, a quiescent period from May to September, and a second eruptive cycle from
September to December. In particular, we will focus on the quiescent phase by applying a multiparametric
approach, which consists of combining seismic (volcanic tremor and long-period events), infrasonic, geodetic
(GPS and tilt), volcanological, and geochemical information. This multiparametric approach, involving five
different permanent networks (each of one composed of many sensors), proved quite effective to reconstruct
the pressurization and depressurization phenomena taking place within the volcano plumbing system at
different depths, as well as to obtain insights into its geometry.

2. Volcanic Framework

From the end of the 2008–2009 flank eruption (in July 2009) until the end of 2010, Etna showed only minor
explosive activity that involved SEC (Figure 1a) and in particular a pit crater that had formed on the eastern
flank of the SEC cone in May 2007 [Behncke et al., 2014], BN, and NEC [e.g., Andronico et al., 2013; Patanè et al.,
2013]. The first days of 2011 showed an intensification of explosive activity, with Strombolian activity at the
pit crater of the SEC cone culminating in a paroxysmal episode at the same crater that took place on 12
January [Patanè et al., 2013]. This was just the first of 25 episodes, which occurred from January 2011 to
April 2012 leading to the creation of the new cone of NSEC (Figure 1a) [Behncke et al., 2014]. As reported
by Behncke et al. [2014] and Viccaro et al. [2014], all these episodes showed a similar succession of different
phases: (i) a reactivation phase with minor explosive activity, (ii) a Strombolian phase often accompanied
by lava emission, (iii) a lava fountaining and rapid lava flow emission phase representing the climax of the
eruption, and (iv) a waning phase with lava fountaining being gradually replaced by mild and diminishing

Figure 1. Multiparametric network. (a) Digital elevation model of the summit area of Mount Etna with the summit craters
(Bocca Nuova: BN; Voragine: VOR; Northeast Crater: NEC; Southeast Crater: SEC; New Southeast Crater: NSEC). (b) Digital
elevation model of Etna with the location of the seismic stations used to analyze the seismo-volcanic signals. (c) Digital
elevation model of Etna with the location of the infrasonic stations. (d) Digital elevation model of Etna with the location of
the GPS stations (black diamonds), GPS baseline (ECNE-EINT, dashed line), and the tilt station (CDV, white circle) used in this
work. (e) Digital elevation model of Etna with the location of the geochemical stations measuring CO2 flux (one station,
located south of the lower figure boundary, is missing in the plot). The yellow circles in Figures 1b–1d indicate the stations
destroyed during the paroxysmal episodes of 28 February and 11 November 2013 (EBEL and ETFI, respectively).
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Figure 2. Plot with the main multiparametric data obtained at Mount Etna during 2013. The vertical dashed red line
indicates the occurrence time of the explosion at BN, which took place on 5 September 2013 at 15:39. The top red and
grey rectangles indicate the time intervals called Phase 1, Phase 2, and Phase 3 (see section 4 for details). (a) Plot summarizing
the eruptive activity at BN, VOR, and NSEC (the red triangles and black diamonds indicate Strombolian activity and lava
fountaining, respectively). (b) Peak-to-peak amplitude of the LP events detected at Etna (black dots) and relative 75°
percentile (red line). (c) Pseudospectrogram of the LP events detected at Etna. (d) RMS amplitude of the vertical component
of the seismic signals recorded by ESLN station and filtered in the band 0.5–2.5 Hz (black dots) and relative 25° percentile
(red line). (e) Daily number of infrasonic events located in the BN/VOR area. (f) Radial tilt component recorded at CDV
station; data are corrected by seasonal oscillations and rain effects. (g) Variation in time of the length of the baseline
ECNE-EINT with the 1 sigma associated uncertainties. (h) Total soil CO2 flux amplitude variations. The locations of all the
cited stations are shown in Figure 1.
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Strombolian activity followed by a period of repose. In spite of the very similar eruptive behavior, there were
important differences among the episodes mainly regarding the duration of the different phases and in par-
ticular of the Strombolian and lava fountaining phases [e.g., Behncke et al., 2014; Viccaro et al., 2014]: as for the
former, some events showed slow resumption with prolonged periods of Strombolian activity (up to some
days), and others exhibited fast increases of the eruptive intensification reaching the paroxysmal phase after
a few hours of Strombolian activity; concerning the latter, the duration ranged from less than 1 h to more
than 8 h. During the summer seasons of 2011 and 2012 also the BN was the seat of Strombolian activity
and intracrater lava flow emission.

During 2013 the eruptive activity at Etna’s summit craters continued rather intensely (see the sketch shown in
Figure 2a) [Spampinato et al., 2015]. The first month and a half was characterized by episodic Strombolian
activity at the NSEC and BN. In mid-February episodic lava fountaining resumed at the NSEC and took place
in two different cycles: February–April and September–December. The former consisted of 13 episodes, the
first on 19 February and the last on 27 April. This first cycle was particularly intense, as testified by
[Spampinato et al., 2015] (i) the simultaneous explosive activity at the BN and NSEC, joined on 27 February
by VOR, which awoke from more than 13 years of quiescence, and (ii) the very high rate of occurrence of lava
fountain episodes culminating in four episodes in ~50 h during 19–21 February 2013.

The period from early May to the beginning of September, in contrast, was characterized by the complete
absence of eruptive activity; only during the first few days of September, weak Strombolian activity resumed
at the NSEC. At 15:39 h UTC (=local time �2), and on 5 September a violent explosion took place at the
BN. Although it was not possible to observe this explosion by the surveillance video cameras due to cloud
cover, the violence of the explosion was clearly highlighted by its seismic signature (Figures 3a and 3b).
Indeed, taking into account the peak-to-peak amplitudes of all the long-period (LP) events detected during

Figure 3. 4–6 September seismic signals. (a) Seismogram of the vertical component of the signal recorded by EBCN station
during 4–6 September 2013. (b) Seismic signal recorded by the vertical component of EBCN station during 15:39–15:41 on
5 September 2013, showing the amplitude transient accompanying the explosion at BN. (c) Waveform of the typical LP
events, characterized by low-frequency content, recorded at Mount Etna during the period end of April to 5 September 2013
(before the BN explosion time). (d) Waveform of the typical LP events recorded at Mount Etna after the BN explosion time.
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2012–2013, the percentile rank of the seismic event accompanying such explosion is higher than 99.9%. The
explosion caused an important modification of the BN, as testified by the comparison between the two
photos taken on 23 August and 7 September 2013 of the inner part of the crater shown in Figure 4. In parti-
cular, the solidified lava flows, which were emitted during 2012 to first months of 2013 and covered the NW
sector of the BN before the explosion, were seen to have been replaced by a depression after the explosion.
During the hours and days following the BN explosion, explosive activity at NSEC intensified and finally
culminated in the paroxysmal episode of 26 October. This was the first paroxysm of the second cycle, which
comprised eight lava fountain episodes and ended on 31 December 2013.

3. Data Analysis

In order to reconstruct Etna’s dynamics during 2013, different kinds of data were used (see Figure 2): seismic,
infrasonic, tilt, GPS, geochemical, and volcanological. In the next sections, all the analyses and results
obtained from these data are described.

3.1. Seismic Data

At Mount Etna, the seismic permanent network run by Istituto Nazionale di Geofisica e Vulcanologia
(INGV)–Osservatorio Etneo comprises 33 broadband and 12 short-period stations. Analysis of seismo-volcanic
signals is performed on the recordings of the 19 stations closest to the summit area. These stations are
equipped with broadband (40 s cutoff period), three-component Trillium seismometers (NanometricsTM)
acquiring in real time at a sampling rate of 100Hz (Figure 1b). It is worth noting that two of these stations
(EBEL and ETFI; see yellow circles in Figure 1b) were destroyed during the paroxysmal episodes of 28
February and 11 November 2013, respectively.

We analyzed LP events and volcanic tremor recorded during 2013, as well as the seismic signal accompany-
ing the 5 September BN explosion.

As for the former, we detected more than 200,000 events, whose peak-to-peak amplitudes and spectral fea-
tures are shown in Figures 2b and 2c, respectively. The peak-to-peak amplitude was obtained from the seis-
mic signal recorded by ECPN station (see Figure 1b), which is the reference station for LP events study at Etna
[e.g., Cannata et al., 2009]. Concerning the spectral features, we calculated the normalized pseudospectro-
gram (examples of the application of pseudospectrograms can be found in Alparone et al. [2010] and Spina
et al. [2014]), allowing to track the evolution of the LP spectral content, as follows: by the FFT algorithm,
we calculated one spectrum for each event using a 10 s long window, starting 0.5 s before the onset of the
LP event. Next, an averaging process was performed on the amplitude spectra of all the events falling in non-
overlapping 1 day windows, sliding through the investigated time interval. Finally, we normalized each spec-
trum by its maximum value and gathered the normalized averaged spectra as columns in a single matrix
arranged in temporal order. This matrix was visualized as a pseudospectrogram with time in the x axis, fre-
quency in the y axis, and the color scale showing spectral amplitude. From January to mid-February 2013,

Figure 4. Pictures taken by (a) Boris Behncke on 23 August and by (b) Biagio Ragonese on 7 September 2013, showing the
inner part of the BN. Note that the solidified lava flows, which covered the NW sector of the BN before the explosion,
resulted to be replaced by a depression after the explosion. Both photographs were taken from approximately the same
spot (the western rim of the Bocca Nuova).
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LP events were characterized by weak
amplitudes (Figure 2b) and relatively
broad spectral contents (~2–5Hz;
Figure 2c). During the first cycle of lava
fountains of 2013, we observed an
increase in the amplitudes of LP events.
However, the most important change in
terms of both amplitude and spectral con-
tent took place successively, during the
28 April to 5 September time interval.
Indeed, a gradual amplitude increase
occurred, ending on 5 September with a
very sharp decrease, at the same time as
the explosion at the BN. During the same
time interval, we noted an important
variation in LP spectral content: most LP
events became monochromatic with
frequency peaks <1.2Hz (Figure 2c).
Similarly to most of the LP events at
Mount Etna, these LP events were not
accompanied by acoustic trace. It is also
possible to observe a gradual decrease
of the frequency peak from ~1.0Hz to
~0.6Hz, taking place from May to the
end of August. Moreover, this peculiar
low-frequency feature sharply ended on
5 September, when the LP event spectral
content became again higher and

broader (3–6Hz). The rapidity of the changes of the LP events, which took place at the same time as the 5
September BN explosion, is evident in the seismograms shown in Figure 3: indeed, the disappearance of the
“signal spikes” after the BN explosion is due to the strong decrease of LP event amplitude (Figure 3a), while
the changes in the LP waveforms are visible in the seismograms in Figure 3c (typical LP event waveform during
28 April to 5 September) and Figure 3d (typical LP event waveform after the explosion).

The LP events were also located by a grid-search method based on the joint computation of two different
functions: (i) semblance, used to measure the similarity among signals recorded by two or more stations
[Neidell and Taner, 1971], and (ii) R2, calculated on the basis of the spatial distribution of seismic amplitude
(see Cannata et al. [2013] for further details). LP event sources in 2013 were similarly located to those
obtained in the previous years [e.g., Patanè et al., 2008; Cannata et al., 2009, 2013], that is below the
VOR-BN craters at shallow depths (>~2 km above sea level (asl); Figures 5a and 5b). Moreover, if we consider
only LP events with low-frequency peaks (<1.2 Hz) taking place during 29 April to 5 September (Figures 5c
and 5d), there are no significant differences with the locations obtained during all of 2013.

The time variations of volcanic tremor, in terms of amplitude and source locations, were also investigated
(Figures 2d, 6, and 7). In particular, the time evolution of its amplitude was followed by the RMS amplitude
of the seismic signal recorded by the vertical component of ESLN station, calculated on 10 s longmoving win-
dows filtered in the band 0.5–2.5 Hz (Figure 2d). Since the seismic RMS depends not only on volcanic tremor
but also on amplitude transients (LP events, volcano-tectonic earthquakes, regional earthquakes, and so on),
we calculated the 25° percentile on 8 h long moving windows of RMS to exclude the contributions of
amplitude transients and highlight the variations exclusively related to volcanic tremor changes. The most
important RMS peaks, coinciding with the lava fountains, were observed during February–April and
October–December periods. If we focus on the 25° percentile trends during the period in between the two
lava fountain cycles, it is possible to observe a gradual increase in the volcanic tremor amplitude (particularly
evident from June), which slightly reduced on 5 September. This amplitude reduction is visible in Figure 7a,
focusing on the volcanic tremor features during 4–6 September.

Figure 5. LP event source locations. (a and b) Map and section of Etna with
source locations of LP events (blue surface) recorded during 2013. (c and d)
Map and section of Etna with source locations of LP events (blue surface)
recorded during 28 April 2013 to 5 September 2013 and characterized
by low-frequency peaks (<1.2 Hz) and with source location of the initial
portion (black ellipsoid) and themaximum amplitude portion (red ellipsoid)
of the seismic signal accompanying the BN explosion on 5 September 2013.
The blue surface encloses all the grid nodes, used for the grid-search
location, with more than 1000 LP event locations. The dimensions of the
ellipsoids in Figures 5c and 5d are proportional to the location errors.
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Figure 6. Volcanic tremor source locations. (a–c) Time variation of the location of the volcanic tremor centroids, obtained
within 1 h long sliding windows during 2013 in the band 0.5–2.5 Hz. (d) Map and sections of Etna with the locations of the
volcanic tremor centroids during 2013. The top dark and light grey rectangles indicate the time intervals called Phase 1,
Phase 2, and Phase 3 (see section 4 for details).
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Figure 7
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The centroid of the volcanic tremor
source was also located within 1 h
long sliding time windows, by a grid-
search method based on spatial seis-
mic amplitude distribution, assuming
propagation in a homogeneous med-
ium (for details about the method see
Di Grazia et al. [2006] and Cannata

et al. [2013]) applied on the three-component seismic signals filtered in the frequency band 0.5–5.5 Hz.
The variations in time and space of the volcanic tremor centroid locations are given in Figure 6, and show
marked and swift changes during the eruptive lava fountain periods (February–April and October–
December), while slight and gradual migrations can be observed during the intereruptive interval (May–
September). Most of the calculated volcanic tremor centroids are located below the summit area at shallow
depths (>1 km asl). In order to pinpoint eventual variations in the volcanic tremor location time related to the
5 September BN explosion, the locations of the volcanic tremor centroids were also obtained with a higher
temporal resolution (5min) in the interval 4–6 September. The location errors are given in Table 1. The results,
shown in Figure 7, highlight a slight eastward migration of the volcanic tremor centroid from the BN area
toward the SEC area (~0.3 km), taking place at the same time as the BN explosion and accompanying the
slight decrease in the volcanic tremor amplitude (see the 25° percentile time series in Figure 7a). Although
the amount of this shift is smaller than the location error, both the nondispersed nature of the location values
and the aforementioned variations, taking place exactly at the same time as the BN explosion, suggest that a
given source migration occurred. Hence, the eastward shift has to be taken into account, rather than the
absolute locations before and after the explosion.

Finally, we investigated the seismic signal accompanying the 5 September BN explosion (Figure 3b). This
signal is made up of a first part with minor amplitude and duration of ~20 s, a second part with higher ampli-
tude and duration of about 15 s, and a coda. We located the first two parts by using the aforementioned
method semblance + R2. The results are presented in Figures 5c and 5d by two ellipsoids (the black and
the red ones regarding the first and second parts of the explosion, respectively), whose sizes indicate the
location errors. Such errors were calculated by using the method described by Almendros and Chouet
[2003], based on both the space distribution of the goodness parameters (semblance + R2 in this case) and
the signal-to-noise ratio. It is clear that the source area of the 5 September BN explosion is the same as the
LP event source area. Furthermore, it is worth noting that the source of the first part of the explosion was
slightly deeper (about 2.500 ± 0.250 km asl) than the source of the second part (about 3.100 ± 0.125 km asl).

3.2. Infrasonic Data

The permanent infrasonic network is made up of 10 stations located at distances ranging from ~1 to 8 km
from the center of the summit area (Figure 1c). Four stations are equipped with Monacor condenser micro-
phones MC-2005, with a sensitivity of 80mV/Pa in the 1–20Hz infrasonic band, the others with GRASS 40AN
microphones with a flat response at a sensitivity of 50mV/Pa in the frequency range of 0.3–20,000Hz. The
infrasonic signals are acquired at a sampling rate of 50Hz. As reported for the seismic networks, two of the
infrasonic stations (EBEL and ETFI; see yellow circles in Figure 1c) were destroyed during the paroxysmal erup-
tive episodes of 28 February and 11 November 2013.

The detected infrasonic events were located by a grid-search technique based on the brightness function
[e.g., Kao and Shan, 2004; Cannata et al., 2011, 2013], which allowed highlighting three different infrasonic
source areas active during 2013: NEC, NSEC, and BN/VOR (Figure 8a). The NEC source has continuously
emitted infrasonic events not only during 2013 (Figure 8e) but at least since the installation of the permanent
infrasonic network in 2006 [e.g., Sciotto et al., 2011; Spina et al., 2014]. The activity of this source is related to

Table 1. The 25°, 50°, and 75° Percentile Values Calculated on the
Longitude, Latitude, and Altitude Errors Obtained in the Locations of the
Volcanic Tremor Source Centroids

Longitude (km) Latitude (km) Altitude (km)

25° percentile 0.70 0.39 1.08
50° percentile 0.74 0.42 1.14
75° percentile 0.79 0.45 1.18

Figure 7. Volcanic tremor during 4–6 September. (a) RMS amplitude of the vertical component of the seismic signals recorded
during 4–6 September 2013 by ESLN station and filtered in the band 0.5–2.5 Hz (black dots) and relative 25° percentile
(red line). (b–d) Time variation of the location of the volcanic tremor centroids, obtained within 5min long sliding windows
during 4–6 September 2013 in the band 0.5–2.5 Hz. (e) Map and sections of Etna with the locations of the volcanic tremor
centroids during 4–6 September 2013. The vertical dashed red line in Figures 7a–7d indicates the occurrence time of the
explosion at BN, which took place on 5 September 2013 at 15:39.
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Figure 8. Infrasound source locations. (a) Map of Etna with the location of the infrasonic events recorded during 2013
(the radii of the red circles are proportional to the number of locations of infrasonic events in each grid node; see
legend in the bottom right corner). (b–d) Waveforms of typical infrasonic events generated by NEC, BN, and NSEC,
respectively. (e) Hourly number of infrasonic events located in the NEC area during 2013. (f) Hourly number of infrasonic
events located in the NSEC area during 2013. (g) Hourly number of infrasonic events located in the BN/VOR area during
2013. The vertical dashed red line in Figures 8e–8g indicates the occurrence time of the explosion at BN, which took place on
5 September 2013 at 15:39. The top red and grey rectangles indicate the time intervals called Phase 1, Phase 2, and Phase 3
(see section 4 for details).
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the voluminous, pulsating degassing that is characteristic for this crater. The infrasonic events produced by
the NEC commonly last ~20–30 s and are characterized by relatively low frequency (generally <2Hz; for
details about the features of NEC events see Spina et al. [2014]) (Figure 8b). The NSEC generated infrasonic
events during the periods of explosive activity (Figure 8f). NSEC events generally show spectral peaks at
higher frequency (2–5Hz) and shorter duration (<2 s) than NEC events (Figure 8d). Finally, the BN/VOR was
active in terms of infrasonic radiation both during January–March and from 5 September (Figure 8g). In par-
ticular, during the former period the infrasonic activity was linked to the explosive activity of the BN and VOR,
accompanying the first lava fountain cycle. From 5 September, a BN infrasonic source, associated with degas-
sing processes, has been continuously active. A typical waveform of a BN infrasonic event recorded after 5
September shows a spectral content at frequencies <1Hz and duration of ~20–30 s (Figure 8c).

3.3. Tilt and GPS Data

The Etna permanent tilt network comprises 14 biaxial electronic instruments installed in shallow boreholes at
3–30m [Ferro et al., 2011; Gambino et al., 2014 for more details]. Roughly speaking, a tilt component, named
radial, is directed toward the central craters and a positive signal change indicates crater up, while a second com-
ponent (tangential) is oriented orthogonally. Resolution of instruments installed on Etna covers 0.005–0.1μrad,
mainly appreciable during rapid (minutes to few hours) tilt changes [Gambino et al., 2007; Bonaccorso et al.,
2011]. Over long-term periods (months/year) small variations may be masked by environmental noise due to
temperature, rainfalls, seismicity, and local effects [e.g., Bonaccorso et al., 1999]. Seasonal temperature effects
may be reduced through linear regression with temperature data [e.g., Bonaccorso, 1996].

We considered the data of CDV (Figure 1d), which, unlike other stations, shows tilt and ground temperature at
1.5m depth highly correlated to each other. This allowed us to correct the tilt data through linear regression
with temperature data and hence to appreciate long-term changes in the order of 1.0–1.5μrad [Allard et al.,
2006; Patanè et al., 2013]. CDV during 2013 recorded clear signals due to an inflation (about 4.0μrad) of the
edifice from end of February to beginning of March to 5 September (Figure 2f). Successively, the inflation
ended and a clear deflation trend started a few weeks after.

At Etna, the GPS permanent network began to operate in November 2000. Since then, the permanent network
has been improved, reaching the current configuration of 39 stations that cover a large part of the volcanic
edifice (Figure 1d). As reported for the seismic and infrasonic networks, one of the GPS stations (ETFI; see
yellow circle in Figure 1d) was destroyed during the paroxysmal eruptive episode of 11 November 2013.
The daily raw observations, collected from the GPS permanent network for the whole 2013, were processed
using the GAMIT/GLOBK software [Herring et al., 2010] following the strategy described in Gonzalez and
Palano [2014]. Estimated GPS daily time series and geodetic velocities for specified time intervals were
referred to the “Etn@ref” reference frame (a local reference frame computed to isolate the Etna’s volcanic
deformation from the background tectonic pattern; see Palano et al. [2010] for details).

To detect significant signals related to Etna’s activity we analyzed the daily baseline changes for the sites
ECNE and EINT because they were quasi-continuously operating throughout the investigated time interval
(Figure 2g). Moreover, this baseline crosses the crater area along an approximately NS direction and is sensi-
tive to any change of the deformation pattern of the volcano [e.g., Aloisi et al., 2011; Spampinato et al., 2015].
Visual inspection of the time series of ECNE-EINT baseline length, spanning the 1 January to 31 December
2013 time interval, allows us to detect at least six different ground deformation stages (Figure 2g). In particu-
lar, the baseline does not show significant change from 1 January to 14 February while lengthened by
~0.6 cm from 2 May to 25 October, respectively. The baseline shortened by ~2.5 cm, ~2.0 cm, and ~1.0 cm
from 15 February to 26 February, from 2 April to 1 May, and from 26 October to 31 December, respectively.
These periods characterized by baseline shortening mostly coincided with the intervals of occurrence of lava
fountains (for instance, the first lava fountain episode of the second cycle took place on 26 October).

During 27 February to 1 April, the baseline length does not show any significant change with the exception of
slight lengthening (~0.2 cm) that occurred in the last week of March. In the following we focus on the 2 May
to 25 October time interval; the estimated surface ground velocity field reported in Figure 9 is characterized
by a general radial pattern, clearly depicting a slight inflation of the volcano edifice. The difference in the date
of the end of inflation between tilt and GPS data (5 September and 25 October) can be due to the fact that tilt
is more sensitive to very slight ground deformations than GPS.
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This ground velocity field was used as input to constrain isotropic half-space elastic inversion models. Values
of 30GPa and 0.25 were assumed for the shear modulus and Poisson’s ratio in the half-space, respectively; the
chosen rigidity represents an average value for Etna’s crust [Chiarabba et al., 2000] and corresponds to a
typical value commonly used in modeling works for Mount Etna [e.g., Palano et al., 2008; Bonanno et al.,
2011]. In the computation, both horizontal and vertical GPS components were inverted by taking into
account weights proportional to the associated velocity uncertainties. Moreover, we included in the inversion
also the tilt measurement at CDV station with the same weight as the GPS velocities. We compared two
different analytical pressure source models, the simpler Mogi source [Mogi, 1958] with four free parameters
and the more general Yang source [Yang et al., 1988] which has seven free and separable parameters consid-
ering the relationship in Tiampo et al. [2000] between pressure and volume of the reservoir. We tried also to
invert even more complicated sources to consider simultaneously shallow and deep sources (e.g., two Mogi
sources), but, even if the fit improved, the solutions were basically unrealistic in their locations. We performed
the model estimation from the observed ground velocity pattern by using the genetic algorithm approach
[Tiampo et al., 2000], and, in addition, to include topography, we varied the depth of the source accordingly
[Williams and Wadge, 2000]. Following the criterion described in Cannavò [2012], based on the evaluation of
model residuals and global sensitivity of model parameters, we considered the Yang source for the further
analysis because of its lower value of residuals chi-square (i.e., 5.0 instead of 6.5 for the Mogi source) and
its lower sensitivity to data uncertainties (i.e., 0.53 of total first-order sensitivity index for Yang source instead
of 0.82 for Mogi source). Estimation of the uncertainties in best fitting parameters was performed by adopting
a Jackknife sampling method [Efron, 1982]. The estimated parameters of the modeled source are shown in
Table 2. The modeled pressure source is located under the summit craters and well constrained at 95%

of confidence between 8 and 9 km
below sea level (bsl). The volume var-
iation of the reservoir was estimated
in 3.2 � 106m3 by limiting the ratio of
pressure change to shear modulus
within the elastic limits of the sur-
rounding rock [Lisowski et al., 2008].

3.4. CO2 Soil Degassing

With focus on the possible pressuriza-
tion within the Etna plumbing system,

Table 2. Estimated Parameters for Yang Magmatic Pressure Sourcea

East UTM 499,426 ± 35m
North UTM 4,178,623 ± 20m
Depth 8412 ± 260m
Δvolume 3.2 ± 0.16 106m3

Axis ratio 0.24 ± 0.01
Strike 176 ± 5°
Plunge 10 ± 9°

aSee Yang et al. [1988] and Tiampo et al. [2000] for parameter descriptions.

Figure 9. Observed (blue arrows) and expected (red arrows) (a) horizontal and (b) vertical GPS velocities as computed for
the 2 May to 25 October 2013 time interval. Uncertainties associated to GPS velocities are at the 95% level of confidence.
Observed (blue) and modeled (red) tilt signals for station CDV, spanning the same time interval, are also reported. The
yellow star indicates the surface projection of modeled source.
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examining the variation in the degassing state of the volcano during the specified interval offers an important
insight. In this work, we use geochemical data from the EtnaGas CO2 soil flux network, which comprises 15 auto-
matic stations (Figure 1e). These provide an almost homogenous coverage of the volcano flanks and have been
specifically located in sites that are characterized by significant soil CO2 emissions. The monitoring stations of
the network were entirely developed by INGV Palermo and are able to monitor parameters such as CO2 and
CH4 soil fluxes, atmospheric temperature, pressure, humidity, rain, wind speed, and wind direction. All the
stations were time-synchronized, and the data were recorded hourly, locally stored, and transmitted daily to
the laboratory in Palermo by GSM or radio links. CO2 fluxmeasurements are carried out by the dynamicmethod
[Gurrieri and Valenza, 1988; Gurrieri et al., 2008, and reference therein], in which the CO2 content in a mixture of
air and soil gas is obtained bymeans of a probe inserted into the soil at a depth of 50 cm. In accordancewith the
method proposed in Liuzzo et al. [2013], we consider here the same data processing approach to obtain a
unified CO2 flux signal from all the monitoring stations of the network. In this method, three steps are
considered: first, each time series from all the stations is filtered for the meteorological parameters and/or sea-
sonal variations; second, in order to compare the amplitude of the CO2 flux variation from different stations,
each soil CO2 flux series is normalized within the range of 0–1; and finally, all the time series from each station
are added together and the final sum is normalized again within the interval 0–1 (more details on themethod in
Liuzzo et al. [2013]).

The results are shown asΦNorm in Figure 2h, representing the total soil CO2 flux amplitude variations at a spe-
cific time (no longer giving any CO2 flux measurement units), where a high value ofΦNorm implicitly suggests
a high degassing state on Etna. In order to treat the entire EtnaGas network data series homogeneously, the
data were processed from the period spanning January 2011 to January 2015, which is a longer period than
that considered in this work (only 2013). In fact, Figure 2h shows that during 2013 the degassing state on Etna
reached a maximum amplitude of CO2 flux variation, and although the entire series is not shown, it was actu-
ally the highest value reached in 4 years. Furthermore, during 2013 the ΦNorm showed a considerable varia-
tion which peaked on 3 September after a fairly steady increase. Following this, EtnaGas network recorded a
sharpΦNorm decrease, which lasted until the end of October, while from November to the end of the year the
ΦNorm remained fairly stable at a medium amplitude value without reaching the minimum.

CO2 flux variations in volcanic environments have been linked to the rising of volatile-rich magmas as a
consequence of the release of gas in disequilibrium with decreasing pressure. CO2 is one of the most abun-
dant among these gases in magma content and one of the earliest to be released, starting from a pressure
value of 500–400MPa and becoming particularly efficient under the value of 200–150MPa [Holloway and
Blank, 1994; Lesne et al., 2011]. Taking this into consideration, it is therefore reasonable to assume that during
2013 a significant pressurization in relation to the CO2 flux occurred within the Etna plumbing system which
peaked during the first few days of September. According with the pressure-related CO2 solubility in the
magma, the high value reached in September presumably involved part of the plumbing system at a pressure
below 200–150MPa (corresponding to depth lower than 7 km bsl), which is a pressure where the CO2 release
is more efficient. These results are also reasonably compatible with the range of depth inferred by tilt and GPS
data modeling, considering the fact that the deeper GPS source is related to the ingression of the magma
batch with most of its volatile content still present in solution. It is worth noting the almost simultaneous
change in the degassing state of the plumbing system, the ground deformation pattern (mainly highlighted
by the tilt data), and the occurrence of the BN explosion on 5 September. Synchronized changes in both
ground deformation and geochemical time series have been previously observed at Mount Etna [e.g.,
Aiuppa et al., 2010] as well as at other volcanoes (e.g., Asama [Kazahaya et al., 2015]).

4. Discussion

In this paper, we applied a multiparametric approach, combining volcanological, seismic, infrasonic, tilt, GPS,
and geochemical data, to investigate the dynamics of Mount Etna during 2013.

The cartoon in Figure 10 summarizes the main phases of volcano activity described in this section. The erup-
tive activity during 2013 took place in two cycles, February–April and September–December (named “phase
1” and “phase 3” in Figure 10). The former cycle was characterized by the most intense eruptive activity that
occurred at Etna in recent years. Indeed, the beginning of the first cycle of lava fountains was characterized by
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Figure 10. Cartoon showing the different phenomena taking place at Etna during 2013. (a) Legend, indicating the location
of the summit craters and the sources, composing the plumbing system, identified in 2013. The dashed lines, displaying the
upper part of the plumbing system, indicate the lack of knowledge on the precise geometry and links of the plumbing
system. (b) Phase 1, characterized by Strombolian activity at VOR and BN, and by lava fountaining at NSEC. (c) Onset of
Phase 2, characterized by the presence of a plug (indicated by the green area and formed during 2012 to first months of
2013), composed of solidified lava flows in the upper portion of the BN plumbing system. (d) Phase 2, before the 5
September BN explosion, characterized by inflation caused by a pressure source at ~8–9 km bsl, CO2 flux increases, due to a
pressure source at ~3–6 km bsl, increases in the energy of volcanic tremor and LP event sources located at 1–3 km asl. The
outward arrows in the different sources indicate the pressurization of the different portions of the plumbing system. (e) BN
explosion, which occurred on 5 September 2013 and caused the expulsion of the BN plug. (f) Phase 3, characterized by
deflation, decrease in CO2 flux, activation of a new steady infrasonic source at BN, slight shift of the volcanic tremor source
toward NSEC, and gradual restart of eruptive activity at NSEC. The inward arrows in the distinct sources indicate the
depressurization of the different portions of the plumbing system.
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the highest rate of occurrence of paroxysmal episodes (up to two in a single day) since the onset of the lava
fountaining activity on 12 January 2011 and by simultaneous activity at three summit craters at the same time
(NSEC, BN, and VOR; Figure 10b).

The period between the two cycles of paroxysmal activity (named “phase 2” in Figure 10) was characterized
by important variations involving seismic, geodetic, and geochemical signals (Figures 10c and 10d). In parti-
cular, from the beginning of May, we observed LP events with low-frequency content (peak frequencies
<1.0 Hz; Figure 2c). Such sharp spectral changes, coinciding with the end of the first lava fountain cycle,
can be due to variations in the geometrical features of the plumbing system and/or properties of the fluids
filling it [e.g., Kumagai and Chouet, 2000, 2001]. Moreover, a decrease in the spectral peak was observed from
May to the end of August (from ~1.0 to ~0.6 Hz; Figure 2c). Due to the gradual character of this change, we
can suppose that it was caused by a slow change in the chemico-physical properties of the fluids filling the
shallow part of the plumbing system, corresponding with the LP source locations (>2 km asl; Figure 5).
Moreover, the same time period was characterized by increases in amplitudes of both LP events and volcanic
tremor (Figures 2b and 2d, respectively). Similar changes in volcanoes have been interpreted as caused by
pressurization of the plumbing system that sometimes preceded eruptions such as at Redoubt [Chouet
et al., 1994], Mount St. Helens [Moran et al., 2008], Colima [Varley et al., 2010], and Etna [Bonaccorso et al.,
2011]. Since the source of both LP events and volcanic tremor are shallow (>1 km asl), we can infer that from
May to the beginning of September at least the shallow portion of the Etna plumbing system was becoming
progressively pressurized. Since the increases of amplitude of both LP events and volcanic tremor were more
evident from the end of June (Figures 2b and 2d), the pressurization process was particularly relevant after
that time. By means of the geodetic and geochemical data (Figures 2f–2h), we can recognize that the LP
event and volcanic tremor amplitude increases are only superficial evidence of a broader pressurization
process involving the whole plumbing system at least from 3 to 9 km bsl (Figure 10d). This range comprises
the pressure source depths obtained by both geodetic and CO2 data. By means of the geodetic modeling, the
estimated pressure increase corresponds to a volume increase of ~3 · 106m3 (Table 2).

Similar evidence was observed at Etna during the second half of 2010, when the LP amplitudes gradually
increased [Patanè et al., 2013], accompanied by volcano inflation [Patanè et al., 2013] and CO2 flux increase
[Liuzzo et al., 2013]. Similar to what we observed from late April to early September 2013, such a behavior
in 2010 suggested the pressurization of the Etna plumbing system, which indeed led to the onset of the
2011 lava fountaining activity [Liuzzo et al., 2013; Patanè et al., 2013].

The explosion, which occurred at the BN at 15:39 on 5 September 2013, instantaneously modified the trends
of many of the aforementioned signals (Figures 10e and 10f). First of all, the LP events characterized by low-
frequency content disappeared (Figure 2c). The change was so sharp that only a rather sudden modification
in the plumbing system, caused by the explosion, can justify it. According to LP/VLP event source models, the
generation of these signals could require geometrical discontinuities along the magmatic transport system
such as changes in conduit diameter, pipe elbow, and interlocking cracks [e.g., James et al., 2006; Chouet
et al., 2010]. On this basis, we can suppose that the LP events (at least the ones characterized by low-
frequency content, observed during end of April to beginning of September) were due to a given disconti-
nuity within the shallow plumbing system, which was destroyed by the explosion putting an end to this kind
of events. Furthermore, the second part of the explosion, characterized by the highest amplitude (Figure 3b)
and located at very shallow depth (Figure 5d), could be interpreted as the seismic signature of the expulsion
of the BN plug, composed of solidified lava flows, that was replaced by a depression (see pictures in Figure 4).

After the explosion, sharp decreases in the amplitude of both LP events and volcanic tremor were observed
(Figures 2b, 2d, and 7a), suggesting a fast depressurization of the shallow portion of the plumbing system
(>1 km asl). Moreover, the explosion gave rise to a new steady source of infrasonic events located within the
BN (Figures 8a and 8g), in correspondence with the newly formed pit depression (see picture in Figure 4b).
This pit depression should therefore represent the shallowest part of the plumbing system, which has
generated the new infrasonic events since 5 September and had probably produced the LP events with
low-frequency content during end of April to beginning of September. On the basis of these considerations,
it is also probable that the BN explosion was caused by the aforementioned plumbing system pressurization
taking place from the end of April. Right after the BN explosion also the tilt and CO2 trends sharply changed
(Figures 2f and 2h), testifying the end of the pressurization phase and successively the beginning of the
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depressurization. This suggests that the BN explosion did not only affect the shallow part of the plumbing
system but also influenced the deeper portions of the magma transport system at least down to the pressure
sources highlighted by geodetic and geochemical data (3–9 km bsl). In particular, as for the tilt data,
the inflation observed up to 5 September was replaced by a steady trend, and successively by deflation,
which heralded the return of episodic lava fountaining in late October and continued to the end of 2013
(see supporting information for the estimated GPS deformation pattern, covering the 25 October to 31
December 2013 time interval). Indeed, a few hours after the BN explosion the explosive activity at NSEC
intensified. On the basis of this evidence, we infer that the plug expulsion caused the depressurization of
the shallow plumbing system, that quickly propagated downward, triggering uprises of magma/gas. A similar
phenomenon of downward propagating decompression was observed in 2010 at Eyjafjallajökull volcano
[Tarasewicz et al., 2012]. Indeed, according to these authors, the systematic downwardmigration of seismicity
was explained by the downward propagation of a decompression wave that triggered magma release from
progressively deeper sills.

Since the BN plug expulsion was crucial in the volcano activity, starting the depressurization phase, it can be
inferred that the plug formation (due to the BN eruptive activity during 2012 to first months of 2013) likely
played an important role also in the pressurization phase. It is probable that this plug, partially preventing
or limiting the BN degassing activity, created the conditions for the plumbing system pressurization.

The clear time relationship between the 5 September 2013 BN explosion and the intensification of NSEC
activity highlights without doubt the link between the plumbing systems feeding the two craters.

The complex relationships between the summit craters of Etna and the characteristics of the superficial
plumbing system of the volcano have been intriguing scientists for decades [Chester et al., 1985; Allard
et al., 2005; Spina et al., 2014]. For at least the past 20 years, the BN seems to have been a particular indicator
of the state of the volcano, being often the first crater to reopen after an extended period of eruptive quies-
cence. This was so in the summer of 1995, when summit eruptive activity resumed at the BN after 2 years of
quiescence following the major 1991–1993 flank eruption [e.g., Rothery et al., 2001; Allard et al., 2005]. An
intensification of the BN activity in November 1996 was instantly followed by the reawakening of SEC after
5 years of repose [Rothery et al., 2001]. Again, after the 2001 flank eruption, the first signs of renewed eruptive
activity, a few months later, were first heard and then seen at the BN [Andronico et al., 2005]. It was thus
evident that the BN was, at least in certain periods, rather sensitive to the dynamics of, and most notably,
pressure changes in Etna’s shallow plumbing system.

In 2010–2013, the association of eruptive activity at the BN and at the NSEC was often rather intimate. Both
craters showed a gradual increase in explosive (phreatomagmatic) activity during 2010, before the start of
episodic lava fountaining at the NSEC in January 2011. When the frequency of paroxysmal eruptive episodes
at the NSEC increased in the summer of 2011 (from one episode every 1–2months in January–June to three
to four episodes per month during July–September), Strombolian activity started also in the BN in July, the
first significant magmatic activity at that crater for 10 years [Patanè et al., 2013]. In early 2012, some paroxys-
mal episodes at the NSEC were accompanied or followed by ash emissions from the BN. However, in July
2012, Strombolian activity started at the BN after episodic lava fountaining at the NSEC had entered into a
10month long pause, and in January–February 2013, eruptive episodes alternated at the BN and the NSEC,
rather than occurring contemporaneously (see reports on the INGV–Osservatorio Etneo website), whereas
the BN ceased erupting when activity started at the Voragine in late February 2013.

The peculiar relationship between the BN and the NSEC became again evident in April–May 2015, when an
explosion from the former on 12 April—much smaller than the 5 September 2013 event—was followed
1month later by a new eruptive episode at the latter, which in turn was accompanied by several strong
ash emissions from the BN.

5. Concluding Remarks

The following points summarize the main conclusions:

1. the time interval in between the two 2013 lava fountain cycles at Mount Etna (end of April to beginning of
September) was characterized by a gradual pressurization of both deep and shallow plumbing system
portions (from ~3 to 9 km bsl to the summit), culminating with the 5 September 2013 BN explosion;
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2. the 5 September 2013 BN explosion sharply and suddenly modified the plumbing system, giving rise to
open conduit conditions at BN (suggested by the activation of a new infrasound source), put an end to
the pressurization, and caused a depressurization of the shallow plumbing system, that quickly propa-
gated downward triggering uprises of magma/gas;

3. the pattern changes, observed in different time series and time related to the 5 September 2013 BN explo-
sion, testify how a shallow phenomenon can affect the entire plumbing system down to some kilometers
below sea level;

4. the clear time relationship between the 5 September 2013 BN explosion and the NSEC activity intensifica-
tion highlights the close link between plumbing systems feeding the two summit craters.
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