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ABSTRACT

This paper presents an overview of the seismic and volcanic activity oc-
curred during 2014 in the region involved by the TOMO-ETNA seismic
active experiment (Mt. Etna, Aeolian Islands and Peloritani-Messina
Strait areas). To better characterize the seismicity over the year, three-
dimensional hypocenter locations and focal mechanism solutions of a
dataset of 678 selected small-to-moderate magnitude earthquakes
(0.5 <M, =4.3) were analyzed. In the framework of the TOMO-ETNA
experiment, a temporary seismic network was installed on-land from June
to November 2014, both to acquire seismic signals produced by shots and
to record the local seismicity. Data collected by the temporary network
were used to integrate those deriving from the permanent seismic network
operated by the Istituto Nazionale di Geofisica e Vulcanologia (INGV)-
Osservatorio Etneo, thus obtaining a numerically more robust dataset.
In agreement with previous analysis and studies, the distribution of the
hypocentral locations is well representative of the seismicity that typically
characterizes this area. The selected well-constrained 42 fault plane so-
lutions evidence two domains characterized by different motions and style
of deformation. In particular, an extensional domain in the northeastern
Sicily and a strike-slip regime in the northernmost part of the studied re-
gion have been observed.

1. Introduction

Sicily and Calabria (Figure 1a) lie at the boundary
between the converging African and Eurasian plates, in
a sector of the Mediterranean that is among the most
seismically active regions and that has been affected by
some earthquakes among the strongest occurred in
Italian seismic history (up to intensity X-XI; Figure 1b).
The eastern part of Sicily is also characterized by two
active volcanic regions: Mt. Etna and the Aeolian Ar-
chipelago, located in central eastern Sicily and in the
southern Tyrrhenian Sea, respectively (Figure 1a).

In particular, Mt. Etna stands at the front of the
southeast-verging Apennine-Maghrebian fold-and-
thrust belt (Figure 1a), where the NNW-trending Malta
Escarpment separates the Sicilian continental crust
from the Ionian Mesozoic oceanic basin, presently sub-
ducting beneath the Calabrian arc [Selvaggi and
Chiarabba 1995]. The complex geological history and
tectonic setting of Mt. Etna have given rise to a great
number of models to interpret its origin and the pecu-
liar features for a very active basaltic volcano that is so
unusually located in front of an active thrust belt [e.g.
see Branca et al. 2011; Patané et al. 2011].

Instead, the Aeolian Archipelago represents a vol-
canic arc made up of seven major islands (Figure 1¢) and
a wider seamount system, result of the Ionian lithosphere
subduction beneath the Calabrian Arc [e.g. Barberi et
al. 1994; Mantovani et al. 1996] and of a post-subduction
extensional deformation [Beccaluva et al. 1985; West-
away 1993; Ventura et al. 1999; De Astis et al. 2003].

The tectonic structures characterizing the north-
ern Sicily and its Tyrrhenian offshore are related to a very
complex geodynamic context associated to both the
collision between African and European plates and to
the evolution of Tyrrhenian Basin. In particular, the re-
cent deformation pattern of the Sicilian Maghrebides
is interpreted as a result of brittle and brittle-ductile
neotectonic structures with strike-slip kinematics de-
veloped since Middle-Late Miocene in the internal
zones of the thrust belt, in turn related to the recent
Tyrrhenian opening [Giunta et al. 2009]. The seismicity
in the Sicilian Maghrebides is mainly located in the hinge
zone between northern Sicily and southern Tyrrhen-
ian, either crustal or deeper, and limited in two main
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Figure 1. (a) Simplified tectonic map of Sicily and Calabria (after Musumeci et al. [2014]). (b) Strong historical events affecting northeastern Sicily
and southern Calabria [Azzaro et al. 2008]. VdB = Valle del Bove. (c) Map distribution of the permanent and temporary seismic stations.

hypocentral sectors [Gueguen et al. 2002; Giunta et al.
2009]. Deep seismicity (up to about 230 km), concen-
trated in the southern Tyrrhenian, is associated with the
subduction of the Ionian lithospheric slab beneath the
Calabrian arc, while shallow seismicity is the expression
of the brittle strain crossing the whole orogeny [Neri
et al. 1996]. The shallow seismicity of the southern
Tyrrhenian Sea (<30 km deep) shows the occurrence
of two adjacent compartments, which are character-
ized by different tectonic regimes: a N-S compression to
the west of the Aeolian Islands, and a NW-SE extension
to the east and southeast [Anderson and Jackson 1987;
Neri et al. 2003; Montone et al. 2004; Pondrelli et al.
2004]. The transition zone between these compartments
corresponds, at depths of about 100-200 km, to the lat-
eral (western) termination of the Ionian Wadati-Be-
nioff zone [Piromallo and Morelli 2003; Faccenna et al.
2004, 2005] and, at shallow depths (i.e., <30 km), to the
Tindari Fault System in the northern Sicily [e.g. Scarfi
et al. 2016] and to the recent Aeolian volcanic edifices
(i.e., Vulcano, Lipari and Salina).

Mt. Etna seismicity (volcano-tectonic earthquakes,
VT hereafter) mainly occurs in the shallower crust (depth
<10 km) with a high rate of earthquakes of low and
moderate magnitude, which seldom exceed 4.0 [Patane
et al. 2004; Patane and Giampiccolo 2004]. About three
decades of detailed seismological studies on this volcano
have shown that the distribution of VT seismicity in the
intermediate and lower crusts (10-30 km) beneath Etna

can be the key to infer the seismic response of local struc-
tures to the stress field induced from episodic ascent of
magmatic batches from depth. The occurrence of intense
seismic swarms at these depth levels, in the western and
central-southern sectors of the volcano, has repeatedly
been observed in the recent past and usually preceded the
onset of volcanic activity [Bonaccorso et al. 1996; Vin-
ciguerra et al. 2001; Patane et al. 2004; Martinez-Arévalo
et al. 2005; Alparone et al. 2012; Patane et al. 2013; Sicali
etal. 2015]. Mt. Etna earthquakes basically share their sig-
natures with seismic events recorded in a tectonic envi-
ronment, such as those occurring in the nearby areas of
the Hyblean Plateau and Peloritani-Calabrian Arc [Patane
et al. 1997; Patané¢ and Giampiccolo 2004], generated by
regional tectonic stresses and/ or by local stresses deriving
from magma migration in the Earth’s crust and providing
the necessary energy for rock failure.

Much still remains unclear about the relationship
between seismicity and recognized faults, and between
seismicity and volcanism, as well, especially when we
look at a geodynamic context larger than the single vol-
cano. It is worth stressing that the geodynamic setting
of the complex southern Tyrrhenian - Calabrian Arc -
Ionian Basin is one of the most intriguing worldwide
areas. In this framework, the TOMO-ETNA seismic ac-
tive experiment might help to solve many shortcom-
ings (for more details on the experiment, see in this
volume: Cavallaro et al. [2016]; Coltelli et al. [2016];
Diaz-Moreno et al. [2016]; Firetto Carlino et al. [2016];
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Garcia et al. [2016]; Ibafez et al. [2016a, 2016b]).

The experiment was carried out between June
and November 2014, offshore of Etna and in the south-
ern Tyrrhenian Sea, by applying both passive and ac-
tive refraction/reflection seismic surveys and other
geophysical investigations [Ibafiez et al. 2016a, in this
volume]. It will allow investigating the structure of the
crust beneath Mt. Etna, its offshore and under the
Peloritani-Nebrodi chain, until the Aeolian Islands. This
information could help to answer to the many issues
still unresolved by exploiting the large amount of data
acquired during the campaign and provided by the cut-
ting-edge monitoring systems deployed in eastern
Sicily, including Mt. Etna volcano.

Data collected by the temporary seismic stations
installed in the framework of TOMO-ETNA experi-
ment were used to integrate those deriving from the
permanent seismic network operated by the Istituto
Nazionale di Geofisica e Vulcanologia (INGV)- Osser-
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vatorio Etneo (hereafter, INGV-OE). We performed the
3D hypocentral location of a selected dataset of events,
investigating their spatial and temporal distribution.
Focal mechanisms of a subset of earthquakes were also
computed.

2. Mt. Etna

2.1. VT seismicity

The seismicity associated with VT earthquakes has
been quite modest in 2014, both in terms of number and
energy released by the events. In particular, during this
period, about 250 earthquakes with maximum magni-
tude of 3.3 have been located in the volcanic region.
The map distribution of this seismicity, located with the
1D velocity model proposed for Etna area by Hirn et
al. [1991] and modified by Pataneé et al. [1994], is re-
ported in Figure 2. Seismicity has been mainly located
in the eastern flank of the volcano, with two most im-
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Figure 2. Epicentral maps and cross-sections of the 1D earthquake locations with depth <160 km recorded during 2014 in the study area
[Gruppo Analisi Dati Sismici 2016]. At the bottom (right corner) a focus on Etna area is reported.
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portant seismic sequences occurred on March and Sep-
tember, both close to Zafferana Etnea village. The for-
mer, recorded on March 12, was characterized by 10
seismic events located at a depth ranging between 4 and
6 km, with maximum magnitude M, =2.9. The latter,
occurred at the end of September, was characterized
by 15 earthquakes (maximum M, = 3.3) located at a depth
range 0-1.5 km. Isolated low magnitude earthquakes
have been also located in the northern and western
flanks of the volcano at a depth range 15-30 km. Focal

TomoEtna Experiment

depths of the earthquakes, occurred in both sectors of
the volcano, in general, reflect the peculiarities of the
background seismicity at Mt. Etna [Patané et al. 2004].

Earthquakes daily rate and associated seismic
strain release are reported in Figure 3a. The seismic en-
ergy (E) is computed using the relationship Log, E =
9.9+ 1.9M — 0.024M? [Richter 1958]. Figure 3a allows
to highlight the background seismicity and the most
relevant seismic swarms occurred in the southeastern
flank in March, and at the end of September.
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Figure 3. Earthquake occurrence and related cumulated strain release at Mt. Etna (a), Aeolian Islands (b) and Peloritani-Messina Strait area
(), during 2014. Dashed black lines delimit the time period during which the TOMO-ETNA experiment was carried out.
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2.2. Volcanic activity

During 2014, several episodes of volcanic activity
characterized the volcano. Starting from the end of Jan-
uary, Strombolian activity has been observed at the
New Southeast Crater (NSEC; see Figure 4a). This ac-
tivity evolved quite slowly and it was limited to mild
Strombolian activity at the summit of the cone, whereas
lava was emitted from vents on its lower eastern flank
(Figure 4a). It was rather different from the dynamics of
the NSEC of the previous three years [De Beni et al.
2015], marking a transition from brief, violently explo-
sive episodes to more long-lived, less explosive events,
which characterized much of the eruptive activity dur-
ing 2014 [De Beni et al. 2015]. This activity continued
with fluctuations for 75 days, until the night of April 6-
7 and it was followed by sporadic explosive activity at
low energy. In the evening of June 14, NSEC woke up
(Figure 4a,b). This eruptive episode which had been
preceded by about five weeks of intermittent, weak
Strombolian activity, lasted four days and it was char-
acterized by intense Strombolian activity and lava emis-
sion, but no lava fountains and negligible tephra
emission (Figure 4a).

After several weeks of relative quiescence, on July
5, mild Strombolian activity and slow lava emission
(Figure 4a) started from two new vents located at 3000
m elevation on the lower east flank of the Northeast
Crater (NEC), and from a further vent a short distance
upslope, at 3090 m elevation, on July 25 [De Beni et al.
2015]. These vents were located about 700 and 600 m
from the NSEC, respectively. There are several lines of
evidence that this activity was fed by magma from the
NSEC conduit, such as the formation of a system of
dry fractures in the area between the new vents and the
NSEC [De Beni et al. 2015]. The effusive activity con-
tinued until early August 10. In coincidence, Strombo-
lian explosions increased in frequency and size at the

NSEC, heralding another eruptive episode. In the next
months, new explosive episodes were recorded at
NSEC in October and, after a relatively long break, on
December 28 with a quite violent paroxysm. During
the paroxysm, an eruptive fissure opened on the south
side of the old cone of the South-East Crater (SEC),
and emitted a lava flow reaching the altitude of 1900 m
a.s.] (Figure 4a).

The most outstanding event during 2014 was the
collapse of a portion of the east flank of the cone on
February 11, which led to the generation of an avalanche
composed of rocks derived from the cone and hot lava
derived from the active effusive vents that were incor-
porated in the collapse. This event, though similar in its
characteristics to previous mass-wasting events in Etna’s
summit area [Calvari and Pinkerton 2002; Behncke et
al. 2008; Norini et al. 2009] was of significantly larger
proportions, presenting a previously underappreciated
hazard [De Beni et al. 2015].

According to the areal variations calculated for two
triangular sectors (see inset in Figure 5a), one related to
three summit GPS stations (EPDN - EPLU - ECPN) and
the other related to three intermediate altitude GPS sta-
tions (EMCN - ESLN - EMEG), we may identify the de-
formation patterns associated to the different volcanic
phases of Mt. Etna. The ability to track inflation-defla-
tion processes through areal variations or lengthening-
shortening of GPS baselines at Mt. Etna has been
already explored in Aloisi et al. [2011], Bruno et al.
[2012] and Pataneé et al. [2013]. In particular, during the
analyzed period, three main ground deformation cy-
cles, more evident on the summit part of the edifice,
can be observed. The first one started in January, with
a dilatation phase that culminated with the resume of
Strombolian activity at the NSEC. Then, since Febru-
ary, an intense contraction accompanied the eruptive
activity, involving the entire GPS network until Febru-

Figure 4. (a) Shaded relief images of Mt. Etna with the extent lava flow field that occurred during the 2014. NEC= North East Crater,
VOR =Voragine, BN=Bocca Nuova, SEC=South East Crater and NSEC =New South East Crater. (b) Eruptive activity at NSEC on June

15, 2014 (Ph Boris Behncke, INGV-OE).



BARBERI ET AL.

NSEC__ _

NEC NSEC NSEC

2ppm|

EMCN-EMEG-ESLN
=z LF

L/

/VECPN EPLU-EPDN

10

. i ] 10000
"‘ H - b g g I" l' ! .7.‘_:._-. .
%- i : x 8' 5000
00| G L Y T £
20 [t l : ' B
©
30 | l L
=0
40

I I I I I I
Jan Feb Mar Apr May Jun Jul

I I I I I
Aug Sep Oct Nov Dec

Figure 5. (a) Areal variations calculated for a summit (ECPN-EPLU-EPDN stations; red line) and an intermediate altitude triangle (EMCN-
ESLN-EMEG stations; black line). On the top, the red and gray horizontal bars show the eruptive activities occurred at NSEC and NEC, re-
spectively. (b) Earthquakes depth with related strain release vs. time. The radius of the black dots is proportional to the magnitude. The orange

band illuminates earthquakes located in the depth range 10-30 km.

ary 20. It was localized only to the summit area until
March 22 when a new phase of areal variation started
at the entire GPS network until June 15. After that, the
stations located on the summit of the volcano edifice
evidenced a new strong contraction, characterized by
two minor cycles of dilatation-contraction: the first oc-
curred just before the start of the eruptive activity on
the vents opened at the base of the NEC and the second
one during the eruption. At intermediate altitude, the
contraction started on July 31 and ended on August 25
for the entire GPS network. In the period September-
December a new generalized phase of areal dilatation
affected the entire volcanic edifice, clearly evidenced at
all GPS stations. This variation preceded the renewal
of the Strombolian activity started on October 7 at the
NSEC and the intense paroxysm (lava fountain) occurred
on December 28. This new paroxysmal took place after
the last one of December 2, 2013.

In Figure 5b we show the seismicity distribution in
depth and relative seismic strain release of earthquakes
during the investigated period. Several earthquakes in
the intermediate-lower crust (10 < H < 30 km) occurred

before and during the eruptive cyclic phases of 2014. It
is not the first time that relatively deep seismicity fol-
lowed by variation/rejuvenation of volcanic activity
has been observed. Indeed, intense seismic swarms dur-
ing inter-eruptive periods, in the western and central-
southern volcano’s sectors, could anticipate the onset
of volcanic activity [e.g. Bonaccorso et al. 1996; Patané
et al. 2004; Alparone et al. 2012; Patan¢ et al. 2013; Sicali
etal. 2015]. Deep earthquakes probably occur when new
magma enters the system from below and causes the
pressure to increase. However, due to the few “deep”
events recorded during 2014 and to their distribution
spread all over the volcanic edifice, it is difficult to relate
them to the periodic ascent of magma batches from
depth. In contrast, the shallow earthquakes probably
are due to a combination of factors which include
magma potentially accumulated below 3 km and stress
added to the system.

2.3. Seismic signals associated with volcanic activity
During the period under investigation, the most
important eruptive events, occurred at NSEC and NEC,



SEISMIC AND VOLCANIC ACTIVITY IN SICILY

NSEC NSEC

NEC NSEC NSEC
- [}

100

RMS Amplitude ESLN

Feb Apr May Jun

Jul

Oct

RMS (a.u.)

01

22-Jun 29-Jun 06-Jul 13-Jul 20-Jul

27-Jul

03-Aug 10-Aug 17-Aug 24-Aug

4180

£
S
<

4178

Latitude (UTM km)

4177

4176

498 499 500

Longitude (UTM km)

501

50

Depth (km a.s.l.)

Volcanic Tremor Source Location
22/06/2014 - 25/08/2014

= %, 2, 2%, Z %
% N N 2 ) @)
%, 3 23 %, %, %,
2, 2, ) 2, 2, 2,
7 o 7 = 7 o 3
-4 : - v v »

Figure 6. (a) Root-mean-square (RMS) tremor amplitude from the ESLN station during 2014. RMS is calculated over 10-minute-long sliding
windows with 50% overlap in the 0.5-5.5 Hz frequency band. On the top, the red and gray horizontal bars show the eruptive activities oc-
curred at NSEC and NEC, respectively. (b) Gray strip highlights the marked increase in the amplitude of the volcanic tremor observed during
the 2014 eruption occurred at the flank of NEC. (c) Map and sections of Mt. Etna showing the spatial distribution of tremor source centroid lo-
cations during June 20 to August 25, 2014. Dots indicate the source position respect to the time evolution as illustrated by the color bar scale.

were accompanied by important variations of the vol-
canic tremor amplitude. Conversely, no important
changes of recorded LP (long period) and VLP (very
long period) signal were observed, in terms of both
time variation and dominant frequency (INGV report
at http:/ /www.ct.ingv.it).

In Figure 6a the temporal variation of the volcanic
tremor amplitude during 2014 is shown. Most of the seis-
mic radiation energy of the tremor is bounded between
0.5 and 5.5 Hz, as reported by several authors [e.g. Can-
nata et al. 2013; Zuccarello et al. 2013] and as observed

by a visual inspection of the seismograms recorded
during 2014, as well. Therefore, the amplitude is here
calculated as root-mean-square (RMS) over 10 min long
time windows for the 0.5-5.5 Hz vertical-component
signal from the seismic broadband station ESLN. In Fig-
ures 6b and 6c the temporal and spatial variations in
both amplitude and source centroid (evaluated every 30
min by using an amplitude-based method; e.g. Di Grazia
et al. [2006, 2009]) of volcanic tremor during the June
20- August 25, 2014, time interval are shown.

Several RMS amplitude features were observed
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during the study period: (i) high values of RMS tremor
amplitude were recorded between January-March 2014,
related to the NSEC eruptive activity; (ii) in late March
the amplitude of the volcanic tremor has been de-
creasing until middle June, when the energy of seismic
radiation increased abruptly, and the seismic tremor
amplitude achieved high levels (Figure 6b); this partic-
ular RMS stage followed the entire eruptive fissure ac-
tivity occurred on the eastern flank of NEC (Figure 6b);
(iii) finally, high values of the tremor amplitude, asso-
ciated with a powerful lava fountain, were recorded on
December 28, 2014. On the basis of volcanic tremor
source location (Figure 6c) three different source areas
can be detected. In particular, before the eruptive fis-
sure eruption, the tremor source spanned a volume
with maximum length of about 2 km in depth, below
the eastern flank of the Summit Craters; successively,
during the eruptive period, the tremor source progres-
sively began shallower with time, migrating towards
the eruptive fissure (light blue - yellow
colors in Figure 6¢), at a very shallow
depth (~2.5-3.0 km a.s.1.). Finally, we
observed a progressive repositioning
of the tremor centroids towards the
NSEC clustering at depths up to ~1
km beneath the surface (Figure 6c).

3. Aeolian Islands and Peloritani-
Messina Strait area

3.1. Seismic activity

During 2014, about 500 small-to-
moderate magnitude earthquakes
(0.5<M, £4.3) have been located at
Aeolian Islands and in the Peloritani-
Messina Strait area (Figure 1c). At the

Googleearth

by rare earthquakes of low magnitude [Falsaperla et al.
2003]. Finally, seismicity at Vulcano Island, usually re-
lated to fluid dynamics, was characterized by back-
ground levels of activity during the investigated time
interval. In Figure 3b earthquakes daily rate and asso-
ciated seismic strain release in the Aeolian Islands area
during the study period, are shown.

As regards northeastern Sicily region (including
Messina Strait and southern Calabria; Figure 2), this
was affected by a number of earthquake swarms, in
some cases relevant both in number and energy re-
leased (Figure 3c). The first swarm occurred in the area
of the Messina Strait at the beginning of February and
it was characterized by earthquakes with maximum
magnitude M; =2.9. Two other swarms affected the
area located southeast of Tindari (Figure 1c) in July
(maximum M, = 3.7) and October (maximum M, = 3.3).
Earthquakes depth, related to the above stated events,
mainly ranges between 10 and 15 km.

Crater terrace

Effusive vent

Aeolian Islands, seismic activity has
been mainly recorded in the internal
sector of the archipelago (Figure 2), to
the south of Alicudi, Filicudi and Salina.
The most energetic events, mainly
ranging between 10 and 15 km depth,

RMS (a.u.)

were recorded on January 14 (maxi-
mum M, =4.1), 10 km SW of Vulcano
island, and on October 9 (maximum
M, =4.3), 12 km SW of Salina.

A less energetic seismicity (only

0

three VT earthquakes) were recorded Jan Feb

near Stromboli at a depth of 5-7 km,
with the maximum magnitude (M, =
2.6) event occurred on May 26. Here
the occurrence of VT earthquakes is
not a usual feature being characterized

T
Mar  Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 7. (a) Location of the lava flow on September 19, 2014, at Stromboli volcano. This
is a perspective view from north to south (modified after Zaksek et al. [20157). (b) Root-
mean-square (RMS) tremor amplitude from the STRI1 station, during 2014. RMS is cal-
culated from spectra over 10-seconds-long windows (1024 points) with overlapping of
24 points in the 0.5 - 5.5 Hz frequency band.
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3.2. Volcanic activity at Stromboli volcano

After a period relatively quiet, in the early 2014 a
marked increase in the Strombolian activity at Strom-
boli volcano was recorded. Several major and more en-
ergetic explosions occurred within a short time span,
representing one of the most active periods during the
year. Towards the end of May, volcanic activity at
Stromboli increased as the magma level inside the con-
duit rose. The volcano had several small effusions until
June when the increasing frequency of explosions and
lava overflows led to the onset of an effusive eruption
on August 6 (INGV report at http://www.ct.ingv.it)
from a fracture located in the external part of the
northeast crater.

On August 7, at 5:15 GMT, a new fracture with
lava flow opened at 650 m a.s.l,, rapidly extending
down the Sciara del Fuoco in several fronts (Figure 7a;
Zaksek et al. [2015]). The activity was accompanied by
numerous landslides (INGV report at http:/ / www.ct.
ingv.it). This was associated with the end of a persistent
explosive activity from the craters. Then, the activity
was characterized by a variable degassing rate and spo-
radic ash/lava explosions, with the exception of a more
energetic explosion on October 18. The eruptive frac-
ture and the lava flow remained approximately con-
stant until October 28, when it reduced markedly. The
effusion rate subsequently remained at a very low level
until November 13-17, when the effusion ceased [Rizzo
etal. 2015].

3.3. Seismic signals associated with volcanic activity at
Stromboli volcano

A good correspondence is found between volcanic
activity and variation in tremor amplitude at Stromboli
volcano. In particular, the volcanic tremor amplitude
level remained low until May. Then it increased until
the effusive eruption occurred on August (Figure 7b).
Afterwards the amplitude showed a rapid diminution
and quickly returned to background levels. As regards
the VLP seismicity, a low-medium occurrence rate has
been estimated between January and May. Successively,
a slight increasing trend was observed, reaching its max-
imum in June. A further increase of the number of
VLP events was recorded during the eruptive period, at
the end of which it returned to the background level
exhibited before the eruption. Even the frequency and
polarization parameters of the VLP during the erup-
tive period exhibited some variations (INGV report at
http:/ / www.ct.ingv.it).

In general, the lack of strong geophysical signals
preceding volcanic activity can be related to the low en-
ergy involved in magma upraise mechanisms. The low
energy may be due to the small quantities of magma

periodically injected in the shallow magma chamber,
located above the sea level inside the volcano edifice
[e.g. Patané et al. 2007].

4. 3D locations and focal mechanisms in the region
involved by TOMO-ETNA seismic active experiment

The permanent seismic network, managed by
INGV-OE, consists of 70 stations equipped with broad-
band (BB, hereafter) three-component seismometers
(Figure 1c). All the important improvements over time
have made possible to increase the ability to detect the
seismicity, allowing recording and locating even low en-
ergy events.

From June to November 2014, 17 BB temporary
stations, provided by the GFZ-Potsdam and operating
in continuous mode, were installed at Mt. Etna in the
framework of the TOMO-ETNA experiment. The BB
stations (see Ibafiez et al. [2016a, 2016b] in this volume,
for more details) were equipped with Trillium Compact
120s BB Seismometers and Earth Data Loggers (PR6-
24). In addition, from June 26 to July 24, 80 cube short
period seismic stations, equipped with 3D Geophone
PE-6/B and Mark 3DL4C sensors with DSS recorded
system, worked simultaneously with the BB temporary
and permanent stations, leading to a total of 167 seis-
mic stations (see Figure 1c¢).

This enhanced monitoring system (temporary and
permanent stations) allowed to re-analysing about 750
earthquakes located during 2014 in the study area (lat-
itude N 37.35-38.85 and longitude E 14.20-15.80). Fi-
nally, 678 seismic events, with at least 8 P- and S-phases
observations, GAP<280° and location errors ERH and
ERZ <4 km, have been selected (http:/ / www.ct.ingv.
it/ufs/analisti/ catalogolist.php; Gruppo Analisi Dati
Sismici [2016]) and relocated by using the tomoDDPS
code [Zhang et al. 2009] and the 3D velocity model by
Scarfi et al. [2016]. Maps of the 678 final locations are
shown in Figure 8a,b. Events are affected by uncertainty
less than 0.3 km in the hypocentral coordinates and
root-mean-square (RMS) travel-time residual less than
0.2 s. Higher depth errors are mainly observed for the
events occurring along the coastal sector of the study
area because of the largest azimuthal gaps.

As shown in Figure 8a,b, the seismic events distri-
bution is relatively well representative of the seismicity
of the different areas. In particular, seismogenic depth
varies from few kilometres to 30 km for Etna volcano
(Figure 8a), and from 8 km to 15 km for the Aeolian Is-
lands (Figure 8b). In the Peloritani-Messina Strait area
seismicity is mainly ranging between 5 km and 20 km
(Figure 8b). Earthquakes deeper than 50 km are located
beneath the Tyrrhenian Sea, with depth increasing
steeply to about 200 km.
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Figure 8. 3D location of earthquakes with depth <50 km for (a) Mt. Etna and (b) Aeolian Islands and Peloritani-Messina Straits areas.

To describe the kinematic behavior of the studied
region, we computed focal mechanisms for the best
recorded events by using the ray tracing obtained in the
3D velocity model. We applied the FPFIT program
[Reasenberg and Oppenheimer 1985], which is a sim-
ple and conventional method using P-wave polarity
data and their spatial distribution on the focal sphere.
Most of the polarities were extracted from the Sicily and
southern Calabria focal mechanism database (http://
sismoweb.ct.ingv.it/focal/; see Scarfi et al. [2013]) which
contains solutions for earthquakes with M, >2.7. This
magnitude value can be considered a cautious thresh-
old to achieve well-constrained fault plane solutions
(FPSs) based on the permanent network configuration
and the resulting available polarities. Data integration
by the temporary BB stations allowed us to increase the
polarities dataset. Moreover, when BB and cube short
periods stations worked simultaneously, the increased
number of polarities allowed us to obtain more stable
FPSs for three events, two of which with magnitude
M, <2.7. The comparison (with and without integrated
data, see Figure 9) of the polarity distribution on the
focal sphere and of the associated uncertainties clearly
indicates the improvement in the determination of the
focal parameters. For these integrated FPSs, the errors
associated to nodal planes range between 3° and 10°,
which are significantly low if compared with those ob-
tained with permanent station polarities only (10°-20°).
In total we calculated 42 well constrained FPSs (Figure
10; Table 1).

In the whole area, rupture mechanisms show
prevalently normal dip slip and strike slip movements
(65% are normal faulting and 35 % strike slip ones). For
each earthquake the projection of P- and T-directions,
representative of the local maximum and minimum
principal strain axis, is shown as inset in Figure 10. In
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particular, the horizontal projection of P axes is dis-
tributed along a NW-SE direction, showing a variation
in plunge from sub-horizontal to vertical. T-axes are
variously oriented with an average trend that is nearly
horizontal. Although some horizontal compressive P-
axes are observed, they are less numerous in comparison
to the vertical ones, confirming that normal faulting
mechanism prevails.

At the northernmost part of the studied area, where
the majority of FPSs falls, two seismotectonic domains
are clearly distinct. The first is characterized by steep
P-axes and horizontal T-axes which reveal a dominant
extensional regime (northeastern Sicily and southern
Calabria). The second one, showing a strike-slip kine-
matics, is observed between the northern coast of Sicily
and the Aeolian Islands (Figure 10).

5. Conclusive remarks

This paper is mainly devoted to describe the seismic
and volcanic activity in the region involved by TOMO-
ETNA seismic active experiment during 2014. The
study area includes the Mt. Etna volcano, and north-
eastern Sicily with the Aeolian Archipelago, as well.

We discuss the results of a comprehensive study of
the VT seismicity occurred in the study region which
takes advantage of the installation of 17 BB and 80 cube
short period temporary stations in the framework of
the TOMO-ETNA seismic active experiment.

The 3D earthquake locations (Figure 8) evidenced
several zones of clustered seismicity with seismogenic
depth ranging from few kilometers to 30 km for Mt.
Etna volcano and from 8 to 15 km for the Aeolian Is-
lands. In the Peloritani-Messina Strait area seismicity is
mainly ranging between 5 km and 20 km. Earthquakes
deeper than 50 km are located beneath the Tyrrhenian
Sea, with depth increasing steeply to about 200 km.
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June 26, 15:21
ML=2.6

June 27, 02:56
ML=3.1

July 11, 15:56
ML=2.5

Figure 9. Comparison between focal mechanisms of three events obtained by using (a) only permanent stations and (b) integrating with tem-
porary BB and cube short period seismic stations. The small circle in the lower right corner of each FPS shows the range of orientations of
P and T axes within the 90-percent confidence interval consistent with the data, allowing for the uncertainty.

lonian Sea O O

Lat. N

16.0

Figure 10. Map of the selected focal solutions computed in a 3D velocity model. The inset at the bottom right shows the triangular diagram
of focal mechanisms (vertices represent normal, thrust, and strike-slip focal mechanisms; Frohlich [1992]). Plunges of P (circles) and T (tri-
angles) axes (see inset) have been used to divide focal mechanism datasets into the main stress regime categories (blue =normal faulting;
red =strike-slip; black = thrust faulting), according to the Zoback [1992] classification.
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yy[r)nar'r:fd 4 hhimm  suss Lat.N°  Lon.E° H(km) M, NP PLANEL PLANE2 P-AXIS  T-AXIS

| | |

Strike Dip Rake Strike Dip Rake Az Pl Az Pl
140102 06:13 17.79 38.1570 15.0395 15.42 3.0 18 65 30 -50 201 67 -110 79 62 306 20
140113 18:01 13.80 37.7820 14.3087 30.17 2.9 40 55 60 10 320 81 150 11 14 273 27
140114 03:43 42.03 38.3487 14.9047 11.37 4.1 47 45 80 20 311 70 169 177 7 270 21
140114 04:35 0.49 38.3430 14.9063 10.9 4.1 47 55 85 20 323 70 175 187 10 281 18
140120 22:45 1282 37.8972 155340 5415 33 31 305 90 170 35 80 0 350 7 260 7
140208 18:15 32.88 38.1117 15.6360 12.13 2.9 17 350 45 -120 209 52 -63 181 69 281 4
140219 06:58 5.11 38.1468 15.1087 14.03 2.9 23 5 25 -110 207 67 -81 134 67 290 21
140228 02:39 37.99 38.3443 14.9018 10.25 2.8 13 40 75 10 307 80 165 354 4 263 18
140306 16:00 19.93 38.3692 15.7745 20.41 3.0 17 330 45 -130 200 57 -57 164 62 267 7
140307 12:03 2489 383575 148767 1215 38 21 35 70 20 298 71 159 347 1 256 28
140308 20:52 50.90 37.9358 14.8872 31.99 4.0 52 105 65 -100 308 27 -70 355 68 202 19
140312 0055  38.00 37.6768 151005 576 29 46 165 80 30 261 61 -l68 119 28 216 13
140314 03:32 23.43 38.1787 14.7718 13.86 3.4 21 5 40 -80 172 51 -98 38 82 268 5
140314 03:37 15.68 38.1780 14.7757 13.35 3.1 19 5 50 -100 200 41 -78 222 81 102 5
140411 05:43 5.10 38.1402 14.3033 17.16 2.7 17 175 50 0 85 90 140 138 27 32 27
140417 21:52 25.92 38.2088 15.2132 15.45 2.8 27 355 50 -140 237 61 -48 200 53 298 6
140423 2035 5624 385328 147235 1368 29 8 55 50 -40 173 61 -132 30 53 292 6
140517 22:38 44.32 37.4463 15.5710 25.18 2.8 42 10 80 10 278 80 170 324 0 234 14
140607 15:00 48.11 38.0515 15.1025 13.22 3.7 54 75 45 -70 228 48 -109 68 76 331 2
140607 15:13 19.18 38.0493 15.0990 13.18 2.7 39 55 50 90 235 40 90 325 85 145 5
140626 15:21 48.65 37.8253 14.6645 18.28 2.6 37 300 90 150 30 60 0 349 21 251 21
140627 02:56  48.06  37.8003  14.6217 1828 3.1 60 60 85 90 240 5 90 330 50 150 40
140711 15:56 31.84 37.6431 15.0452 8.68 2.5 51 60 90 40 330 50 180 187 27 293 27
140724 012 5036  38.0360  15.0280 3874 3.1 45 135 50 -100 330 41 78 352 81 232 5
140809 07:07 1.23 37.6270 15.1740 18.8 2.7 47 355 80 30 259 61 168 124 13 221 28
140826 01:19 45.37 37.9255 14.3757 25.14 3.7 53 20 50 -100 215 41 -78 237 81 117 5
140826 03:02 54.66 37.9202 14.2740 24.9 2.9 39 80 50 -80 245 41  -102 43 81 163 5
140906 16:51 31.15 37.8860 14.3130 20.14 2.8 26 115 65 -80 272 27 -110 45 68 198 19
140919 0532 3771 384785 147945 1465 29 17 35 50 70 245 44 112 139 3 240 74
140925 16:33 57.65 37.6412 15.1207 -1.19 3.3 34 40 10 -120 250 81 -85 166 53 336 36
140930 23:00 5592  37.6457 15.1238  -172 31 24 25 5 140 255 87 86 169 48 341 42
141009 22:58 26.44 38.5017 14.7400 16.53 4.3 50 300 85 110 43 21 14 12 37 231 46
141010 16:16 18.22 38.0543 15.1353 32.09 3.3 46 70 80 -70 186 22 -153 3 51 143 32
141010 16:27 13.08 38.0548 15.1253 32.44 2.9 37 85 65 -100 288 27 -70 335 68 182 19
141010 16:28 12.80 38.0513 15.1300 33.26 3.0 33 50 85 -100 294 11 -27 309 49 149 39
141010 17:49 3398 380523 151315 3406 28 35 60 90 -110 330 20 0 311 42 169 42
141022 15:43 7.40 37.5710 14.5902 25.31 2.9 22 350 45 -160 246 76 -47 196 42 305 19
141022 22:41 51.92 38.4828 14.7938 15.15 3.1 15 80 920 170 170 80 0 125 7 35 7
141026 00:18 46.64 38.4762 14.7877 14.53 2.7 13 75 85 -180 345 90 -5 300 4 30 4
141026 23:21 58.30 38.4895 14.7982 15.35 2.7 16 180 85 0 90 90 175 135 4 45 4
141105 1605 48.64  38.2603 157675 4656 30 10 85 20 50 223 75 -103 115 58 324 29
141116 12:38 41.63 38.2420 15.0788 11.98 2.9 22 80 60 -20 180 73 -148 44 34 308 8

Table 1. Date, origin time, hypocentral parameters, magnitude, focal parameters of selected earthquakes.
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The occurrence of intermediate and deep earthquakes is
related to the deflection of the subducting lithosphere
towards the central Tyrrhenian basin [Anderson and
Jackson 1987; Selvaggi and Chiarabba 1995; Cimini and
Marchetti 2006].

Furthermore, the well-constrained 42 fault plane so-
lutions (Figure 10) evidenced two domains character-
ized by different motions and style of deformation. In
particular, a domain characterized by steep P-axes and
horizontal T-axes reveals a dominant extension in the
northeastern Sicily. In contrast, a strike-slip regime iden-
tifies the northernmost part of the studied region where
horizontal P-axes, trending northwest direction, and
horizontal T-axes, trending northeast, are observed.

The use of both temporary BB and cube short pe-
riod stations, as integration to the existing permanent
network data, provides a more uniform setting of the
seismic stations, a more accurate determination of earth-
quake parameters and improved fault plane solutions
for some earthquakes. On the basis of our results we
retain that future analysis, devoted to the total integra-
tion of the seismic signals recorded at all the tempo-
rary seismic stations deployed during the experiment,
will be very useful to better analyze the seismotectonic
of the area through a more accurate characterization
of the seismic source of the earthquakes. This is will
be particularly useful for the easternmost area of Mt.
Etna, around the coastline, because of the low station
density of the present permanent network.
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