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S U M M A R Y
The aim of this paper is to study the temporal variations in the seismic wavefield associated
with the stress changes in the dynamic features of the Mt Etna volcanic activity. We used shear
wave splitting analysis on a huge data set of local earthquakes, in order to identify changes
of the local stress field at Mt Etna during the time interval from 2006 to 2011. This analysis
allows us to obtain two parameters: the polarization direction of the fast shear wave (ϕ) and the
time delay of the slow shear wave (Td, time delay between the split shear waves). Orientation of
ϕ generally provides information about the anisotropic symmetry and stress direction whereas
Td provide information about the average crack density along the ray path.

Based on our findings it is possible to divide Etna Volcano in three different sectors, each
one distinguished by typical fast wave polarization direction. We find that the western part of
the volcano is controlled by the regional tectonic stress field having a NS and EW directions.
Instead, the eastern part of the volcano is mainly controlled by the local volcanic stress,
particularly an EW local stress field in the NE sector (Pernicana), and a quasi NS local stress
field in the SE sector (Mascalucia, Timpe), where previous studies evidenced: (i) some low-
Qp anomaly regions between 0 and about 6 km depth, probably associated with high pore
pressure and the intense faulting and (ii) by magnetotelluric surveys, several high conductivity
zones, up to 8 km depth, related to a diffuse presence of hydrothermal activity and fluid
circulation. Temporal variations in time delay, mostly before the 2008–2009 lateral eruption,
can be interpreted as stress accumulation increase with a consequent release of stress due to
coalescing of microcracks in the conduit for the eruption of magma.
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1 I N T RO D U C T I O N

Shear wave splitting (SWS), or birefringence phenomenon, occurs
when a shear wave (S wave) enters in an anisotropic medium: the
S-wave splits into 2 quasi shear waves (qS1 and qS2), with approxi-
mately orthogonal polarizations and different propagation velocity,
never reconstructing the original waveform. The two observables
associated with this phenomenon are: time delay (Td) between the
qS1 and qS2 arrivals, and the qS1 polarization direction (ϕ) in the
horizontal plane.

SWS observations in the upper crust have been theoretically
explained through the presence of fluid-filled vertically aligned mi-
crocracks (Crampin 1993). ϕ measurements allow to reconstruct
the maximum compressive stress orientation direction of the in-
vestigated area. While Td measurements, depending on the crack
density and aspect ratios, give some rough indication on the magni-
tude of the local stress field. Using anisotropy poro-elasticity (APE)
modelling for the evolution of stressed fluid-saturated cracks (Zat-
sepin & Crampin 1997) in the case of low pore—fluid pressure, the

aligned cracks tend to be perpendicular to the direction of minimum
compressional stress, and the fast shear wave is polarized parallel to
the direction of maximum horizontal stress. When pore fluid pres-
sure increases to critical levels, the effective stress-field realigns,
microcrack distributions are modified and the fast shear wave does
a 90◦-flip and becomes parallel to direction of minimum horizontal
stress (Crampin & Zatsepin 1997; Crampin & Peacock 2005). Some
authors (do Nascimento et al. 2004) have claimed that even rock
tectonic fabric may be an important source of seismic anisotropy.

Despite the fact that the theoretical approach (e.g. Crampin &
Zatsepin 1997; Zatsepin & Crampin 1997) gives evidence that the
splitting parameters may give information on the time variation of
the local stress field, the role of shear wave splitting parameters
as precursors of impending earthquakes or eruptions is still under
debate. Experimental studies mainly show that splitting parameter’s
time variations associated with the occurrence of volcanic eruptions
(e.g. Bianco & Castellano 1997; Gerst & Savage 2004; Bianco et
al. 2006; Zaccarelli et al. 2009; Savage et al. 2010; Johnson et al.
2011; Liu et al. 2014; Rasmussen et al. 2018) are more coherent and
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stable, compared to the earthquakes case (see for example Liu et
al. 2014 and the comment by Crampin & Gao 2005). It is essential
to know the background stress level in order to interpret a time
modification as a possible anomaly, which may be further modelled
as the response of the local stress field to rising magma from depth.
The shear wave splitting analysis method, applied to volcanoes,
has the potential to provide a new tool, which may enable to get
information about the future appearance of an eruption (from a few
months up to 1 yr) or the status of the volcano within an eruption
cycle.

Our purpose is to study the variations of the stress field of Mt
Etna Volcano by applying the SWS analysis to a data set of about
1600 local earthquakes that occurred in the 2006–2011 time period.

1.1 Mt Etna: structural features and previous anisotropy
study

Mt Etna is one of the most active volcanoes in the world, the most
active in Europe and it is characterized by an almost continuous
eruptive activity from its craters, in the form of fairly frequent
volcanic eruptions and open fissure eruptions on its flanks. Mt Etna
is a composite volcano located in a region of complex geodynamics,
where major regional structural features play an important role in
the dynamic processes of the volcano (e.g. Gresta et al. 1998).
Therefore, the characterization of the stress pattern on this volcano
is a difficult task, because it depends on the interactions between
the regional stress field and local stress due to magma movements
into the upper crust and within the volcanic edifice, which cause
different stress domains in time and space.

According to the regional tectonic framework, the stress and
strain fields at Mt Etna appear to be homogeneous at depths greater
than 10 km (Barberi et al. 2000; Patanè & Privitera 2001), with the
main compressive stress and strain axes (σ 1 and ε1) near the hor-
izontal and ca. N–S orientated. This compressive stress field char-
acterizes the central and western sectors of the volcano, whereas
the eastern and southeastern sides of Etna seem to be linked to a
tensional domain (Monaco et al. 1997) related to the Malta Es-
carpment structural system, transitional towards the Calabrian-Arc
domain.

On the volcano surface different fault and fissure systems can be
recognized (Fig. 1). The most outstanding tectonic features at Mt
Etna are clearly recognizable on the east and southeast flanks of
the volcano, where the clearest morphological evidence of active
faulting exists (Fig. 1). Here, seismogenic faults can be related to
the NNW–SSE Malta Escarpment (ME in Fig. 1) that is the main
lithospheric structure in eastern Sicily. Other seismogenetic faults
(Patanè et al. 2005), though not recognizable on the surface, can
be linked to the NE–SW, ENE–WSW fault systems that control the
tectonic evolution of the northern margin of the Hyblean Plateau
(Torelli et al. 1998). The eastern flank of Mt Etna is characterized
by frequent shallow seismic activity (depth <7–8 km) and by aseis-
mic creep along some faults (Alparone et al. 2015). Conversely,
the western flank of Mt Etna, normally characterized by a deeper
seismicity (depth >5 km), is considered the most stable sector of
the volcano. In the western sector, there is only slight morpholog-
ical evidence of faulting, such as some short segments of faults
observable on the south-western flank (e.g. Ragalna fault system).
However, it must be noted that the faults with morphological evi-
dence may represent only a part of the tectonic structures present in
the Etnean area and hidden fault segments could be covered by the
huge pile of volcanic products (e.g. Azzaro 1999).

Earthquakes at Mt Etna, usually volcano tectonic (VT) earth-
quakes, occur mainly in the form of swarms of small earthquakes
that rarely exceed magnitude ML 4 (e.g. Patanè et al. 2004). The
genesis of this seismicity can be associated to: (i) regional tectonic
stress; (ii) local stress, generated by the migration of the magma in
the crust, or else triggered by dike propagation; (iii) stress due to
slower inflating sources (Patanè et al. 2003, 2004; Gambino et al.
2004). The eastern part of the volcano is particularly active, and
especially, the seismic activity in the southeast sector of the vol-
cano, located between 3 and 8 km b.s.l., is associated with a E–W
compression, induced by a pressurization source just westwards and
at the same depth (Alparone et al. 2011, 2015).

In order to have a clear representation of the dynamic, of the
volcanological model and of the time variation of the stress field
at Etna volcano, many studies have been performed to improve
the structural model of this volcanic system giving new indications
of the interactions between its magma plumbing system and the
regional tectonic regime.

Etna literature is rich in geophysical studies, such as gravimetric
(Battaglia et al. 2008), geodetic (Viccaro et al. 2016), magnetic
(Del Negro & Napoli 2004) and seismic measurements (Alparone
et al. 2011; De Barros et al. 2011; O’Brien et al. 2011; Cannata et
al. 2013; Patanè et al. 2013), including seismic attenuation studies
(Del Pezzo et al. 1995, 1996, 2015; De Gori et al. 2005, 2011;
Giampiccolo et al. 2007; Del Pezzo 2008), seismic tomographic
imaging (Patanè et al. 2003, 2006; Ibáñez et al. 2016), as well as
seismic anisotropy studies (Bianco & Castellano 1997; Bianco et
al. 2006; Zaccarelli et al. 2009).

Bianco & Castellano in 1997 identified in the eastern part of
Mt Etna Volcano a clear evidence of shear wave splitting, probably
due to the presence of an anisotropic volume not homogeneously
distributed. They suggested that the seismic anisotropy might be
concentrated within 20 km depth.

In 2006, using about 2600 earthquakes occurred before the 2001
flank eruption, Bianco et al. showed:

-a systematic increase of the normalized time delay starting several
days before the 2001 flank eruption on Mt Etna;
-variation of the polarization directions (90◦-flips) of the fast shear
wave at the station MNT, which was the closest to the eruption.

In 2014 Bianco et al., at the First Annual Meeting of MEDSUV
Project, applied the shear wave analysis to a selected seismic data
set, and defined the anisotropic background for data available from
1988 to 2004 (Fig. 2).

The data analysed by the authors constrain a leading polarization
direction, and hence, the main direction of the anisotropic volume,
approximately NS (see the inset in Fig. 2) oriented roughly for all
sectors of Mt Etna, except for the Pernicana fault area, where the
main direction is fault oriented and for the western sector, where
only a few available data passed the selection (Zaccarelli & Bianco
2008), furnishing results that are not statistically significant. The
depth extent of this volume seems to affect, on average, the first
8 km of the upper crust with a percentage of anisotropy ranging
from 1.5 to 3 per cent (Bianco et al. 2006, 2014).

2 DATA S E T A N D DATA A NA LY S I S

Our starting data set consisted of 1576 earthquakes recorded from
2006 to 2011 at the permanent seismic network of the INGV–
Osservatorio Etneo. The network consisted of 38 three components
stations (Fig. 3), but we discuss in this paper the results coming
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452 L. Nardone et al.

Figure 1. Map of Mt Etna with the location of the main faults (white line). The location of the summit craters is shown in the inset in the upper left-hand
corner [VOR = Voragine, BN (1,2) = Bocca Nuova, SEC = Southeast Crater, NEC = Northeast Crater, NSEC = New Southeast Crater]. ME in the lower left
inset is the Malta Escarpnet structure.

Figure 2. Anisotropy directions (ϕ) for different stations. Here only a selection of the obtained results are plotted, to avoid an extremely busy plot. In the lower
left box is the resulting Background Anisotropy direction of all the measurements from all stations.
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Figure 3. Map of Mt Etna’s permanent seismic network. Only the seismic stations depicted with red triangles are used for the anisotropy analysis. The stations
marched in blue are selected to show the temporal variations of the splitting parameters.

Figure 4. Rose diagrams of the azimuthal polarizations of the fast split shear wave (φ) obtained from the shallow and deep earthquakes. Each bin amplitude
for the histograms is 20◦ wide. The stations in blue are two of the eight stations shown in the Fig. 2.

from only 28 stations (red triangles in Fig. 3) that provided more
than 10 values of splitting parameters (see the data set in the "Split-
ting parameter.xlsx" of the Supplementary data).

The earthquake data set has hypocentral distribution with depths
varying from a minimum of about 1.6 km to a maximum of about
37 km below the sea level, and local magnitude varying from 0.5 to
4.8.

Even though the earthquakes are not necessarily caused by the
volcanic system, but more likely by tectonic structures, their waves
travelled through the volcanic structure, thus bringing with them
information about the characteristics of the medium. Based on the
results obtained by Bianco et al. (2006, 2014), and looking at the
hypocentral distribution, we made a selection on the data on the ba-
sis of the fact that earthquake locations show clustering of the events
within the first 10 km. Therefore the earthquakes were divided into
2 subdata sets as function of depth: the shallow earthquakes, named

sub1, with hypocentral depth shallower than 10 km; and the deep
earthquakes, sub2, with hypocentral depth deeper than 10 km (see
Fig. S1 in the Additional Supporting Information of the Supple-
mentary data). Furthermore, the spatial distribution of seismicity
evidences that the eastern sector of the volcano is seismically very
active, as most of the seismicity, both shallow and deep, is concen-
trated therein.

Due to the large number of earthquakes and stations in the data
set, we applied a semi-automatic algorithm, SPY, to obtain the
splitting parameters. SPY (Zaccarelli et al. 2012), is a Matlab code
that evaluates the splitting parameters in a semi-automatic way.
The algorithm requires as input the selected event waveforms, their
hypocentre locations and P and S arrival times. Then it computes
the polarization of the qS1-wave, by diagonalizing the covariance
matrix of the horizontal components of the seismic signal in the
chosen time window around the S waves, as the first eigen-vector.
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454 L. Nardone et al.

Figure 5. Resulting anisotropy polarizations of the three sectors, divided based on the main structural features of the volcano. Each bin amplitude for the
histograms is 20◦ wide. The grey arrows in the lower left box indicate the direction of the regional stress field (Patanè & Privitera 2001; De Guidi et al. 2015;
Scarfı̀ et al. 2016). The black arrow indicate the prevalent direction of movement of the unstable flank of the volcano (Bonforte et al. 2011).

Rotating the traces into the fast direction, the time delay Td between
fast and slow arrivals is estimated through cross-correlation, and
finally, by dividing Td for the distances between the seismic station
and the earthquake location, is estimated the normalized time delay
Tn.

SPY has some internal selection rules that allow rejecting all the
waveforms that do not exhibit clear S phases on the basis of three
criteria (horizontal component amplitude greater than the vertical
one, S-wave amplitude well above the P-coda values, and high rec-
tilinearity of the fast wave polarization). Since the stations were
displayed over an articulated topography and because of the low-
velocity near-surface layers, we extended to a maximum 45◦ inci-
dence angle the shear wave window (Crampin & Gao 2013). We
performed this procedure for both shallow and deep subsets.

3 R E S U LT S

3.1 Fast shear wave polarization (ϕ)

As a result of the absence of significant differences in the polar-
ization directions obtained from surface and deep earthquakes we
have chosen to display for each station a single rose diagram of all
the results. Therefore we superimposed the total obtained azimuthal
polarization directions to the Mt Etna Volcano map only for stations
with at least 10 results of splitting parameters (Fig. 4) and we plot-
ted Td evolution with time (Fig. 6) for the four most representative
stations (labeled in blue in Fig. 3).

Due to their location with respect to the earthquake clusters, sta-
tions placed on the top and on the SE flank of the volcano (i.e.
EBEL, ECCS, ECPN, EMFO, EMFS, ENLS, EPDN and EVRN)
exhibit results mainly coming from shallow earthquakes. The sta-
tions EMNR, ESLN and ESPC show the same proportional number
of SWS measurements from shallow and deep earthquakes, and
finally the other stations show results mainly coming from deep
earthquakes. Taking into account the Mt Etna main structural fea-
tures (Fig. 1), and looking to the polarization directions obtained

for each station (Fig. 4), the definition of a main azimuth as average
value of ϕ over the whole volcanic edifice may not be appropriate.
These observations allowed us to identify three homogenous sec-
tors, thus, by averaging the station values in each sector, we define
their representative polarization direction (Fig. 5).

In the SE sector the polarization direction is strongly oriented
NNW–SSE, while the NE sector shows a polarization direction
mainly ENE–WSW. The western sector instead presents two prin-
cipal polarization direction perpendicular to each other.

The quasi EW direction, in the NE sector, may be easily related to
the presence of the ca. EW Pernicana Fault or the NE Rift (Fig. 1).
Several authors (Gledhill 1991; Zhang & Schwartz 1994; Zinke &
Zoback 2000; Gao et al. 2011) showed that the predominant orien-
tation of the fast polarization directions on active strike-slip faults,
as the Pernicana fault, are parallel to the strike of the fault. In the
unstable southeastern flank of the volcano (Rust et al. 2005; Neri
et al. 2007; Nicolosi et al. 2014) the polarization directions show
a predominant NNW–SSE direction, in agreement with both the
main direction of the Timpe Fault System and the direction of the
unstable block (black arrow in Fig. 5). Azzaro et al. (2013) have
analysed geological and geophysical data to constrain the geom-
etry and the kinematics of the fault systems controlling the East
part of Mt Etna. They have deduced that the whole unstable flank
of the volcano is characterized by a constant movement towards
the sea, interrupted by sudden short-term accelerations related to
flank eruptions, and have defined that the NE block (bordered by
the Pernicana Fault) has a clockwise rotation along the EW di-
rection and a general vertical (westward tilt) rotation of the SE
sector.

The prevalent polarization directions identified by the SWS anal-
ysis, are consistent with the kinematic identified by Azzaro et al.
(2013), because they are parallel to the fault strike and to the maxi-
mum horizontal compressive stress direction (local volcanic stress)
responsible of the instability.

The two principal polarization directions of the western sector
reflect the about N-S striking compressive regime obtained by Scarfı̀
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Figure 6. (a) Time delay and (b) polarizations of the fast split shear wave of a selected seismic data set. Electrical blue arrows: summit eruptions; Red arrows:
lateral eruptions. White band: first phase including five lateral and three summit eruptions; Grey forward slash band: second phase including the formation of
New South East Crater (NSEC) and the 2008–2009 lateral eruption; Grey band: third phase that brought to the enhancement of the NSEC with only summit
eruptions.
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et al. (2016), using geological, seismological and geodetic data, due
to the convergence between the African and Eurasian Plate, and the
extensional regime due to the dynamics of the Malta Escarpment
in the WNW–ESE direction (Dı́az-Moreno et al. 2018; Neri et al.
2018).

Comparing the background polarization directions represented
in Fig. 2 with the new results obtained for the 2006–2011 period,
we note that for ESPC station, as well as for the SE sector stations,
there are not variations in the polarization direction, while on the
contrary stations placed in the NE sector show variations in the ϕ

parameter values, which have changed from a EW (ERBC and CDR
in Figs 2 and 4) to a ENE–WSW direction (Fig. 5). Finally, for the
W Sector, the station MNT, the only one of the previous study lying
in this sector, is in agreement with the prevalent two orthogonal
directions, characterizing this part of the volcano.

3.2 Seismic anisotropy temporal variations

We analysed the temporal variations of the SWS parameters for
the four most representative stations because they have the most
measurements (ESPC, ECCS, ECZM and EPMN), trying to relate
them to the volcanic activity at Etna (Fig. 6).

We have checked the increase of the delay time with distance for
the selected stations using about 560 measures of Td with respect
to the hypocentral distance of earthquakes. We also calculated the
correlation coefficients (CC) of Td with the hypocentral distance
(see Fig. S2 in the Additional Supporting Information of the Sup-
plementary data). Most stations have a CC less than 0.3, indicating
a lack of clear dependence on increasing distance. For this reason
we have decided to not normalize the time delay for the distances
and to keep the results in terms of Td.

During the 2006–2007 time interval were reported only five lat-
eral and three summit eruptions at the South East Crater (white
background part of Fig. 6). In May 2007, the volcano started a
new phase characterized by the definitive demise of the South East
Crater and the shift to a new vent (New Southeast Crater, NSEC in
Fig. 1), expected to occur after significant structural variations in
the volcano dynamics (Acocella et al. 2016). Moreover, this phase
was characterized by a long lateral eruption, which began in July
2008 and ended in July 2009 (grey part with the super-imposed
diagonal lines in Fig. 6).

Finally, in the beginning of 2011 a further phase brought to the
enhancement of the New Southeast Crater (grey part in Fig. 6;
Patanè et al. 2013). A recent study, using LiDAR data (Behncke
et al. 2016), has shown that in about 3 yr (from 2007 to 2010),
the summit area of the volcano has accumulated over 86 million
cubic metres of volcanic products, most of which (about 74 mil-
lion) erupted by the eruptive fissure opened since 2008 to 2009
on the high western flank of the Valle del Bove, which was pro-
foundly modified. For the selected four stations we performed a
statistical analysis looking for change points in the variations of the
Td but the results are not stable due to the highly scattered values
and only few are in common between the stations. Therefore, we
do not observe a common behaviour of the stress field variations
in the volcanic edifice related to the different eruptions, and this
is in agreement with the open conduit state of this volcanic sys-
tem. The few and clearly visible variations in the temporal trend
of the SWS parameters pertain to single stations taken separately
and thus they have to be related to extremely local changes of
the stress field maybe due to the impending eruption taking place
close by.

Figure 7. Time delay, Td, and polarizations of the fast split shear wave φ at
station ESPC in the 2009–2010 time interval. The grey points band identify
the temporal interval of the lateral eruption.

In the first eruptive phase of the volcano, the station ECCS showed
significant variations of Td and some 90å-flips of ϕ up to about 30 d
before the 2006 eruptions (started on 15 July 2006), decreasing to
the average level after the eruption. Particularly the three changes
are from −29◦ ± 10◦ to 70◦ ± 29◦ occurred on 7 June 2006, from
−15◦ ± 10◦ to 65◦ ± 29◦ occurred on 21 June 2006 and from −49◦

± 29◦ to 40◦ ± 29◦ occurred on 4 July 2006. During the second
phase eruption, which was characterized also by the 2008/2009
lateral eruption, ESPC, ECZM and EPMN stations showed marked
variations. Particularly ESPC (Fig. 7) showed the highest value
of almost 0.265 s and the strongest variations in Td values after
the lateral eruption end and towards the end of this second phase.
We also observed that in correspondence of the maximum positive
variation of Td, φ values present a 90◦-flip (bottom panel of Fig. 7).

Similar trends were observed in other regions before earthquakes
(Crampin & Gao 2012), and before volcanic eruptions (Bianco et al.
2006; Zaccarelli et al. 2009; Liu et al. 2014). In the case of eruptions,
the decrease of Td as well as the 90◦-flip can be interpreted as the
release of stress due to a microcracks coalescing in the conduit for
the eruption of magma.

3.3 Multiplet analysis

We analysed in more details the results coming from stations ESPC
and ECZM. The first one is the most representative station, show-
ing the higher number of results, while ECZM results exhibit the
maximum variations in the Td values. To identify the multiplets
we performed a search in the database filtering the signals in the
range of frequency 2–11 Hz and calculated the cross correlation
function between all possible earthquakes using a 5-s-long time
window starting 0.5 s before and ending 4.5 s after the P-wave
arrival, applying a minimum similarity of 0.75 as a threshold value.

We found 35 earthquake multiplets for the station ESPC and
12 earthquake multiplets for the station ECZM, most of which are
doublets. Finally, we selected only the multiplets with significant
[outside the standard deviations (Zaccarelli & Bianco 2008)] vari-
ation in Td or in ϕ: we named them d1–d7 and d8–d9 for station
ESPC and ECZM, respectively, see Fig. 8.
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Seismic anisotropy time variations at Mt Etna 457

Figure 8. Top panel: selected multiplets for the station ESPC and ECZM versus the eruptions occurrence time (electrical blue arrows: summit eruptions;
Red arrows: lateral eruptions). Each family of multiplets is marked by a different symbol. Bottom panel: epicentral and hypocentre locations of the selected
multiplets in the two projections: east–west and north–south. Black triangles show the position of the two seismic stations.
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458 L. Nardone et al.

Figure 9. Selected multiplets of the family d7 for the station ESPC. The
Electrical Blue arrow and the red line identify the eruption occurrence
time. The number adjacent the orange cross identifies the single earthquake
composing the multiplet family.

The analysis of multiplets highlights that before the eruption of
15 July 2006 (eruptive vents opened on the east and south flanks
of the summit crater) ESPC, placed in the eastern unstable flank of
the volcano, showed a variation in Td and a 90◦-flip in φ about 20 d
before the eruption (d1 multiplet family). The same behaviour oc-
curred about 30 d before the eruption of 25 August 2010 (explosion
at the Bocca Nuova summit crater), d7 multiplet family (Figs 9 and
S3 in the Additional Supporting Information of the Supplementary
data). The changes at the ESPC station observed before the summit
eruptions are probably caused by temporal spatially localized vari-
ations that do not allow to extrapolate a regularity in this behaviour
within the observed database.

The 90◦-flip, that we observed about 30 as well 20 d before the
eruptions, may be the effects of the increasing pressure due to the
magma rising towards the surface.

The multiplet family d3 (green triangle symbols in Fig. 8), that
covered a very long period of time in the range 2006–2010 period,
was the only one that showed no significant variations in polariza-
tion directions, and it was also the only multiplet family of shallow
earthquakes (hypocentre depth around 3.5 km) located in the unsta-
ble flank of the volcano, into the Valle del Bove area.

ECZM station, placed instead in the west stable flank of the vol-
cano, showed significant variations in Td and 90◦-flip of ϕ during
the period 2008/2009 lateral eruption (northeast flank of the North-
east Crater). These variations are probably due to the decreasing
stress acting on the area and the consequential increase in the total
amount of fluid-filled microcracks. Furthermore, the 90◦-flip can be
the effect of both the relaxation of the stress and the eruption in the
NE flank of Etna. Our results are consistent with those obtained by
Bianco et al. (2006) related to the 2001 Etna’s lateral and summit
eruptions in the South flank of the volcano. Similarly, Zaccarelli
et al. (2009) combining the SWS analysis with the Coda Wave In-
terferometry using the earthquake recorded at three stations placed
on the NE sector of the volcano, have suggested that the temporal
variation in Td can be explained through the opening of new ϕ ori-
ented microcracks produced by changes in either the relaxation of
the stress field and the fluid content.

5 C O N C LU S I O N S

In this paper, we used Shear Wave Splitting analysis on a large
number (1576) of earthquakes to investigate the spatial and tem-
poral variation of anisotropy at Mt Etna. The analysis allowed us
to identify three different sectors of the volcano defined by differ-
ent representative polarization directions (Fig. 5). The NE sector
is characterized by EW oriented polarization, while the SE sector
has a quasi NS oriented polarization. Generally, the polarization di-
rection is parallel to the maximum horizontal compressional stress
and to the strike of vertical microcracks (Crampin & Peacock 2008
and references therein). In the SE unstable flank of the volcano the
prevalent polarization directions identified by the SWS analysis,
are consistent with the kinematic identified by Azzaro et al. (2013),
because they are parallel to the fault strike and to the maximum
horizontal compressive local volcanic stress direction responsible
of the instability.

In the western sector of the volcano the polarization has two
prevalent directions which are maybe controlled by the regional
tectonic stress, given that reflect the about N–S striking compressive
regime due to the convergence between the African and Eurasian
plate and the extensional regime due to the dynamics of the Malta
Escarpnet in the WNW–ESE direction.

Our data have not shown a clear link between the variations of the
anisotropic parameters at all stations and the possible stress changes
related to the eruptions. This is in agreement with the Etna open
conduit system that experience volcanic eruptions almost continu-
ously. The temporal variations observed in our results are related to
single station measurements meaning the SWS parameter changes
are related to very local stress field variations possibly linked to the
impending eruption close by. Before both summit and lateral erup-
tions stations ECZM and ESPC exhibit significant variation in Td,
interpreted as due to a modification of the aligned fractures, and a
90◦-flip of ϕ, which may be explained by over pressured fluids. This
behaviour occurs when there is a change in the stress field, and it is
probably related to the action of volcanic sources (inflation/deflation
cycles) that influence the pore pressure. During the inflation the pore
fluid pressure increases and reaches critical levels, the new stress
field realigns modifying the distribution of microcracks and the fast
shear wave does a 90◦-flip, becoming parallel to the direction of the
minimum horizontal stress. During the deflation, instead, the pore-
fluid pressure is low and the polarization of the fast shear wave is
parallel to the direction of the maximum horizontal stress, that for
the SE part of the unstable flank correspond to a quasi NS oriented
polarization.

Even though our results are consistent with those obtained by
Bianco et al. (2006) and Zaccarelli et al. (2009), that showed
precursory decreases immediately before the flank eruptions, we
are not able to distinguishing the different kind of temporal vari-
ation in the anisotropic features as a function of the nature of the
impending eruption (for instance summit eruption or flank erup-
tion). More observations are needed to define the characteristic be-
haviour of the shear-wave splitting parameters for different types of
eruption.

The outcome of this study is to provide a reference frame for spa-
tial and temporal seismic anisotropy on Mt Etna with respect to the
future temporal changes could be measured since in volcanic areas
is important to distinguish between structural and stress induced
anisotropy before interpreting shear wave splitting parameters and
any time variations as caused by the dynamics of the volcanic ac-
tivity.
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Patanè, D. & Privitera, E., 2001. Seismicity related to 1989 and 1991–93
Mt. Etna (Italy) eruptions: kinematic constraints by fault plane solution
analysis. J. Volc. Geotherm. Res., 109(1–3), 77–98, ISSN 0377-0273.
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Figure S1. Hypocentral distribution of the 2006–2011 earthquakes.
The grey points represent the shallow earthquakes and the black
points represent the deep earthquakes.
Figure S2. time delay Td (s) versus hypocentral distance. Correla-
tion coefficients (CC) between Td and distance are marked on top
of each panel.
Figure S3. representation of the anisotropic parametrization of the
earthquakes of the family d7. On the left the horizontal component
(EW and NS) seismograms with P and S arrivals as vertical red lines.
On the right four sub plots are: (a) the superimposed horizontal
components (EW in blue and NS in black) of the seismograms
with the fast and slow split shear-wave arrivals as straight and
dotted red lines, respectively; (b) the particle motion (N versus E
amplitude) of the event inside the covariance window, starting at
tS; (c) the horizontal seismograms zoomed around the covariance
window (which is highlighted by the vertical lines) and (d) the
three curves represented are the fast component (continuous blue
line), the slow components (continuous black line), and the slow
one corrected by the time delay found (black dotted line).
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