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Abstract

A fundamental goal of volcano seismology is to understand the dynamics of active magmatic
systems in order to assess eruptive behavior and the associated hazard. Imaging of magma conduits,
quantification of magma transport and investigation of long-period seismic sources, together with
their temporal variations, are crucial for the comprehension of eruption-triggering mechanisms.

At Mt. Etna volcano, several intense episodes of tremor activity were recorded during 2007, in
association with strombolian activity and/or intense fire fountaining episodes occurring from the
South East Crater (SEC). The locations of the tremor sources and of the long-period seismic events
are used here to constrain both the area and the depth range of magma degassing, highlighting the
geometry of the shallow conduits feeding SEC. The imaged conduits consist of two connected
resonating dike-like bodies, NNW-SSE and NW-SE oriented, extending from sea level to the
surface. In addition, we show how tremor, long-period (LP) and very-long-period (VLP) event
locations and signatures reflect pressure fluctuations in the plumbing system associated with the
ascent/discharge of gas-rich magma linked to the lava fountains. The evidence here reported, also
corroborated by ground deformation variations, can help develop a better prediction and early-
warning system for those eruptions (effusive or explosive) that apparently manifest no clear

precursors.

Index terms: 7280 Seismology: Volcano seismology (8419); 8419 Volcanology: Volcano

monitoring (7280); 8494 Volcanology: Instruments and techniques.

Keywords: volcano plumbing system; volcanic tremor; LP and VLP events, Mt. Etna.

1.1 Introduction

Like many basaltic volcanoes, Mt. Etna typically erupts in effusive to weakly explosive styles,

even though powerful explosive eruptions (sub-Plinian to Plinian events) have been recognized



during the Quaternary (Del Carlo et al., 2004). As a result, lava flow propagation has typically been
considered the main hazard at Etna and only recently its explosive activity has been taken into
account as a serious volcanic risk for local populations and for aviation in the central Mediterranean
region (Andronico et al., 2007, 2008b). This because, in the last decades, explosive eruptions
represented its most frequent activity, producing eruptive plumes and copious ash falout on its
flanks. Since the 1970's, more than 180 fire fountain episodes have occurred at summit craters
(Behncke and Neri, 2003). During the 2001 and 2002-2003 eruptions, an exceptional and prolonged
explosive activity was observed for the first time in the last century (Allard et a., 2006). These two
highly explosive events were related to the arrival of undegassed, volatile-rich, fast-rising magma
that rose from the deep portion of the feeding system and bypassed the central conduits (Andronico
et a., 2008a; Patane et al., 2003, 2006).

After the 2004-2005 quiet summit effusive eruption and the 2006 summit eruptive phase,
characterized by both effusive and explosive activity from the South East Crater (SEC), a new
period of explosive activity started from this crater at the end of March 2007, producing 4 episodes
of fire fountains in about 1.5 months. Thereafter, on September 4-5, 2007, one of the most powerful
fire fountaining episodes (bothin terms of duration, about 12 hours, and erupted volume of lava and
tephra, about 2-4 x 10° n?) originated from the SEC, producing a plume up to 2 km-high and
dispersed deposits up to severa tens of km from the volcano (Andronico et a., 2008b). This was
followed on November 23-24 by another energetic fire fountaining episode (roughly 6 hours long).

Both explosive and effusive eruptive styles are believed to be largely controlled by the total
volatile content and magma flow rate (Woods and Cardoso, 1997), which is modulated by processes
within the volcanic conduit (Jaupart and Vergniolle, 1988). Models for the ascent of magma through
shallow conduits have become increasingly sophisticated over the last two decades (Jaupart and
Vergniolle, 1988; Sahagian, 2005). However, constraining the model behavior with observational

data has proven difficult because the geometry of the shallow volcanic plumbing system is not



generally well defined at ailmost all volcanoes worldwide, notwithstanding recent advances in the
high-resolution seismic tomography studies (Chouet, 2003; Patane et al., 2006).

Long-period seismic signals, including volcanic tremor and LP events, commonly observed on
many volcanoes worldwide, are believed to be caused by fluids moving in volcanic ©nduits
(Chouet, 1996; Almendros et al., 2002a) and considered precursory phenomenon for eruptive
activity (Chouet, 1996). The possibility of using LP signals to place quantitative constraints on the
ascent rate of magma and on its pathway within the conduit is motivated by observations of rapidly
increasing LP-event rate merging into the tremor before an eruption. Furthermore, the use of VLP
and LP events to probe the state of the fluid and dynamic processes within a volcanic system has
gained prominence in recent years (Chouet, 2003; Neuberg et al., 2000; Kumagai et a., 2003).

A number of studies have shown evidence of apparently changing source depths of tremors.
Thus, tremor source location could constitute the best candidate for mapping the extend and
geometry of the underlying magma, conduits, or reservoirs, and also for quantifying pressure
transients caused by resonance or movement of fluids along those conduits (Battaglia et al., 2005;
Di Grazia et a., 2006). There have been previous attempts to estimate the location of volcanic
tremor sources mainly based on recordings from a single or a number of multichannel seismic
systems (Furumoto et al., 1990; Almendros et al., 2002b; Saccorotti et a., 2004). More recently,
precise locations based on amplitudes, recorded at temporary or permanent short-period vertical or
3-component broad-band stations [Bromo (Gottschammer and Surono, 2000); Piton de la Fournaise
(Battaglia and Aki, 2003); Mt. Etna (Di Grazia et a., 2006)], have been performed. The latter
approach is, however, inapplicable if only a few permanent stations are available.

At Mt. Etna volcano, continuous broadband seismic recordings started in November 2003, with
a permanent network of 8 stations. These new broadband observations resulted in the detection of
previously unobserved LP and VLP seismicity. In the following years, this network has been
progressively upgraded. Since 2007, the use of 23 broad-band stations with a denser distribution

around the summit craters, allowed better investigations of seismo-volcanic signals and volcano-



tectonic (VT) earthquakes together with their reliable locations. A total of 14 stations are now
installed at elevations between 1100 and 3000 m as.l. and distances from the summit craters
between 1.5 and 9 km (Fig. 1a), al equipped with Nanometrics TRILLIUM seismometers, with flat
response within the 40-0.01 s period range.

In this work we present quantitative observations of seismo-volcanic signas (tremor, LP and
VLP events) recorded at Mt. Etna during a 7~morth period, focusing our analysis on the two
powerful lava fountaining episodes recorded on September 4-5 and on November 23-24, 2007. In
particular, we study the temporal evolution of the tremor and of LP-VLP activity in terms of source
movement, change of the waveforms, temporal evolution of the ‘dominant’ resonance frequencies
and the source quality factor (Q) for the LP events.

This study at Mt. Etna represents the first attempt towards continuous measurements of long
period parameters over such an extended period of time by using a high number of broad-band

recordings.

2. Results

Since 2007, seismo-volcanic signals (tremor amplitude, LP and VLP events) have been
routinely monitored, for surveillance purposes. In order to count LP (that also include explosion
quakes) and VLP events, an automatic detection procedure, based on the calculation of a dynamic
threshold, was used. This dynamic threshold was computed as the 5" percentile of power spectrum
RMS of the signal filtered in frequency bands of interest. This allows the recognition and counting
of the different type of events, together with an evaluation of their energy content.

The graphs (a-€) in Figure 2 show the details of tremor, LP and VLP activity in the period June
15-December 2007. The most relevant seismic feature (Figure 2 a-€), recognizable before the two
lava fountaining episodes from SEC, both preceded by discontinuous ash emission and strombolian
activity, is the increase in the number of LP events (Figure 2a). Also the amplitude of tremor in the

LP band increases before the first eruptive episode at SEC (hereafter referred to as LF1), followed



by a progressive decrease. By contrast, the second eruptive episode (hereafter referred to as LF2)
occurred in a period of decreasing tremor amplitude, even though it was preceded by a period of
increasing tremor amplitude. The VLP source during this period showed a low rate of occurrence
(Figure 2c). However, a temporary increase of the number of VLP events can be recognized in the
second half of July before the first lava fountaining episode and after its end. Afterward, another
increase in the VLP rate is recorded about one week before the onset of the second lava fountaining
episode.

It is noteworthy that a low rate of VT seismicity was detected under the volcano during these
months, similarly to the first half of 2007, which isin contrast with the progressively increasing rate
of LP events production.

In the following paragraphs, more detailed analyses are presented on LP and VLP sources,
focusing on the two lava-fountaining episodes of September 45 and of November 23-24. The
tremor location procedure, normally applied at Etna on 1-hour-long filtered signal windows (0.5-5
Hz) for surveillance purposes (Figure 2f), has been reapplied on 5-minute-long filtered signal
windows (in the frequency range 0.5-2.5 and 0.5-5 Hz) considering two wide periods encompassing
the two lava fountaining episodes (shadow grey areas in Figure 2). In addition, since also LPs and
VLPs may be senditive to factors that can change with time during a magmatic cycle Chouet,
2003), we studied and retrieved precise locations also for these signals. Approximately 1000 LPs
and 700 VLPs, occurring at Mt. Etna between June 15 and December 31, were selected according to

thelr high signal to noise ratios and analyzed.

2.1 Tremor location

In order to constrain the tremor source locations, we use the spatial distribution of tremor
amplitudes as recorded by our distributed network (Figure 1a). Precise locations, based on 5-
minute-long filtered signal windows, were determined for tremor recorded from August 20 to

September 15, for the first lava fountaining episode, and during November 15-30, for the second



episode. Tremor source location is estimated assuming the propagation in a homogenous medium
and a seismic amplitude decay with the distance (Battaglia et al., 2005; Di Grazia et al., 2006). We
considered the RM S amplitudes of the 25th percentile instead of average values. This enables us to
efficiently remove undesired transients in the signal and consider continuous recordings (Di Grazia
et a., 2006). Tremor locations were retrieved considering two different frequency bands (0.5-2.5 Hz
and 0.5- 5.0 Hz) by using a grid-search approach (Battaglia et a., 2005; Gottschammer and Surono,
2000). Then the source location of tremor is found on the basis of the goodness of the fit (R?)
obtained for each point of a 3D grid with center underneath the craters. For this grid we consider an
extension of 6 x 6 km in horizontal and vertical direction, respectively, with spacing between nodes
of 250 m. With the 3D grid search, we identify the most probable source locations from points
where the measured amplitudes best fit the amplitude decay law for body waves. We assume as
source location the centroid position of all 3D grid points whose R do not differ more than 1%
from the maximum R (Di Graziaet al., 2006). To avoid unstable solutions, we accept a result only
when: i) the goodness of the R fitis= 0.9, and ii) at least 12 of the 14 stations are available. Even if
the attenuation factor may not have a large influence on the source locations (Battaglia and Aki,

2003), we iteratively computed several values of the parameter a (0 = a 2 0.4, step 0.01) that

include the quality factor, Q, with the aim of improving the goodness of the fit. We observed that
the best fitting values (R?) were achieved with very low a values, mainly between 0 and 0.02,
suggesting high values of Q. For example, considering a=0.02, c=2.0 km/s and f=1Hz or 2 Hz we
obtain quality factor Q values of 78 and 157, respectively. These values are in agreement with
recent attenuation studies on this volcano Pe Gori et a., 2005; MartinezArevalo et al., 2005;
Giampiccolo et a., 2007), if we reasonably consider an averaged Q vaue for body-wave
propagation in a large rock volume, that takes into account the station distances from the source
(about 10 km).

Finally, in order to assess the stability of source location a Jackknife technique was employed

(Efron, 1982). In Table 1, the 25th, 50th and 75th percentile of the standard error for the whole



computed Jackknife locations are reported for the period August 20 and September 15, 2007 which
includes the first lava fountaining episode.

Figure 1 depicts the 3D source centroids of tremor locations computed for the period between
August 20 and September 15 in the frequency range 0.5-5.0 Hz, also in order to take into account
higher frequencies related to the very shallow tremor activity in proximity of the vents (Di Grazia et
al., 2006). These locations reveal, for the first time, the geometry of the shallow central feeding
system.

The imaged conduit consists of two connected resonating dike-like bodies, extending from sea

level to the surface. The shallower dike, crossing the central craters (orange and red dots in Figure
la-c), shows a latera dimension changing with depth. It is located between about 1.0 km a.s.l. and
the surface. In proximity of the surface it presents a maximum horizontal extension of about 2.0 km
while its deeper part shows a maximum horizontal extension of about 3.0 km. Retrieved inclination
and azimuth of the dike are of 15° £ 10° and 135° + 5°, respectively, thus suggesting a resonating
dike-like body striking NW-SE, dlightly inclined from the vertical towards the SW.
The deeper dike (black dots in Figure 1a-c), tilted to the north of 25° and mainly located below 1
km asl., shows a latera dimension of about 3 km and a vertical extension of about 0.5 km. It
strikes in the NNW-SSE direction (black dots in Figure 1 ac) and is dightly inclined (about 20°)
from the vertical towards ENE

The stability of this shallow plumbing system geometry is confirmed considering: i) 3D source
centroids of tremor locations computed during November 15-30, that include the November 23-24
lava fountaining episode at SEC and ii) tremor locations calculated on the one-hour of signals
between October 2006 and December 2007, including the two lava fountaining episodes (Figure
1d). Notwithstanding the different time resolution, the locatiors reported in figure 1d, divided as a
function of depth, show clearly the orientation of the two dike-like bodies at different depth (NNW-

SSE the deeper and NW-SE the shallower).



The temporal evolution of tremor sources during August 20-September 15 indicaes a
progressive migration toward the SEC, starting about 8 days before the onset of the lava fountaining
(Figure 3a-c), whereas a clear shallowing of sources is observed only a few hours before the onset
of the lava fountaining. After its end, the source centroids migrated deeper (below 1 km asl.),
clustering in a wide volume, NNW-SSE oriented, beneath the certral craters (black dots in Figure
la-c and Figure 3c). Similar spatio-temporal results have also been obtained for the lava fountaining

episode occurring on November 23-24.

2.2 LP-VLP classification

At Mt. Etna, LP signals are often accompanied by the VLP pulse or pulses with a peak
frequency between 0.06 and 0.1 Hz However, in some cases VLP signals occur alone, either as
VLP tremor or a single VLP pulse not accompanied by an LP event Saccorotti et al., 2007,
Lockmer et a., 2007). The variability of the LP component associated to VLP events is evident in
the seismogram reported in Figure 4, which shows a small VLP pulse accompanying the LP event,
and thena higher VLP pulse with a much weaker LP component. LP and VLP events often occur as
swarms, also with many hundreds (tens for VLP) of earthquakes within afew hours. However, VLP
events usually show an almost stable low rate of occurrence (Figure 2c).

It is well known that the waveform of a seismic event depends on different effects. source
effects (location and geometrical-physical-chemical features of the structure that produces the
signal), propagation effects (geometrical spreading, anelastic attenuation and scattering), site effects
and instrumental effects (e.g. Lay and Wallace, 1995). Therefore, two very similar waveforms
imply that all these effects are the same.

On the basis of such considerations and following Green and Neuberg's procedure (Green and
Neuberg, 2006), we performed a waveform classification of the LP and VLP events occurring
during the period July 1 - December 31 2007, using a cross-correlation analysis between all pairs of

selected signals recorded at ECPN station.
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980 LP events, characterized by high signa to noise ratio and uniformly distributed in time
(about 6 events per day), were selected and filtered below 0.7 Hz. The correlation matrix was
obtained considering 15-second-long windows that included the whole LP events and a threshold
value of cross correlation coefficient equal to 0.8 was chosen Considering only the families with
more than twenty events, we obtained three main families of LP events (hereafter referred to as
family 1, 2 and 3). These families comprise about 90% of all the considered events suggesting the
repetitive excitation of stationary sources in a non-destructive process. As shown in Figure 5a, most
of the events belong to the family 1 (frequencies ranging between 0.3 and 0.4 Hz), except for the
events occurring after the first lava fountain episode (for about 10 days) and from the second one to
the end of the studied period. During these two periods most of the events belong to the family 2
showing higher frequency content (about 0.5-0.6 Hz). The family 3 (frequency of about 0.3 Hz) is
instead composed of events scattered in amost the whole period.

Regarding the VLP activity, about 700 VLP events, characterized by high signal to noise ratio
and uniformly distributed in time, were also selected and filtered below 0.15 Hz. Also for these
events a cross correlation threshold equal to 0.8 was used. Considering only the families with more
than twenty events, we obtained four main families of VLP (hereafter referred to as family 1, 2, 3
and 4; Figure 5a). The average waveforms of the four families are shown in Figure 5b. These
families comprise about 85% of all the considered events suggesting also in this case the repetitive

excitation of stationary sources in a norn-destructive process.

2.3 Properties of the resonator system

It is known from simplified models of seismo-volcanic sources that the resonance frequency and
damping of the system is strongly influenced by the nature of liquid and gas content (Chouet, 2003
and references therein). In order to study the temporal evolution of fluid-driven sources at Mt. Etna
during the investigated period, we analyzed about 13000 LPs in terms of change of the source

frequency and quality factor. Since the characteristic properties of a resonator system can be
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estimated by the spectral features of the radiated signals, we performed two different spectral

analyses on the selected LP events. Firstly, we took into account 20-second-long (2048 samples)
windows, whose onset coincided with onset of the LP events. Since most of the radiated energy was
concentrated below 0.7 Hz, we focused our attention on this frequency band and |ow-pass filtered
the signal below 0.7 Hz. Then, we calculated the spectra of the vertical component of ECPN station
by the Fast Fourier Trarsform (FFT) and obtained the highest peak frequency. Most of the
calculated peak frequencies range between 0.3 and 0.7 Hz (Figure 29).

The moving average over 25 samples (black line in Figure 2g) highlights spectral time
variations, most of which are related to the volcanic activity. In fact, the frequency values decreased
before the lava fountain episodes occurring on September 4-5 and November 23-24 and then
increased. The decrease was dight before the first episode and strong before the second one.

In order to verify the aforementioned spectral variations and also to obtain information about the
damping features of the LPs source, the Sompi analysis was applied (Chouet, 2003 and references
therein). By this method of spectral analysis, a signal is deconvolved into a linear combination of

coherent oscillations with amplitudes decaying and additional noise. In this approach we define a

complex frequency fc = f —ig where f is the frequency, g is the growth rate and i is J-1. The
quality factor Q is then given by —/2g. Again, we low-pass filtered the data below 0.7 Hz and
obtained frequency and quality factor for autoregressive (AR) orders ranging between 2 and 10. The
sharply monochromatic nature of the investigated signals justifies the choice of these low orders
(Lesage, 2008). The results were very similar for al the used orders. As shown in Figure 2h, the
obtained frequency values (for AR order 2) confirm the results of the FFT analysis in Figure 2g.
The quality factor, mostly ranging between 2 and 8, showed an important variation after the first
episode of lava fountain on September 4-5 (Figure 2i), when the values decreased from about 5 to

2-3.

2.4 LPandVLP location
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LP locations were performed by applying the semblance technique (Neidel and Tarner, 1971).
This method was preferred to the radial semblance technique (Kawakatsu et al., 2000), used instead
for the VLPs analysis, because the particle motion of the observed LPs was radial at only some
summit stations. According to their uniform distribution in time and high signal-to-noise ratios, a
subset of about 900 LPs were selected and located by using the five or six nearest stations to the
summit area. Four-second-long windows of seismic data, low-pass filtered below 0.7 Hz, whose
onset coincided with onset of the LP events, were used. For the locations a 3D grid is adopted, with
dimensions of 6x6 km and vertical extent of 3.25 km (from 0 km as.l. to the top of the volcano).
The horizontal and vertical grid spacing is 125 m. A value of 1.7 km/s was chosen as seismic
velocity because it allowed to obtain the maximum semblance value. This value is consistent with
seismic velocity values reported in literature for this kind of study at Mt. Etna (e.g. Priviteraet al.,
2003; Gresta et al., 2004; Bean et a., 2008). Furthermore, the most recent high-resolution velocity
tomographies on this volcano suggest that, for depth less than 1.0-1.5 km (Cocina et a., 2008), the
used vaue is reliable and justified by the presence of intensely factured rocks and pyroclastic
deposits in the shallow layers of the volcanic edifice.

The results, summarized in Figure 6 suggest shallow LP sources located below the summit
craters. The LP source showed striking time variations and a deepening from 3 to 1 km a.s.l. after
the two lava fountain episodes. In addition the LP source gradually shifted northward from
September to November.

Concerning the VLP seismicity, about 400 VLP events occurring between July and October
2007, were located by the radia semblance method (Kawakatsu et al., 2000). Because of the low
amplitude of these signals, we located the VLP source by using only the four stations nearest to the
summit area. The lack of one of the closest stations (EPDN; Figure 1) between November and
December precluded the extension of the analysis to the period of the November 23-24 lava

fountaining episode. 20-second-long windows of seismic signal, whose onset coincided with the
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onset of the VLP events, low-pass filtered below 0.15 Hz, were used. The 3D grid is the same as the
one used to locate the LP events.

The VLP locations, shown in Figure 6, also suggest for VLP seismicity shallow sources located
just below the summit area. Unlike the LP locations, the VLP locations (Figure 6) remain steady for
the whole period. A slight deepening can be observed after the lava fountain episode occurring on
September 45. In order to estimate the error of the location, we followed the Almendros and
Chouet method (Almendros and Chouet, 2003). It is noteworthy that in most cases the obtained
error region contained only the node of the grid characterized by the maximum semblance value.
Therefore, if error bars are not reported, the error can be considered lower than the grid spacing.

It is noteworthy that, the used location methods do not take into account material
heterogeneity and topography. The former can affect the location results of both semblance and
radial semblance methods. Conversely, the latter mostly influences the locations obtained by radial
semblance, that is based on whether the similarity of the waveform or the particle motion. However
results obtained during a recent large-scale passive seismological experiment (June-July 2008),
amed a complementing the permanent Etna monitoring system in the near-field, with the
deployment of over 20 broad-band stations in summit area, showed that the LP and VLP source
locations obtained by only the permanent stations are quite reliable (Patané et al., 2008). For both
LP and VLP sources, locatiors obtained using the dense network were only shifted by about 100-
200 m However, for seismo-volcanic studies it is important to deploy as many stations as is
feasible close to the source with the best azimuthal coverage possible as suggested by Neuberg and

Pointer (2000), which we believe allows partially minimizing the above mentioned effects.

3. Discussion and conclusion
A first study on Mt. Etna's LPs activity, recorded from November 2003 until the onset of the

2004 summit effusive eruption, suggested the lack of a link between the LP activity and the
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eruption (Saccorotti et al., 2007). More recent analysis has suggested the existence of this
possibility (Lockmer et al., 2008).

In this study, we have analyzed the temporal evolution of volcanic tremor, LPs and VLPs
activity which occurred at Etna from June to December 2007, thus encompassing two powerful lava
fountaining episodes taking place on September 4-5 and on November 23-24 from SEC.

The most important results here obtained concern:

1) The discovery of the magma pathway geometry feeding the eruptive activity at SEC,
highlighted by precise volcanic tremor source locations obtained in wide periods including the two
lava fountaining episodes. The imaged plumbing system consists of two connected resonating dike-
like bodies, NNW-SSE and NW-SE oriented, extending from sea level to the surface. The stability
in recent times of this shallow plumbing system geometry, was confirmed by considering the
October 2006 - December 2007 period (Figure 1d). The NW-SE trending source region hes recently
been supported by: i) the moment-tensor inversion of LPs sources, indicating a crack-like geometry
(Lockmer et a., 2007) and ii) the most recent dike propagation trends modeled by crustal
deformation data (Bonaccorso and Davis, 2004; Patane et al., 2005). Further evidence for NNW-
SSE and NW-SE dyke structures can be found at the surface, having been exposed by erosion
nearby the summit craters. Their presence to depths of 500-700 m is displayed in a very impressive
manner in the southern wall of the Valle del Bove (see rose diagram of dikes direction in Figure
1a).

2) The evidence of time variations of volcanic tremor, LP and VLP events, that accompany
eruptive activity and that can be explained by transport/discharge of gasrich magma.

In the medium-term, the clearest relationship between the uprising of magma, the progressive
increase of the pressure in the conduits and the renewa of activity at SEC (INGV-CT
volcanological reports at http://ct.ingv.it) can be recognized since July 15 by the increasing activity
of LPs events. Afterward, since August 15 the start of a discontinuous activity of ash emission

followed by strombolian activity at SEC (Andronico et al., 2008b) on August 27, was accompanied



15

by: 1) the migration of tremor sources at shallow depth (Figure 2f); 2) the progressive increase in
the tremor amplitude (Figure 2 e); 3) the increase in the number of LPs ard of its associated energy
(Figure 2ab) and 4) by variations of ground deformation measurements. In fact, ground
deformation measured by GPS stations at the summit (in Figure 2| the baseline ECPN-EPDN is
shown) indicated an accelerating small dilatation of the summit area. A low rate of seismicity was,
instead, detected under the volcano during these months, similarly to the first half of 2007,
suggesting that magma flowed almost aseismicaly, without any significant generation of VT
quakes.

These observations suggest that, since August 15, the arrival of a small batch of undegassed
magma (Nishimura, 2006) might have played a significant role in the re-activation of the SEC,
leading to the September 4-5 lava fountaining episode. After this eruptive episode, the observed
deflation of the edifice (Figure 2l) and changes in tremor locations (deepening; Figure 2f) and LP
event signatures (mild increase in frequency peak of tremor and faster decay of LPs; Figure 2i), can
easily be explained by the gasrich magma discharge during the paroxysm and the consequent
decrease of gas-volume fraction in the magma/gas mixture (Thompson et al., 2002; Kumagai,
2006). The cartoonin Fig. 7 illustrates the evolution of the eruptive activity at SEC, leading to this
lava fountaining episode, between July and September 2008.

Afterward, a new slow magma recharge affected the conduit, as testified by a similar but
dightly different behavior of GPS ground deformation and variations in seismo-volcanic
parameters, which prepared the way for the November 23-24 |ava fountaining episode.

In the short-term, the decrease and following increase of the ‘dominant’ frequency of the LP
events occurring before and after the two lava fountain episodes can be explained by variations of
the resonator system. It is noteworthy that, the first eruptive episode was aso followed by a quality
factor decrease.

We can assume that the resonator system, source of LPs, is represented by afluid-filled crack as

suggested by recent studies based on the waveform inversion (Kumagai et al., 2003; Lockmer et al.,
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2007). Moreover, as suggested by the strong and frequent explosive activity involving discharge of
high volumes of magma during the studied time period, the fluid can reasonably be considered a
magma-gas mixture. Therefore, in the light of these assumptions, the aforementioned variations that
followed the lava fountain episodes may be due to a decrease in the solid/fluid impedance contrast
caused by either a decrease of the gas-volume fraction in the fluid or by an increase of pressure at
constant temperature and gas-volume fraction Kumagai, 2006). The observed eruptive activity
supports the first interpretation that, in fact, is consistent with the gas/gas-rich magma discharge
during the lava fountain episodes. Similarly, the decrease of the ‘dominant’ frequency, observed
before the lava fountain episodes, can be interpreted as the consequence of an increase of the gas
volume fraction in the fluid. This variation, therefore, can likely be linked to the fast uprise of gas
rich magma preceding the explosive activity. It is noteworthy that the interpretation of the quality
factor variations implies that the attenuation due to intrinsic losses is negligible.

Concerning the LP and VLP source locations, it is worth noting that the observed limited and
stable spatial extension of the most active clusters of LP events can be recognized over the years
(Saccorotti et a., 2007; Lockmer et a., 2008). This is indicative of the repetitive action of non
destructive sources in a restricted source zone where a shallow crack or a system of cracks probably
exists. At Mt. Etna VLP earthquakes, similar to those observed in other active volcanoes (e.g.
Kilauea, Hawaii), have dominant spectral peaks at periods of 10-15 seconds and can be associated
with the transport of magma or gas slugs through cracks. As shown in Figures 6b and 6d, the cluster
of VLP lies directly beneath the main cluster of LP seismicity. This can be explained if VLP and LP
oscillations originate in the same system, representing the volumetric deformation and LP
oscillation of a shallow crack (or plexus of cracks), respectively (Chouet, 2003).

Conversely, the scattered sources of deeper LPs and volcanic tremors would represent the result
of the dynamic interaction of volcanic fluids (magma degassing) with surrounding solid rocks in

wider parts of conduit.
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In conclusion, our results confirm the feasibility of volcanic tremor and LPs location as an
effective monitoring tool for tracking the temporal evolution of seismo-volcanic sources and the
ascent of small magma gas-rich batches which could flow almost aseismically through the conduits.
This study, integrated with geodetic observations, may be useful to forecast eruptions that, like the

summit effusive or explosive eruptions at Mt. Etna, apparently do not show clear precursor signals.
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Table

25" 50" 75"

percentile percentile percentile

Latitude 0.39 0.46 0.54
Longitude 0.48 0.55 0.62
Depth 0.65 0.77 0.88

Table 1. Standard error in Km for Latitude, Longitude and Depth of the Jackknife estimation.
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Fig. 1. Top left) Structural map of eastern Sicily reporting: 1. the front of the Appenninic-
Maghrebian chain and 2. the main faults. a) Map of the summit part of Mt. Etna volcano showing
3D source centroids of volcanic tremor locations computed between August 20 and September 15,
2007. In the map, broad-band seismic stations (light blue triangles) operating during the study
period and used for tremor locations, the GPS stations used in this work (ECPN and EPDN, that are
located at the same place as the homonymous seismic stations), historical eruptive fissures (red
lines) and time evolution of tremor locations (orange, red and black circles), are also reported. The
concentric black curves represent elevation contours at 500-m intervals. Yellow dots indicate
centra craters (C.C.). The rose diagrams show the dyke structure directions as appearing at the
surface through erosion processes in the southern and northern walls of Valle del Bove. b,c) 3D
images of the volcanic edifice reporting volcanic tremor locations. d) 3D source centroids of
volcanic tremor locations computed between October 2006 and December 2007, separated into two

classes of depth (black dots = 1000 m and red dots > 1000 m).



24



AESALF1 AE LF2 x10°

! Curmulafive number -::-fiLr-’

{Hurnber of LP f hour
{(0.5-5.0-Hz)

&0 I

2{}.

1ot : 2
— " [Amplitude of LP / hour b}
Lgm)
2 ipt

'00 Gmber of VIP hoor N C]

'{UDS-GIEH::I . -

—10t Amplilude of tremar E}

a S
?m*- EGS 5.0 Hz) WW. _“m'n.-f #

i 'II'I
1049 “Jq_\,mw.“w,ww TWIEY el

(008015 Hz)
£ 3p00 [22Rth of fremor

1]
SIDO:I =
g0 =
- LP - ‘"dominant’ frequency and attenuation
E‘D:E | FFT analysis | . B g]

Ground deformcmcrn {l.sF'S]l i _
(M) Traseline ECPN-EPDN __ i: l)

3&26.416

3624.408 7

3624.400

OWOFOF 010807 01097 0110007 D107 D1/12/07



26

Fig. 2. Temporal variation of the seismo-volcanic activity at ECPN station and GPS ground
deformation in the period June — September 2007. a,c) Number of LP and VLP per hour and b,d)
related RMS values (energy content), €) tremor amplitude computed in the LP and VLP bands, f)
tremor depth, g-i) ‘dominant’ frequency and quality factor of LP, and 1) GPS ground deformation
measurements in the summit area (baseline between ECPN and EPDN GPS stations). The vertical
red lines mark the two lava fountaining episodes of September 45 and November 23-24. The
shadow grey area marks the period of discontinuous ash emission, whereas the yellow one marks
the period of prevalent strombolian activity. The red line in |) represents the moving average of

origina data considering groups of 5 measurements.
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Fig. 3. Temporal evolution between August 20 and September 15 of dtitude (a), longitude (b) and
latitude (c) of tremor sources. The red lines are the moving average of original data considering
groups of 30 measurements. The vertical orange line marks the start of strombolian activity at SEC,
while the empty red rectangle defines the lava fountaining period (for details see INGV-CT

volcanological reports at http://ct.ingv.it).
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30-minute-long time windows at the vertical component of ECPN station (black line). b) Average
waveforms of the four VLP families and c) of the three LP families. d) f-g diagrams of the average
waveforms shown in c). The black lines represent values of constant quality factor (Q). Clusters of
points (encircled with grey ellipses) indicate a resolved dominant mode, scattered points represent

noise.
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Fig. 6. a,c) Time variation of the source location of about 900 LP and 400 VLP events, occurring

between 1 July and 31 December 2007 and between 1 July and 31 October 2007, respectively. The

yellow rectangle indicates the time period when EPDN station did not operate. b,d) Maps and W-E

sections of summit area withthe source locations of the LP (b) and VLP (d) events (blue dots). The

radii of the dots are proportional to the number of the locations in each grid node (see blue dots and

numbers reported at center).
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Fig, 7 ae) Cartoon showing the evolution of eryotive activity at the SEC between July and
September 2007. Here the increase in the magma rising rate and volatile flux is considered the most
probable trigger of the formation of the September 4-5 fire fountain through a progressive
coalescence of bubblesin the conduit. b) In afirst stage, since August 15, a discontinuous activity
of episodic ash puff was observed, mainly consisting of lithic material, indicating failure and
collapses of the inner walls of the conduit (Andronico et a., 2008b). This emission gradualy
increased in frequency and intensity and was then replaced by the g ection of incandescent material.
¢) From August 27 strombolian activity (formation and release of gas slugs) started, becoming more
regular and stronger in the next days. d) The increasing gas volume fraction in the conduit modified
the slug flow (strombolian activity) into an annular flow responsible for the 45 September lava

fountain, driven by a long inner gas jet. €) After the eruptive episode, accompanied by a deflation
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phase, the observed fluctuationin the depth of tremor locations (Fig. 3a) could suggest oscillation in
the magma level in the conduits. Several geophysical variations have been recognized both in the
medium and short-time during the considered period (see text for further details). Some examples
of seismograms showing the increase in the LP activity and the main changes in the LP waveforms

are also shown.



