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Abstract

On February 27, 2007, the Stromboli volcano, which has usually been characterized by moderate explosive ac-
tivity, started an effusive eruption with a small lava flow down the NW flank. The permanent broadband network
installed on the island allowed the revealing of anomalies in the seismicity before the effusive eruption and for
the phenomena to be followed over time, thus obtaining meaningful information about the eruption dynamics.
During the effusive phase, a major explosion occurred on March 15, 2007. On that occasion, two strainmeters
deployed on the volcano in the previous year recorded a strain increment before the blast. After this explosion,
which further destabilized the upper part of the edifice, swarms of Long-Period (LP) and hybrid events were
recorded. The characteristics and locations of these events suggest that they were associated with the fracturing
processes that affected the summit area of the cone. During the effusive phase, changes in the Very Long Peri-
od (VLP) event location were recorded. This type of events accompanied the change in the eruptive style, pro-
viding information about the magmatic conduit involved in their seismogenetic processes. The effusive phase
stopped on April 2, 2007, and the typical Strombolian activity restarted some months later.

Key words Stromboli — volcano monitoring — vol- erful systems for automatic data processing.

cano seismicity The case of Stromboli is an interesting applica-
tion of these techniques.

Stromboli is a stratovolcano in the Mediter-

1. Introduction ranean Sea that is characterized by an almost
persistent explosive activity that arises at differ-

When using seismology for monitoring a ent vents in the summit area (Barberi er al.,
volcanic system characterized by a permanent 1993; Bertagnini et al., 1999; Rosi et al., 2000;
eruptive state, the objective is to detect small Calvari et al., 2005). This activity was docu-
but significant changes in the seismic activity. mented in the first century by the Greek geog-
This requires high resolution analysis and pow- rapher Strabo. Occasionally, effusive activity

occurred as well, usually producing lava flows
on the «la Sciara del Fuoco» side (fig. 1).
Sometimes, major explosions occurred as iso-
lated episodes, with the ejection of juvenile

Mailing address: Dr. Marcello Martini, Istituto Nazio- magma and lithic bombs (Métrich ez al., 2005).
nale di Geofisica e Vulcanologia, Osservatorio Vesuviano, . .
Sezione di Napoli, Via Diocleziano 328, 80124 Napoli, o In Dec§mber 2002, the typlca.l exploswe 2_10'
Italy; e-mail: martini@ov.ingv.it tivity was interrupted by an effusive phase, with
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Fig. 1. Map of Stromboli volcano: the triangles indicate the 13 seismic stations of the permanent broadband
network; the stars specify the locations of the two strainmeters (SVO and TDF). The inset shows a map of Italy
with the position of Stromboli marked (star). The scale is expressed in UTC coordinates.

lava flowing from fractures that opened on the N-
W flank of the volcano at about 600 m a.s.l. This
phase ended in July 2003. Tsunamigenic land-
slides accompanied the beginning of the effusive
eruption and damaged the island coasts, causing
alarm on the surrounding islands as well (Bonac-
corso et al., 2003; Tinti et al., 2003; La Rocca
et al., 2004). On that occasion, the Istituto Na-
zionale di Geofisica e Vulcanologia INGV) de-
ployed a broadband seismic network to monitor
the volcanic emergency (fig. 1). At the same time,
a cluster computing-based system was developed
for automatically analyzing the data from the
broadband network. This is integrated with web
applications that allow remote access to the
analysis results (http://eolo.ov.ingv.it). So far, this
system has continuously produced very useful in-
formation about the state of the volcano in real
time.

During the 2002-2003 crisis on April 5, a vul-
canian explosion occurred (Calvari et al., 2005).
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The signal recorded by the broadband seismic
network allowed insight to be obtained into the
explosion dynamics and indicated that a deforma-
tion of the volcanic edifice occurred before the
explosion (D’Auria ez al., 2006a). This episode
encouraged the idea of installing strainmeters
(Agustsson et al., 2000) to measure the elastic de-
formation detected by the broadband seismome-
ters before the explosion, so using more appropri-
ate instruments, in case of another explosion of
the same size. In 2006, this idea was realized with
the installation of two strainmeters on the oppo-
site sides of the island (fig. 1).

Starting in 2006, a moderate, but unusual,
volcano tectonic seismicity was recorded, with
hypocenters located inside the volcanic struc-
ture (D’ Auria et al., 2006b).

On February 27, 2007, the volcano started a
new effusive phase. On March 15, 2007, a new
violent vulcanian explosion occurred, with fea-
tures similar to the one of April 5,22003. On this
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occasion, the strainmeters recorded an interest-
ing signal some minutes before the explosion.
In the following sections, we introduce the
general features of the Stromboli seismicity and
show how the monitoring system allowed the

style. Then we describe the seismic and dilato-
metric data of the vulcanian explosion that oc-
curred on March 15, 2007, highlighting the suc-
cessful implementation of the strainmeters that
recorded a strain increase before the explosion.

Finally, we discuss our results and present our
conclusions.

early identification of anomalies in the seismic-
ity due to the incoming changes in the eruptive
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Fig. 2a-f. Seismograms and relative spectrograms of a VT earthquake (a), an explosion-quake (b) a volcanic
tremor window (c), a landslide (d) a Long Period event during the effusive phase (e¢) and an hybrid event (f). Am-
plitudes are normalized for both seismograms and spectrograms. Note the similarity among (b) and (e). They are
actually related to the same source mechanism (gas slug bursting) that during the effusive phase does not pro-
duce summit Strombolian explosions.
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2. Stromboli seismicity

The Strombolian activity is characterized by
relatively low-level explosive eruptions that re-
sult in the ejection of variously sized incandes-
cent magma fragments to altitudes of tens to
hundreds of meters. Indeed, this type of activi-
ty is named after Stromboli, where is has con-
tinued for more than 1000 years.

In Stromboli, the explosions usually occur
with a frequency that ranges from 5-6 to more
then 20 events per hour. Each explosion gener-
ates a transient seismic signal, known as an ex-
plosion-quake, which lacks clear seismic phas-
es. This is a signal characterized by typical fre-
quency contents (fig. 2b). Usually it shows a
component in the range of 1-6 Hz that is super-
imposed on a Very Long Period (VLP) compo-
nent with a frequency in the range of 0.5-0.05
Hz. These two components of the seismic radi-
ation are linked to different source processes
that are generated by the explosions, and they

can be analyzed by different techniques. In par-
ticular, on the basis of the VLP source investi-
gations, that have revealed a volumetric compo-
nent in their mechanisms, these events are at-
tributed to processes caused by the mass trans-
port through the magma conduits (Chouet,
2003; Chouet et al., 2003). They are character-
ized by a rectilinear polarization towards the
source centroid.

Another signal that characterizes the back-
ground of the Stromboli seismicity is the vol-
canic tremor, a continuous permanent signal for
which the spectrum is very narrow-band (1-3
Hz) (fig. 2c¢) (Chouet, 1996). So the seismicity
associated with the typical Strombolian activity
is characterized by different source processes
that generate radiation in different frequency
bands. Figure 3 shows the February 16, 2007,
daily spectrogram computed on a 15-min slid-
ing window (bottom panel) and the daily spec-
trum calculated by averaging the spectra of the
15-min windows (top panel). These plots repre-
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Fig. 3. Daily average spectra (fop), expressed in arbitrary units (a.u.), and spectrograms (bottom) of seismic
signals (STR1, vertical component) computed on a 15-min sliding window. Panel A shows the typical Strombo-
lian activity (February 16, 2007). Spectral peak 1 corresponds to the VLP component; peak 2 is associated with
the volcanic tremor; peak 3 represents the explosion-quakes. Panel B shows the seismic activity after the begin-
ning of the effusive phase (February 28, 2007). Note that the distribution of the spectral amplitude changes; in

particular, peak 3 is not distinguishable.

778



Seismological monitoring of the February 2007 effusive eruption of the Stromboli volcano

sent the seismicity associated with the typical
Strombolian activity and show the average
characteristics of the wave-field frequency con-
tent. The continuous signal in the narrow band
around 2 Hz is the volcanic tremor (fig. 2c). In
correspondence with the explosions, three dif-
ferent frequency bands appeared (fig. 2b). The
lower one (0.5-0.05 Hz) represents the VLP
pulse associated with the explosion, the central
(about 2 Hz) is partially due to the background
volcanic tremor, and the upper one (2-6 Hz)
represents the higher frequency excited by the
explosion (explosion-quake). The long-duration
transient signals with spectral content in the
rang 2-10 Hz are due to landslides (fig. 2d). The
landslide signals have a variable occurrence,
fluctuating around an average of 1-2 events per
day. It has been demonstrated that these events
can be successfully distinguished by using au-
tomatic classifiers based on neural networks
(Esposito et al., 2006).

Over the last few years, low energy Volcano
Tectonic (VT) events have also been recorded
on Stromboli. Figure 2a shows the seismogram
and the spectrogram of a VT earthquake record-
ed on December 11, 2006.

3. The monitoring system

The seismic network is composed of 13 digi-
tal stations that are equipped with Guralp CMG
40T broadband sensors (fig. 1). The signal is
sampled at 50 Hz by 24-bit GAIA type recorders,
a digital recorder developed by INGV. To collect
the data in real time, two different acquisition
centers are used, one on Stromboli and the other
on Lipari Island. The data are transmitted by ra-
dio link, encoded in packets of 2 s, from the sta-
tions to one of the two recording centers on the
basis of visibility between the station site and the
location of the recording center. From the record-
ing centers, the data are then transmitted to the
Osservatorio Vesuviano (INGV) in Naples and
INGV monitoring centers in Catania and Rome,
using TCP/IP. In Naples, the data are automati-
cally processed by the system known as EOLO
(http://eolo.ov.ingv.it). This system continuously
analyzes the incoming signals in order to detect
and simultaneously locate the VLP events. The
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detection and the location of the VLP events are
performed by using a technique based on Sem-
blance analysis (Neidell and Taner, 1971). Eolo
also performs other data analyses, including am-
plitude, spectra and polarization analyses. The
polarization vector is obtained by calculating the
eigenvalues and the eigenvectors of the covari-
ance matrix of the 3-component filtered signals,
following Montalbetti and Kanasewich (1970).
To run the analysis processes in real time, this
system uses a Linux cluster with 132 processors
(D’ Auria et al., 2004).

In 2006, two strainmeters were installed on
Stromboli, the first at the Timpone del Fuoco
site (TDF), close to the small village of Ginos-
tra, and the second close to the local Civil De-
fense Centre (SVO) (fig. 1). The data acquisi-
tion is carried out using a 24-bit digital recorder.
The data are centralized in Stromboli and then
sent to Naples through the TCP/IP. The data ac-
quired are the output of the volumetric transduc-
ers, the air pressure and the temperature.

All of these signals are sampled at 1 Hz. In
addition, the volumetric transducers are also
sampled at 50 Hz.

4. The period preceding the effusive
eruption

The period before the effusive phase was
characterized by a progressive increment of
VLP occurrence rate (fig. 4) and by a moderate
increment of the VLP amplitude (fig. 5), calcu-
lated as the maximum absolute value of the ra-
dial component with respect to the source loca-
tion. The VLP occurrence started to increase at
approximately the end of December 2006, and
became less remarkable during the seven days
before the effusive phase. In the same period,
the VLP locations, did not show significant
changes as calculated by radial semblance
analysis (Chouet et al., 1999) and illustrate in
fig. 6a-d. They were clustered in a small vol-
ume about 200 m beneath the summit craters,
shifted towards the «La Sciara del Fuoco» bor-
der. Also, the azimuth and the inclination of the
VLP polarization tensor were very stable over
this period, confirming the stability of the
source location (fig. 7).
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Fig. 4. VLP hourly frequency from January 1, 2007 to July 10, 2007 (panel A). The red arrow marks the onset
of the effusive eruption. Panel B shows the VLP hourly frequency in the time window (February 1-March 14,
2007) marked by the gray rectangle in the panel A.

Fig. 5. VLP amplitude versus time (STR1) for the period from January 1, 2007 to July 10, 2007 (panel A). The
solid red line shows the running average calculated on a 41-point window. The red arrow marks the onset of the
effusive eruption. Panel B shows the VLP amplitude in the time window (February 1-March 14, 2007) marked
by the gray rectangle in the panel A.
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Fig. 6a-d. The VLP location and the histograms of the hypocentral elevation before and after the beginning of
the effusive eruption (February 27, 2007). The elevation is expressed as meters above sea level. The temporal
range is divided in four intervals: a) January 1-31; b) January 31-Februay 26; ¢) February 27-March 31; d) March
31-May 22. Note that there are no significant changes between the (a) and (b) periods (before the effusive phase),
whereas a progressive elevation decrease is evident in (c) and (d) (after the beginning of the effusive phase).
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Fig. 7. Azimuth and inclination of the polarization
vectors (left) and locations (right) of 1.338 VLP events
recorded over the days before the onset of the effusive
phase (February 24-27, 2007). The azimuth and incli-
nation of the polarization vectors are represented by a
rose diagram. The vertical bar points toward North.
The versus of the azimuth expresses the dip direction
of the principal polarization vector. Note that for same
stations the dip is away from the source because the
station has a lower elevation. In any case the polariza-
tion vector is mainly horizontal at all the stations.
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Fig. 8. The trend of the seismic amplitude (STR1, E-
W component) in the period from January 1, 2007, to
July 10, 2007 (panel A). The red arrow marks the on-
set of the effusive eruption. Panel B shows the time
window (February 1-March 14, 2007) marked by the
gray rectangle in panel A. Before the effusive phase,
an increment is evident from the end of January.
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In the period from December 2006 to Feb-
ruary 2007, the volcanic tremor level, calculat-
ed as the average amplitude of the raw seismic
signal over 15-min windows, showed the trend
illustrated in fig. 8. An increment is evident
starting from the end of January, 2007.

Four hours before the beginning of the effu-
sive phase, several landslide seismic signals ap-
peared, sometimes forming a continuous signal
superimposed on the volcanic tremor, as de-
scribed in the following section.

5. The effusive eruption onset

On February 27, 2007, by about 09:00 UTC,
a landslide signal was seen by the analysts in-
volved in the surveillance activity. Signals of
the same type continued for the next few hours.
The occurrence of such signals was recognized
as an anomaly and was communicated to the
Civil Protection authorities.

At 12:34 UTC, as reported in the INGV
surveillance bulletin on the basis of the im-
ages coming from a thermal camera (Cris-
taldi, 2007, on line at: http://www.ct.ingv.it/
Report/ WKRVGALT20070301.pdf), the vol-
cano started the effusive phase, and at 12:39
UTC a stronger landslide seismic signal was
recorded. The lava flowed from a fracture that
opened in the North-East crater, down the «La
Sciara del Fuoco» flank. With the beginning of
the lava flow, the explosive activity at the sum-
mit vents ceased. The amplitude of the VLP
events temporarily increased and their wave-
forms changed significantly. The polarization
properties of VLPs started changing, indicating
a variation in their source location. In particu-
lar, the dip of the polarization vector increased
by about 3-5° indicating an increment in the
VLP source depths. Figure 9a,b shows the rose
diagram of the principal polarization vector
dips of 594 VLP events recorded before the be-
ginning of the effusive phase (A) and 341
events recorded immediately after the effusive
phase started, at the STR6 station. The depth
obtained by semblance analysis location clearly
showed the same trend (fig. 6a-d).

In the first few hours of the effusive phase,
the tremor amplitude showed two episodes of
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Fig. 9a,b. Inclination changes (expressed in degrees)
of the polarization vector at the beginning of the effu-
sive phase (STR6 station): a) the 24-h interval before
the effusive phase (February 25, 2007, 00:00-February
26, 2007, 00:00; 594 VLPs); b) the 24-h interval after
the beginning of the effusive phase (February 27,
2007, 12:00-February 28, 2007, 12:00; 341 VLPs).
The inclination increased by 4°.
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Fig. 10. The seismic amplitude in the hours follow-
ing the beginning of the effusive phase (marked by
the red arrow). Note the two episodes of volcanic
tremor increments at about 14:00 and 18:00.

strong incrementation (fig. 10), and then it
dropped down to a very low level (fig. 8).
These two episodes have distinctive spectral
features that make them clearly distinguishable
from the common volcanic tremor. One of the
most interesting features is that the amplitude
was maximum at the STRS station (located close
to the «Sciara del Fuoco») (fig. 1). For this rea-
son, we believe that these tremor episodes were
related to the subsequent opening of an eruptive
vent on the «Sciara del Fuoco» at 18:30 UTC.
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The seismicity accompanying the effusive
phase shows features that are different from
those of the typical Strombolian activity. Figure
3 shows the February 28, 2007, daily spectro-
gram computed for a 15-min sliding window
(bottom panel) and the relative daily spectrum
(upper panel). Comparing fig. 3 (bottom panel)
and fig. 3 (upper panel), we can see that after
the beginning of the effusive phase, the relative
distribution of the wave-field frequency content
changed. By simply looking at the seismograms
in fig. 11, we can note that the volcanic tremor
had a very low amplitude and that the higher
frequency signals associated with the explosive
activity in the crater zone were no longer de-
tected.

6. The evolution of the seismicity through
March

Through March, 2007, the waveform of
VLP signals changed over time. Over the same
period, their duration increased, suggesting a
transition from an impulsive to a sustained
mechanism in the volumetric components of
the VLP source.

On March 15, 2007, at 20:37 UTC, a vul-
canian explosion occurred with features similar
to that of April 5, 2003 (D’ Auria et al., 2006a).
The strainmeters recorded the event and re-
vealed a signal due to a strain increase starting
about 10 min before the explosion (fig. 12).
This evidence has provided a new perspective
in the forecasting of the major explosions of
Stromboli. About 2 min before the explosion,
the broadband seismometers also recorded the
onset of an Ultra Long Period (ULP) signal (fig.
13), with a seismic signature similar to that of
April 5, 2003.

Many LP and hybrid events were recorded
during the effusive phase. In particular, two main
swarms of hybrid events were recorded on March
6-8 (fig. 14) and on March 20 (fig. 15). In the
first, more then 2000 events were recorded. Some
of these were located by using a probabilistic ap-
proach based on a grid search method. We manu-
ally picked the onset of the events and used a 3D
10 m spaced grid with a velocity model that as-
sumes a constant velocity of P waves of 3 km/s.
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Fig. 11. The seismograms of February 27 and 28, 2007: the red circle indicates the start of the effusive eruption.
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Fig. 12. The signal associated with the vulcanian ex-
plosion that occurred on March 15, 2007, at about
20:37 UTC, recorded by the two strainmeters: SVO
(top) and TDF (bottom). The signal reveals a pressure
increase starting about 10 min before the explosion.

The maximum likelihood hypocenters are report-
ed in fig. 16. Due to the approximation to a con-
stant velocity model, the location uncertainties
can be large. The hypocenters result clustered in
a small volume close to the summit craters of the
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Fig. 15. The swarm of hybrid events recorded on March 20, 2007, by the STRA station (East-West component).

volcano. This episode was simultaneous with the
collapse of the inner rim of the summit crater
(Seismological Surveillance of Stromboli vol-

cano, 2007).
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Fig. 16. Hypocenter locations of 5 hybrid events
recorded on March 8, in the time range 00:00-00:30
UTC. The red points mark the maximum likelihood
hypocenters, the blue squares indicate the seismic
stations.

The second swarm started on March 20, at
about 9:20 UTC, with an occurrence rate of one
event every 2 min. The occurrence rate rapidly
increased while the amplitude decreased. This
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evolution resulted in the transition to a continu-
ous tremor signal that lasted for about 2 h (fig.
15). By about 13:00 UTC, individual events
started to emerge from the continuous signal,
and the occurrence rate decreased. The swarm
stopped during the night and included more
than 1000 events.

2-11 April 2007  1-10 June 2007

500

400

300

Elevation (m a.s.l.)

20—

|
0 01 02 03 0 01 02 03

Counts (relative frequency)

Fig. 17. Comparison of the depth distributions of
the VLP hypocenters calculated by radial semblance
analysis for two different periods after the end of the
effusive eruption. Left: the period of April 2-11, 2007
(2711 VLP events). Right: the period of June 1-10,
2007 (2129 VLP events). Note the increase in the el-
evation over the periods considered.

The effusive phase ended on April 2, 2007.
Immediately after the end of this phase, the seis-
micity did not show any significant changes.
However, 25 days later, on April 21, an abrupt
change occurred in the VLP amplitude and oc-
currence rate. In particular, the amplitude signif-
icantly decreased (fig. 5) and the occurrence rate
increased, reaching peaks of more then 70
events/h (fig. 4). Together with these changes, a
displacement of the source centroid toward the
SW was observed.

Since the end of May 2007, the locations of
the VLP sources have experienced new small
changes and the heights of the hypocenters
have moved slowly upwards (fig. 17).

7. Discussion and conclusions

The broadband seismic network installed on
Stromboli and the cluster computing-based sys-
tem that performs the data analysis in real time
(http://eolo.ov.ingyv.it), allowed the early recog-
nition of changes in the seismicity, due to the
incoming variations in the eruptive style on
February 27, 2007. These systems also allowed
the monitoring of the crisis evolution, giving us
continuous information about the dynamics and
the kinematic properties of the wave-field radi-
ated by the volcano.

Comparing the last effusive episode with
the 2002-2003 unrest, we can note some Simi-
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larities. The 2007 effusive phase began during a
period characterized by a progressive increment
of amplitude and occurrence rate of VLPs and
by a gradual growth of the volcanic tremor am-
plitude. Also, the 2002-2003 effusive phase was
preceded by a similar increase in the Strombo-
lian activity, even if it was less documented.

The observations considered above suggest
that in these two eruptive crises the transition to
the effusive activity is primarily controlled by
failure of the volcanic edifice under the effects
due to the increased Strombolian activity. Actu-
ally the crater zone and the «Sciara del Fuoco»
structures can be viewed as a system that is
characterized by limited equilibrium condi-
tions, so that a modest increase in the eruptive
activity energy, evidenced by stronger and more
frequent explosions, results in the transition to
the effusive behavior through the failure of the
shallow conduit walls. If we look at the histori-
cal records produced by the broadband network
over the last 4 years, we find that the Strombo-
lian activity has been characterized by moder-
ate energy fluctuations during this period (fig.
18). The last of these was a little more intense
than the previous ones, and generated the effu-
sive phase. This thus means that it is reasonable
to assume that while the volcano shows this ac-
tivity style it is possible to estimate the proba-
bility of an effusive phase on the basis of the
parameters observed.

For the short term precursors to the 2007 ef-
fusive phase, the most evident of these was the
increase in the landslide occurrence a few hours
before the beginning of the lava flow. On the
basis of many direct observations, the signals
recorded can be associated with the mobiliza-
tion of unconsolidated pyroclastic material that
lies on the «Sciara del Fuoco» flank at its re-
pose angle. This suggests that the landslide in-
crease was due to the incipient opening of an
eruptive vent.

The strainmeters recorded very clear signals
10 min before the major explosion occurred
during the effusive phase on March 15, 2007.
These signals are the first records that are rea-
sonably attributable to the physical process that
preceded the major explosion at Stromboli vol-
cano. So far, only very short term precursors
have been measured for this type of event, start-
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ing about 2-3 min before a blast (D’ Auria et al.,
2006a).

After the onset of the effusive phase, inter-
esting information about the evolution of the
eruptive process was provided by the automatic
locations of the VLP events and from the auto-
matic polarization analysis performed in real
time by EOLO (http://eolo.ov.ingv.it). More
than 30700 events were automatically analyzed
by the system during this period. The results re-
vealed slight but consistent changes in VLP lo-
cations, which moved downwards during the
effusive activity, and then in a South-West di-
rection (from April 21, 2007). They then moved
back to their previous locations after the end of
the effusive process.

A large amount of high quality data was
recorded during this unrest of the Stromboli
volcano. Detailed analysis of the different as-
pects contained in these datasets will be the ob-
ject of the future developments of this study.
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