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Abstract In this work, we integrate artificial and natural seismic sources data to obtain high-resolution
images of the shallow inner structure of Stromboli Volcano. Overall, we used a total of 21,953 P readings
from an active seismic experiment and an additional 2731 P and 992 S readings deriving from 269 local
events. The well-defined Vp, Vs, and Vp/Vs tomograms have highlighted the following: (i) the region where
magma cumulates at shallow depths (2–4 km below sea level (bsl)), forming an elongated NE-SW
high-velocity body (Vp ≥ 6.0 km/s and Vs ≥ 3.5 km/s), with a very fast velocity core (6.5 ≤ Vp < 7.0 km/s) of
~2 km3; (ii) the presence of some near-vertical pipe-like structures, characterized by relatively high P
velocities values, mainly linked to past activity (e.g., Strombolicchio); and (iii) a near-vertical pipe-like volume
with high Vp/Vs (1.78 ÷ 1.85), located beneath to the craters (down to ~1.0 km bsl), overlying a deeper
region (1.0 to 3.0 km bsl) with low Vp/Vs (1.64 ÷ 1.69), interpreted as the actual and preferential pathway of
magma toward the surface. Our results demonstrate the importance of combining passive and active
seismic data to improve, in a tomographic inversion, the resolution of the volcanic structures and to
discover where magma may be stored.

1. Introduction

Persistently active volcanoes display a wide range of eruptive regimes that depend closely on magma
dynamics and the geometry of feeding systems. Seismic tomography studies have become increasingly com-
mon over the last two decades to image and investigate the evolution of subvolcanic magmatic systems.
Nonetheless, even today, we only have clues about the volcanic inner structures and the existence of magma
chambers for the majority of volcanoes [e.g., Lees, 2007]. For basaltic volcanoes, with the exception of some
well-studied volcanic edifices such as Mount Etna [e.g., Patanè et al., 2003, 2013], Kilauea, and Piton de la
Fournaise [Lees, 2007], very little is known about the shallow plumbing systems, magma chambers, and con-
duit geometries and their relationship to eruptive behavior. Similarly, high-resolution tomographic images of
storage magma regions are rare also for the andesite volcanos and only in very few cases do we have such
images [e.g., Montserrat; Paulatto et al., 2012]. Likewise for Stromboli Volcano, its internal structure was poorly
known until now. For this volcano, recent petrological and geochemical studies [Aiuppa et al., 2010; Métrich
et al., 2010] have supported the hypothesis of the presence of a shallowmagmatic reservoir, located between
1 and 4 km below the summit, to explain the regular eruption of high-porphyritic (HP) basalts and the source
origin of slugs that drive Strombolian explosions.

Stromboli is a composite volcano located in the NE part of the Aeolian Archipelago, north of Sicily (Figure 1)
and has an elevated risk. It is a unique volcano, known worldwide for its persistent mild explosive activity
[e.g., Rosi et al., 2000], defined as “Strombolian type.” Lava flows and small to large paroxysms are instead less
frequent [e.g., Andronico et al., 2008]. The Stromboli Island is the summit of a large and steep-sided edifice
that rises ~3000 m above the surrounding seafloor. Together with the eroded Strombolicchio edifice
(STcc), the remnant of an earlier volcanic center [Bosman et al., 2009] located about 1.5 km NE from the island,
and the submerged other smaller edifices (e.g., Cavoni Volcano), it forms an ~18 km long NE trending volca-
nic structure [Bosman et al., 2009].

During its subaerial activity (the last 100 ka), Stromboli has undergone periods of extrusive growth and sheet
intrusions, alternating with caldera formation, flank collapses, and surface landsliding [Tibaldi et al., 2009]. The
last one occurred on 30 December 2002 along the Sciara del Fuoco (SdF), during the 2002–2003 eruptive
activity, when a mass of some tens of millions of cubic meters caused a small tsunami [e.g., Bonaccorso
et al., 2003], fortunately during the winter season. The tsunami struck the northern coastal strip of the
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village of Stromboli and reached the other Aeolian Islands as well as the Sicilian and southern Italian coasts.
Therefore, the main risks on this volcano are large paroxystic eruptions that represent a potential hazard also
for people living at the foot of the volcanic edifice and the tsunamis generated by subaerial and/or submarine
landslides of SdF.

In recent years, Stromboli has seen an increase in its activity with lava effusions (2002–2003, 2007, and
2014), high-energy explosions (e.g., 2008 and 2009), large paroxysmal eruptions (2003 and 2007), and
subaerial and submarine landslides generating a tsunami (2002). Increasing activity began with the erup-
tive crisis lasting from December 2002 to July 2003 [e.g., Bonaccorso et al., 2003]. Successively, there was
an eruption in February–April 2007 [e.g., Patanè et al., 2007], and more recently, after a longer period of
modest activity, a new eruption occurred in 2014. Despite their different duration, a similar volume of
magma (~ 107 m3) was discharged from the vents that opened up in the SdF. Of note were the paroxysmal
explosions occurring 3 months (2002–2003) and 16 days (2007) after lava effusion during these
two eruptions.

In January 2003, after the beginning of the 2002–2003 eruptive crisis, the geophysical and geochemical
monitoring systems of the volcano were greatly improved [Barberi et al., 2009]. In particular, a new digital
permanent broadband seismic network comprising 13 stations (red triangles in Figure 1), together with
several automatic systems, was installed by the Istituto Nazionale di Geofisica e Vulcanologia (INGV), in
order to detect both low-frequency seismic events and landslide signals [e.g., Patanè et al., 2007, Barberi
et al., 2009].

In the frame of an INGV-Italian Civil Defense project, part of which is aimed at better understanding the inter-
nal structure of the volcano and locating magma reservoirs, the first seismic tomography experiment was
undertaken at Stromboli toward the end of 2006 [Castellano et al., 2008]. This in order to (i) better compre-
hend its activity, (ii) help predict the next eruption scenario, (iii) interpret the pattern of the expected

Figure 1. (a) Map of Stromboli Volcano topography and bathymetry [Bosman et al., 2009]. Recording systems and shot lines (yellow lines) during the 2006 experi-
ment are reported. The shots done at 6 m bsl were scheduled at 2 min intervals corresponding to shot spacing of 250 m. The red and light blue triangles on the
emerged part of Stromboli indicate the 13 permanent and 20 temporary broadband seismic stations, respectively. The dark grey circles shown the location of the 10
ocean bottom seismometers. Some recordings of a shot are shown in the inset. The signals are filtered in the 5 to 20 Hz band. (b) Map and W-E cross section of
P wave ray tracing used for the inversion of the 21,953 P readings from the active seismic experiment (black lines) and of additional 2731 P readings (red lines) from
269 selected seismic events, recorded during the 2006–2007 time span by the permanent network. The 1-D earthquake locations (purple circles) and the shots
(yellow circles) are also shown.
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precursory seismic activity and ground deformation field induced by magma upraise mechanisms in the
shallow storage zones and along the feeding conduits, and (iv) better model edifice stability and
associated hazards.

In this study, we investigate for the first time the 3-D velocity structure of the subaerial and submarine
portions of Stromboli Volcano down to 3–4 km of depth, by integrating P and S wave arrival times of local
seismic events and marine air gun shots recorded during the above mentioned artificial seismic survey.

2. Data Collection and Inversion for the Vp, Vs, and Vp/Vs Structure

From the start of the third millennium, the increase of Stromboli’s activity has highlighted the need to devise
more suitable internal structural and velocity models of the volcano. These will allow a better understanding
of the volcano’s behavior both for scientific motives and for eventual civil defense measures.

A seismic tomography experiment (Figure 1) using air gun shots was thus undertaken at the end of 2006. A
total of 1500 offshore shots was recorded by 33 inland digital three-component broadband seismic stations
(13 permanent and 20 temporary) and by 10 ocean bottom seismometer (OBS) (Figure 1). For the very first
time, the OBS deployment enabled exploring Stromboli’s submarine edifice [Marsella et al., 2007;
Castellano et al., 2008].

Since refraction seismic tomography has some limitations, as only Vp images can be retrieved, here we inte-
grated active seismic data with a local earthquake data set. This strategy, performed by means of a two-step
inversion, allowed assessing the structure and the plumbing system beneath the volcano. We used a total of
21,953 P readings from the active seismic experiment and an additional 2731 P and 992 S readings deriving
from 269 local events, recorded in the 2006–2007 period [Patanè et al., 2007] (Figure 1). First, we inverted only
active seismic data by using ATOM-3D software, a modified version of the LOTOS program [Koulakov, 2009]
designed for active source tomography. The parameterization is done with a regular grid of 9211 velocity
nodes, spaced by 0.2 km both horizontally (from �15 to 15 km from the center of the island) and vertically
(from 2 to �10 km of depth).

The adopted initial 1-D velocity model is derived from that by Gambino et al. [2012], who computed a
minimum 1-D P wave velocity model to locate earthquakes in the Aeolian Archipelago, here modified in its
shallow part according to Petrosino et al. [2002]. Since active data do not need to be relocated, the initial step
is ray tracing. After travel times have been corrected for the water column, calculations are performed using
the regular 3-D bending ray tracer between the sources on the sea bottom and the stations, as described in
Koulakov [2009]. Moreover, to avoid any marked influence of parametrization on the final results, we averged
themodels obtained by two independent inversions carried out using two different grids with orientations of
0° and 145°.

In order to resolve the 3-D Vp velocity structure beneath the Stromboli island in fine detail and to obtain the
first Vs and Vp/Vsmodels, we then integrated active and passive seismic data and inverted the whole data set
(24,684 P and 992 S observations) by using the tomoDDPS algorithm [Zhang et al., 2009] and the input velo-
city model previously obtained with ATOM-3D. For this inversion an irregular grid of 841 velocity nodes has
been considered, made denser in the island. Here the velocity nodes spaced 0.2 km horizontally (between
�2.0 km and 2.0 km from the center of the island) and 0.4 km vertically (between 2.0 km above sea level
and �2.4 km below sea level (bsl)). The grid outside of this volume is increased to 1 km and then to 2 km
horizontally, while vertically, it is increased to 1 km. From the visual inspection of the trade-off curve, we
selected a damping value of 20 as the best compromise between the reduction of residual variance and
the norm of velocity anomalies. After nine iteration steps, a variance improvement of 42% has been obtained,
reaching a final RMS of 0.169 s. Final 3-D earthquake locations show hypocentral average errors of ~400
horizontally and ~500 m vertically.

Based on our data selection and inversion strategy, we obtain an improved 3-D high-resolution Vp model
(Figures 2 and 3) both onland and offshore. Moreover, 3-D Vs and Vp/Vs models have also been obtained,
albeit with a lower resolution and limited to the central part of the island (Figure 3). The reliability of these
models has been validated by analyzing the complete resolution matrix (spread function for Vp in
Figures 2 and 3) and by synthetic tests (Figures S1–S3 in the supporting information). A more detailed
discussion on the reliability of these models can be found in the supporting information (see Text S1).
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3. Results and Discussion

In the upper 4 km of the crust (Figure 1),
the dominant feature in the Vp tomo-
grams (Figures 3 and 4) is a high-
velocity body (HVB; Vp > 6.0 km/s and
Vs > 3.5 km/s, between �2.0 and
�4.0 km of depth) in the central north-
eastern part of the island. Inside this
HVB, between �3.0 and �4.0 km, a
well-defined very fast velocity core
(6.5 ≤ Vp < 7.0 km/s) of ~2 km3 lies
directly beneath the highest summit of
the island in its central southern part.
Other relatively high Vp velocity zones
(3.5–4.5 km/s) are also visible beneath
the upper southern rim of the SdF just
west of the active craters of the island
and beneath Strombolicchio, down to
~ 1.0 km bsl. This latter can clearly be
correlated with the magma pathway
that fed the older eruptive activity and
then with the changes over time of
location of the intrusions [Corazzato
et al., 2008].

In the shallower layers of the volcanic
edifice, Vp values of 2.0–3.0 km/s (Vs of
1.0–2.0 km/s) are consistent with highly
fractured, low-density materials forming
the volcano deposits at the surface, in
agreement with previous geophysical
measurements [Petrosino et al., 2002]
and geological, volcanological, and
petrological observations, suggesting
the presence of lavas and shallow
incoherent deposits [e.g., Apuani
et al., 2005].

Concerning Vs and Vp/Vs tomographic
images (Figure 3), there is evidence,
beneath the central craters, of a rela-
tively low Vs channel (Vs < 2 km/s)
inclined toward the SdF and of two dis-
tinct Vp/Vs anomalous volumes. Values
of 1.78 ÷ 1.85 are observed down to

Figure 2. Vp velocity model in the well-
resolved layers (from �0.4 to 3.0 km). The
red lines contoured the regions of the model
with SF ≤ 2 where the resolution is good (see
supporting information for more details).
The grey lines are the elevation isolines
(every 200 m). The black dots in the Vp
model are the relocated events with the 3-D
velocity model obtained here.
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Figure 3. (a–c) N135°E and N8°E cross sections (black lines crossing the active craters in the Digital Elevation Map (DEM)) of
the Vp, Vs, and Vp/Vs models. The red lines in the Vp cross sections indicate the SF = 2. The black dots show the relocated
events. Main lateral collapse scars (blue lines), caldera collapse rims (white lines), and eruptive vents (red stars) are
shown in the island map.

Figure 4. Three-dimensional structural sketch model of Stromboli showing: (1) Vp isosurfaces at 6.0 km/s (iso6) of the high-velocity body (HVB) and the fast core
inside it (iso6.5); (2) Vp isosurfaces at 4.0 km/s (iso4) and at 3.0 km/s (iso3); the latter correlated with the plumbing system feeding the old eruptive center of
Strombolicchio (Stcc); (3) the high Vp/Vs shallow volume (A) and the deeper low Vp/Vs volume (B), defining the present magma pathway (red arrows). The seismicity
recorded during the 2006–2007 period is also shown (black dots), evidencing how the events are mainly located to the west of the HVB. In the map on the right, the
planar geometry of the HVB (iso6) is shown together with part of the others Vp isosurfaces (iso3, iso4, and iso6.5) and the two high and low Vp/Vs anomalous
volumes (A and B).
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1 km bsl, changing to 1.64 ÷ 1.69 at greater depth, down to ~ 3 km bsl. These two volumes are aligned axially
with the bulk of seismicity and inclined toward the SdF, suggesting that they are part of the shallow magma
conduit that feeds the present-day activity of the volcano. According to laboratory experiments on igneous
rocks, Vp/Vs increases are related to elevated temperatures, fractures, and particularly partial melt, whereas
decreases may be linked to high gas content or supercritical fluids [e.g., Mavko et al., 2003].

Therefore, the shallower high Vp/Vs anomaly (low Vs zone), which defines a pipe-like structure (Figures 3 and 4)
extending from the surface to ~ 1 km bsl, with a diameter of about 0.5 km, can be interpreted as a highly
fractured and altered zone comprising the shallow magma conduit that feeds the persistent activity of the
volcano. This volume coincides with the dyke conduit system hypothesized by modeling the long-term
thermal equilibrium of the explosive system [Giberti et al., 1992], the high-frequency (1 Hz) GPS ground
deformation [Mattia et al., 2004], and the source depth of very long period seismicity [e.g., Ripepe et al.,
2005; Chouet and Dawson, 2008]. This pipe-like structure is filled with a high-porphyritic (HP) magma that
feeds the Strombolian activity every few minutes [Stevenson and Blake, 1998].

Instead, the low values of Vp/Vs (1.64 ÷ 1.69) can be ascribed to the combined effect of melt and gas content.
This observation is consistent with the most recent geochemical and petrological studies [e.g., Allard et al.,
2008; Aiuppa et al., 2010; Métrich et al., 2010], which suggested how at the volcano crust interface (2–4 km
below the summit vents) magma may pond and CO2-rich gas bubbles may accumulate to contents >5 wt %.
This small magmatic storage region, containing more primitive (e.g., CO2 rich) magmas (LP magmas), repre-
sents the source zone for the gas slugs producing the regular explosive activity [e.g., Aiuppa et al., 2010].

However, to better understand how the two regions of low and high Vp/Vs are connected, further investiga-
tions are needed due to the low resolution of the Vp/Vs model, especially in its deeper part.

Beyond these two anomalous Vp/Vs regions where magma can be stored, which define the shallow plumbing
system, there is no evidence of a larger shallow magma accumulation zone (a large magma chamber) in the
submarine part of the volcanic edifice and beneath Stromboli to ~ 4 km of depth. In fact, the HVB appears as
an apparent NE-SW updoming of the basement that shows comparable Vp values (Figure 4) and could reflect
a complex of dyke/stock of past intrusions (a cooled cumulative magmatic body) along the NE-SW structural
trend crossing the volcano [e.g., Corazzato et al., 2008]. Prudencio et al. [2015] found a preferential scattering-
attenuation pattern along the same trend, supporting the presence of these main geological heterogeneities.

These intrusions may continue into the basement with no significant velocity contrast with the basement
rocks, but the tomographic images presented here highlight the internal structure of Stromboli Volcano only
down to a depth of ~3–4 km.

Similar high-velocity anomalies, interpreted as solidifiedmagmatic bodies in the shallower volcanic structure,
have been observed under Etna [Patanè et al., 2003, 2013] and other volcanoes [Lees, 2007, and reference
therein]. These common features point out that similar depths of magma storage zones are common to
several basaltic volcanoes indicating a favorable level of magma accumulation, possibly because it is a level
of neutral buoyancy.

Actually, our observations indicate that currently themagmas rise along the western border of the HVB, in the
regions where the two anomalous volumes of low and high Vp/Vs were observed, beneath the western flank
of the volcanic edifice. This might explain the propensity of the SdF to produce landslides (e.g., 1930 and
2002) during the opening of effusive fractures, due to the pressure of magma in this sector of the volcano.
In the shallower pipe-like structure (high Vp/Vs), the magma briefly ponds before erupting at the surface.
Conversely, the deeper magma accumulation zone (low Vp/Vs) might play a primary role in feeding magmas,
triggering an increase of the Strombolian activity or effusive eruptions (e.g., 2002–2003, 2007, and 2014) or
paroxysms (e.g., 2003 and 2007).

4. Conclusions

By jointly inverting data of seismic local events, recorded in the 2006–2007 period, and offshore air gun
shots, recorded during the 2006 active seismic tomography experiment [Castellano et al., 2008], for the
first time we have managed to build a high-resolution 3-D velocity model of Stromboli’s volcanic edifice
down to ~ 4 km bsl. Numerous tests have been performed to check the robustness of the 3-D solution
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(see Text S1 in the supporting information). In the 3-D structural sketch model of Stromboli (Figure 4) we
show some velocity isosurfaces at different values of Vp and Vp/Vs. The main results are summarized as
follows:

1. The two high Vp/Vs (A in Figure 4) and low Vp/Vs (B in Figure 4) volumes beneath the central craters reveal
the position where magma is stored, the geometry of the shallow volcanic plumbing system, and the
reason for the different nature/types of volcanic products erupted.

2. The Vp isosurfaces at 3.0 km/s and 4.0 km/s (iso3 and iso4 in Figure 4) suggest the existence of some
near-vertical pipe-like structures, which represent the preferential pathway of magma, probably linked
to the past activity. One of these is recognizable beneath Strombolicchio (iso3 in Figure 4) and represents
the plumbing system that had fed this old eruptive center. Another lies beneath the upper southern rim of
the SdF (iso4 in Figure 4), just west of the active craters.

3. The Vp isosurface at 6.0 km/s (iso6 in Figure 4), between�2.0 and�4.0 km of depth, depicts the geometry
of an almost NE-SW elongated high-velocity body (HVB; iso6) inside which is a fast core (iso6.5 in Figure 4).
This HVB may represent a region of cumulated old intrusions, which fed the past volcanic activity. We
believe that the HVB contains a mix of dense crystals and degassed melt that could explain the high
seismic velocities and almost no seismicity. Its elongation in the NE-SW direction represents, in the eastern
sector of the Aeolian Archipelago, the preferential paths for magma ascent from the deep source region
into the shallow reservoirs. This deep source is located in the uppermost mantle just above the Moho
(9–15 km depth) [Martinez-Arevalo et al., 2009].

We suggest that the regular magma supply rates of Stromboli Volcano, similarly to that of other basaltic
volcanoes (e.g., Etna, Piton de la Fournaise, La Réunion Island, and Hawaiian volcanoes), but with differences
in scale and tectonic setting, compensate for the heat loss of ascending magmas in the crust. This has
enabled the growth of a large shallow magmatic volume now almost cooled beneath Stromboli, recogniz-
able as a high seismic velocity body (HVB).
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