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A B S T R A C T

Vulcano Island is a composite volcanic edifice located in the south-central sector of the Aeolian Archipelago
(Tyrrhenian Sea, Italy). Historic activity has been characterized by frequent transitions from phreatomagmatic to
minor magmatic activity. The last eruption in 1888–90 saw powerful explosive pulses and this eruption defines
what we call ‘vulcanian’ also for other volcanoes. Since then, volcanic activity has been in the form of fumarolic
emanations of variable intensity and temperature, mainly concentrated at “La Fossa” crater.

We investigated Vulcano dynamics through ca. 40years of ground deformation and seismicity data collected
by the discrete and continuous INGV monitoring networks. We considered levelling, GPS, EDM, seismic and tilt
data. EDM and levelling measurements began in the middle of the 1970s; since the late 1990s, the EDM bench-
marks have been measured using GPS.

We performed a data inversion identifying, for the 1999–2013 period, the action of a deflating magmatic
source, located under Vulcanello at 4–5km a.s.l, just at the top of a wide regional tectonic tabular source.

We analyzed data on different time-space scales, distinguishing the dynamics of different sectors of Vulcano
(Piano, Vulcanello, La Fossa cone and Caldera) and three periods (1974–1984, 1984–1999, 1999–2013) and the
time evolution of the dynamics of the island. We also show how the regional tectonic stress plays an important
role in the transition of the volcanic system from a phase of stability to one of unrest, inducing the heating and
expansion of shallow hydrothermal fluids.

1. Introduction

The Island of Vulcano is a composite volcanic edifice located in
the south-central sector of the Aeolian Archipelago (Tyrrhenian Sea,
Italy). Built entirely of volcanic rocks, it has grown on the slow con-
vergence of the Africa and Eurasian plates, on the thinned continen-
tal crust between the Calabrian forearc and the back arc basin of the
Tyrrhenian sea (Fig. 1). The NNW-SSE branch of the volcanic arch-
ipelago (Salina, Lipari and Vulcano islands) developed from 0.4 Ky
to the present, from N to S, starting from the central part of the
Aeolian arc. This segment of the Aeolian archipelago is affected by
a NNW-SSE fault strike-slip system that has been interpreted as the
off-shore prolongation of the “Tindari-Letojanni” fault

in northeastern Sicily (Gasparini and Iannaccone, 1985; Ventura, 1994,
1995, 2013; Ventura et al., 1999; Monaco and Tortorici, 2000; Mazzuoli
et al., 1995; De Astis et al., 2003). Lanzafame and Bousquet (1997) in-
terpreted it as the extension of the Maltese escarpment, from SE Sicily,
passing through the eastern flank of Mt. Etna to the northern offshore
of Sicily. This lithospheric structure decouples the Calabrian Arc from
the rest of the Apennines orogenic chain, allowing its faster southeast-
ward migration and, consequently, the opening of the southern Tyrrhen-
ian lithosphere. On the eastern side of the fault, in fact, the Ionian
oceanic crust, is subducting beneath the Calabrian Arc, while the west-
ern side of the fault is blocked due to the collision with the continental
crust of the Hyblean plateau and the cessation of the subduction after a
trench-parallel breakoff of the Ionian slab (Barreca et al., 2018). In this
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Fig. 1. Map showing the location of Vulcano Island and the geodynamic context of the Aeolian archipelago and northern Sicily. GNSS velocities are from Angelica et al. (2013), Ventura
et al. (1999) and Esposito et al. (2015).

framework, the NNW-SSE Tindari-Letojanni fault represents a transition
zone separating a western domain characterized by continental colli-
sion, with N S compression and no living volcanic activity, from an
eastern one characterized by back-arc extension, active volcanism and
deep seismicity related to the subduction process of the Ionian slab
(Hollenstein et al., 2003; Angelica et al., 2013).

The expression of the Tindari–Letojanni system on Vulcano are
oblique- to strike-slip dextral faults (NNW–SSE to NW–SE striking) on
the western side of the island and along the north-eastern portion
of the Vulcanello peninsula (Frazzetta et al., 1982; Ventura, 1994,
1995; Mazzuoli et al., 1995; Ventura et al., 1999). Minor N S to NE–
SW-trending normal faults and cracks are also reported by Mazzuoli
et al. (1995) and Ventura et al. (1999); They interpreted Il Piano and
La Fossa calderas as pull-apart type basins in the general framework
of NNW–SSE dextral kinematics, producing extension along N S and
NE–SW tectonic lineaments.

The NNW-SSE alignment clearly controls the volcanism evolution
on the southern branch of the Aeolian archipelago and its continuous
long-term deformation (Bonforte and Guglielmino, 2008; Mattia et al.,
2008), with a general right lateral transpressive kinematics, compatible
with the regional context and the anticlines found by seismic profiles
south of Vulcano island (Argnani et al., 2007).

A seismogenic stress inversion calculated in the Aeolian Archipelago
by Neri et al. (2005) detected a compressional domain around the is-
lands; also GPS data (Hollenstein et al., 2003; Angelica et al., 2013) in-
dicate that, on a large scale, N S compression is active in the north of
Sicily.

Chiarabba et al. (2004) computed a very shallow tomography of Vul-
cano Island where higher velocity anomalies correspond to intrusive or
sub-intrusive bodies, as well as to crystallized conduits system. Authors
deduced that the plumbing system of Vulcano is controlled by NW–SE
and N S striking faults.

However, Ruch et al. (2016), evidencing that the most recent peri-
ods of volcanic activity have been characterized by upwelling along N

S fractures only, assess that these structures have been produced by
magmatic overpressure (dominating over tectonic stresses) while Tin-
dari-Letojanni faults not exerted a control on volcanism at the shallow-
est level.

Eruptive history of Vulcano has been detailed by De Astis et al.,
2013 that reconciled field data (e.g. Keller, 1980; Frazzetta et al.,
1984; De Astis, 1995; De Astis et al., 1997a, 1997b; Dellino and La

Volpe, 1997; Lucchi et al., 2008), radiometric ages (e.g. Gillot, 1987; De
Astis et al., 1997b; De Rosa et al., 2003) and magneto-stratigraphic in-
vestigation (e.g. Arrighi et al., 2006). They recognized eight successive
eruptive epochs in the time intervals that comprise the primordial Vul-
cano (127–100ka), the development of the multi-phase La Fossa caldera
(from ca. 80ka), the Lentia complex (28–13ka), the formation of La
Fossa cone in the northern half of the island (5.5ka to 1888–1890CE)
and the formation of Vulcanello peninsula further North (183BCE to
1550CE). Recent eruptions on the island have taken place at Vulcanello
and La Fossa cone, with volcanic products consisting mainly of pyroclas-
tic material with lesser volumes of lava flows.

Since the end of 1888–90 eruption, Vulcano has shown an intense
fumarole activity localized at the northern rim of the La Fossa cone and
in Baia Levante area while CO2 soil degassing occurs around the cone
(e.g. Martini et al., 1980; Granieri et al., 2006; Paonita et al., 2013).

The fluids emitted from the fumarole field at the La Fossa crater
are characterized by high temperatures (100–450 °C) and a typical mag-
matic origin while the fumaroles at Vulcano Porto have low emission
temperatures (<100 °C) and compositions that are more typical of hy-
drothermal systems (Inguaggiato et al., 2018). These conditions are pe-
riodically interrupted by “crises” that are characterized by changes in
the crater fumarolic activity (increase of T, degassing rate and concen-
tration of volatile components of magmatic origin) without volcanic
reactivation process. These crises are often accompanied by shallow
seismicity with negligible ground deformation (Chiodini et al., 1992;
Alparone et al., 2010; Carapezza et al., 2011) interpreted to reflect an
increasing degassing of a steady-state deep magma body (and of an
overlying geothermal system) by fracturing depressurization (Granieri
et al., 2006).

In particular, after the 1888–90 eruption, La Fossa has undergone
two main episodes of increasing fumarolic activity; the first occurred in
1913–1923, when the maximum temperature of the crater fumaroles in-
creased to 615 °C (Sicardi, 1940), while the second episode began in the
1980s, when fumarole temperature progressively increased to 690 °C, as
recorded in May 1993 (Chiodini et al., 1995). The most recent unrest
was marked by the two most powerful seismic episodes to occur at the
Aeolian Archipelago in the last 100years: the April 15, 1978 (M=5.5)
and the May 28, 1980 (M=5.7) events (Del Pezzo and Martini, 1982;
Del Pezzo et al., 1984). During this period (between the late 1970s and
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beginning of the 1990s), La Fossa was characterized by increasing tem-
perature and output of crater fumaroles, chemical changes in fumaroles
and groundwater, the opening of new fractures on the cone and local
seismicity.

Geophysical studies (ground deformation and seismicity) began at
Vulcano in the middle of the 1970s and have generally highlighted
processes related to the dominant regional tectonics (e.g. Bonforte and
Guglielmino, 2008; Mattia et al., 2008; Gambino et al., 2012) or
changes in the volcano shallow hydrothermal system, often also favour-
ing slope failures (e.g. Gambino and Guglielmino, 2008; Gambino et al.,
2007; Bonaccorso et al., 2010; Harris et al., 2012; Pesci et al., 2013).
Geophysical signals have not been associated with magma dynamics.

In this paper, we investigated the dynamics of Vulcano, reviewing
about 40years of ground deformation and seismicity data collected by
the discrete and continuous INGV monitoring networks. We considered
levelling, GPS, EDM, seismic and tilt data and their evolution in time
and space, distinguishing and discussing the dynamics of different sec-
tors of Vulcano (Piano, Vulcanello, La Fossa cone and Caldera) and three
periods (1974–1984, 1984–1999, 1999–2013). We also considered the
regional tectonic stress that plays an important role in the transition of
the volcanic system from a phase of stability to one of unrest, inducing
the heating and the expansion of shallow hydrothermal fluids.

Lastly, we made a data inversion for the 1999–2013 period, which
identifies the action of the regional tectonic source, tabular coupled
with a deflating magmatic source.

2. Methodologies (networks)

We investigated Vulcano dynamics by considering ca. 40years of
ground deformation data collected by discrete levelling measurements,
EDM/GPS surveys, continuous tilt and seismic stations (Fig. 2). Pioneer-
ing EDM and levelling measurements began in the middle of the 1970s
and since the late 1990s the benchmarks of the EDM network have
been measured using GPS (Esposito et al., 2015; Bonforte et al., 2016a,
2016b).

2.1. Precise levelling

The levelling network installed and managed by the INGV - Osser-
vatorio Vesuviano for surveying vertical ground movements on Volcano
island, is currently made up of 100 benchmarks (bm) distributed over
a length of about 25km (Fig. 2a), with a very high density of bench-
marks in the center-northern sector of the island. At present, the level-
ling network is structured in 5 circuits, connected to allow a cross-check
and a rigorous adjustment of the measurement. The operating network
has been expanded and made denser several times since 1976, the year
of installation (Corrado et al., 1979; Ferri et al., 1988; Obrizzo et al.,
1993a, 1993b; Obrizzo, 1998; Obrizzo, 2000). Several benchmarks have
been destroyed and then replaced. This, sometimes prevents correlating
time series when it was not possible to measure the offsets. Furthermore,
extensions of the initial route have progressively been added to increase
the spatial detail and/or improve the overall geometry and check the
closure errors.

All surveys are performed with auto levelling instruments (e.g. Wild
NA2) with parallel-plate micrometer and invar rods, calibrated before
each survey. The double-run field procedure has been used, which helps
detecting any blunders, identifying and reducing both systematic and
random errors. The maximum allowed difference between forward and
backward measurements of each consecutive benchmark, was set to
±2.0×(L)1/2 mm, where L is the length in kilometers of the levelling
stretch. In the case of circuits, the closure error must not exceed the
value of ±2.0×(L)½ mm, where L represents the loop length in kilome-
ters (Bomford, 1971; Commissione Geodetica Italiana, 1975; Bonforte et
al., 2013; Pingue et al., 2013).

The reference benchmark for the whole network to compute the
height variations is bm 1A, located in the southernmost part of the is-
land (“Vulcano Piano”). This should be a relatively stable area inside
the island, as defined by studies on the eruptive history (De Astis et al.,
2013).

Fig. 2. Map with the location of Vulcan monitoring systems (a). Areal extension measured by the EDM /GPS LIPVUL (covering part of Lipari) and VULNORD networks.
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2.2. EDM-GPS

Monitoring of ground deformation by means of electro-optical dis-
tance measurements (EDM) was carried out in the Aeolian Islands from
1975 until 1997.

A first EDM network (LIPVUL), consisting of 13 benchmarks and 39
baselines, was set up in 1975, covering the whole island of Vulcano
and the central-southern part of the island of Lipari (Fig. 2b). The sur-
veys were normally done yearly using laser geodimeters (5mm+1ppm
accuracy) until 1997. The slope distances recorded by EDM technique,
have been corrected for atmospheric conditions, considering temper-
ature and atmospheric pressure values acquired at the measurement
points.

Starting from 1987, a new smaller and denser EDM network (VUL-
NORD) was set up on the northern part of the island of Vulcano (Fig.
2b), with the aim of monitoring the active “La Fossa” cone. This net-
work, surveyed every four months until 1997, comprised 16 bench-
marks and 32 lines.

Since 1996, the early EDM networks are surveyed at least yearly by
GPS technique (Esposito et al., 2015; Bonforte et al., 2016a, 2016b).
All benchmarks (besides VROS in Vulcano and all those on La Fossa)
consist of concrete pillars. During recent years, the surveying strategy
has been improved, by carrying out three to five 24-h static sessions
on all stations of the LIPVUL network during the surveys, with 30s ac-
quisition rate. This has enabled reducing errors considerably and tying
the LIPVUL stations to the IGS ones. The VULNORD network is now
surveyed by fast-static GPS technique, carrying out 2 sessions at each
benchmark, each one lasting 30min with a 5s acquisition rate. During
the fast-static sessions, all stations in Vulcano use the same 5s rate.

2.3. Tilt

Tilt measurements play a fundamental role in real time monitor-
ing since they enable detecting ground deformation with a high level
of precision. The Vulcano Island permanent tilt network (Fig. 2a) cur-
rently comprises five borehole stations equipped with bi-axial instru-
ments, four of which installed at a depth of 8–10m below ground level
(Gambino et al., 2007, 2014). The instruments are AGI models, with a
precision of 0.1 microradians that use a high precision electrolytic bub-
ble sensor to measure angular movements. One component is oriented
towards the crater (radial component) and a positive signal indicates
uplift of the “La Fossa” crater area, while the second one is oriented 90°
counter-clockwise (tangential one). Data reported in this paper cover
the period 1994–2014 for GPL station, 1997–2014 for PZA, 2004–2014
for SLT, while ROI has been affected by several interruptions and data
cannot be taken into consideration. The VLC station is the only sensor
installed at depth of 3 m; its signals show a continuous trend of 15–20
μrad/year, attributed to local instability or instrumental drift (Gambino
et al., 2007).

2.4. Seismicity

Since the late 1970s, continuous seismic monitoring activity in the
Aeolian Archipelago has been performed by a permanent seismic net-
work made up of a few analogical 3C stations. Starting from the 1980s,
the network was improved with other stations deployed over the en-
tire Aeolian Archipelago and equipped with short-period seismome-
ters, having a natural frequency of 1Hz. During 2005 and 2007, al-
most all the stations were replaced by new digital 24-bit ones, equipped
with broadband (40s) three-component sensors, with a dynamic range
of 144dB. To date, the Aeolian per

manent seismic network, managed by INGV-CT (Istituto Nazionale di
Geofisica e Vulcanologia – Sezione di Catania), consists of 12 three-com-
ponent digital seismic stations. In order to reduce the azimuthal gap,
event location is calculated using also the stations deployed in the Cal-
abro-Peloritan area and on the northern flanks of Mt. Etna. Furthermore,
where possible, we added data from the INGV national permanent seis-
mic network (Gambino et al., 2012).

3. Insights achieved by previous studies

The Lipari-Vulcano Volcanic Complex (LVVC) is mainly affected by
the dynamics of “Tindari-Letojanni” Fault System and its overall de-
formation is by far the dominant dynamics on the wider Lipari-Vul-
cano GPS monitoring network. The two islands are evidently affected
by the general tectonic kinematics of the central part of the archipel-
ago. This branch of the Aeolian Islands is in fact controlled by the north-
ernmost prolongation of the NNW-SSE Tindari-Letojanni regional fault
system. This means that the entire volcanic complex is located in a
transition area between the inactive volcanoes and compressive regime
due to the continental collision to the west and the active volcanoes
and extensional regime of the Calabrian back-arc to the east (Angelica
et al., 2013). An overall right-lateral kinematics affects the Lipari-Vul-
cano complex, with a transpressive kinematics evident from the dis-
placements of the GPS stations and the strain distribution within the
GPS network (Bonforte and Guglielmino, 2008; Mattia et al., 2008).
Ground deformation data inversions at a large scale model a long dis-
location source, in good agreement with the regional NNW-SSE system,
from south of Salina island to SE of Vulcano, running along the west-
ern coast of Lipari and along the eastern coast of Vulcano, crossing and
decoupling the Vulcano island, at the connection between Vulcanello
peninsula and the main island. When using a local reference frame, an
evident convergence is visible with Lipari and Vulcanello approaching
to Vulcano (Bonforte and Guglielmino, 2008).

At Vulcano, geochemical and geophysical data have demonstrated
the presence of an active hydrothermal system beneath La Fossa crater,
at a depth until 1000m b.s.l. (e.g. Chiodini et al., 1992; Alparone et al.,
2010). Fumarolic fluids at Vulcano are discharged mainly from La Fossa
crater and have been interpreted as a mixture of a magmatic compo-
nent, released from a magma body at depth and a hydrothermal one,
of shallower origin, formed by the evaporation of fluids of marine ori-
gin, which enter the same fracture zone hosting the ascent of deep hot
fluids (Chiodini et al., 1995; Paonita et al., 2002; Granieri et al., 2006;
Gambino and Guglielmino, 2008; Harris et al., 2012).

In order to identify the magma sources at Vulcano, Peccerillo et al.
(2006) compared petrological, geophysical, and fluid-inclusion models.
They concluded that the present structure of the magma storage sys-
tem in the crust consists of two major deep accumulation zones located
at 17–21km (at the Moho) and 8–13km depth, plus a shallow minor
one at 3–5km. At Vulcano, the magmas formed by evolution processes
within the deep chamber are less dense and can ascend to a shallower
level and this process may be triggered by fracture opening induced by
regional tectonic events (Peccerillo et al., 2006). Zanon et al. (2003),
by using fluid inclusions in quartz xenoliths, placed the more recent
shallow magma storage (3–5.5km) system under Vulcanello; this sys-
tem seems to represent the source which also fed La Fossa cone activity
(Gioncada et al., 1998; Fusillo et al., 2015; Mandarano et al., 2016).

Seismic activity at Vulcano is associated with double-couple sources
and fluid dynamics that generate earthquakes and seismo-volcanic
events respectively. Double-couple sources are related to the activ-
ity of tectonic structures; they typically occur in swarm-
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like sequences of low magnitude (generally, M≤2.5), and show clear P
and S phases. High precision locations of these events have suggested
the existence of a seismogenic structure beneath Vulcanello, interpreted
as a discontinuity linking the deep reservoir to the magma accumula-
tion zones at 3–5km, thus representing a possible preferential pathway
along which magma may ascend (Gambino et al., 2012) .

Volcano-seismic events are related to fluid dynamics within the hy-
drothermal system at shallow depth and are characterized by poorly de-
fined P and S phases. They can be detected only in very narrow areas.
Alparone et al. (2010) grouped these events into three classes (long pe-
riod (LP), monochromatic (MC) and high frequency (HF) events associ-
ated to resonance of cracks (or conduits) filled with hydrothermal fluid
or to fracturing processes of rocks driven by hydrothermal fluid dynam-
ics.

Very local ground deformation affects the northern rim of the La
Fossa cone, mainly due to slope stability of this side of the volcano, fa-
voredwith a contribution from the thermal and alteration effects of the
hydrothermal system feeding the local fumaroles field (Bonaccorso et
al., 2010; Harris et al., 2012; Pesci et al., 2013). In general, this fuma-
role activity on the northern side of the cone, makes this flank the most
prone to slide, resulting in a very high hazard also given its steep slope
down to the main harbor and to the main village.

4. Spatial domains definition

Time series analysis over the entire investigated period revealed dif-
ferent behaviors in different areas. Despite the limited emerged por-
tion of this wide volcanic complex, the volcanic and structural frame-
work is rather complex, due to the superimposition of different scale
effects from regional tectonics to local slope stability, as described in
the former sections, all occurring on this small island. This complexity
of the volcanic area covered by monitoring networks produces differ-
ent ground deformation and seismicity patterns depending on the main
dynamics involved in the investigated areas. In general, from wider to
local scales, we can distinguish at least four different domains, showing
unlike kinematics associated to different geodynamics: i) a large-scale
tectonic domain, involving the entire network, from Lipari to Vulcano
islands; ii) the “Il Piano” domain, involving the southern and oldest part
of Vulcano island; iii) the “La Fossa” caldera domain, involving the en-
tire northern part of Vulcano island and iv) the “Vulcanello” domain, in-
volving the Vulcanello peninsula at the northernmost corner of Vulcano
island.

4.1. Large scale tectonic deformation and seismicity

A general tectonic right-lateral kinematics affects the LVVC and is
the main source of ground deformation and seismicity. The main evi-
dence for this is the continuous shortening of the slope distances cross-
ing the dislocation (Fig. 3a) and the areal contraction (Fig. 4) of the
LIPVUL network since the late 70s. The slope distances show in the last
40years a significant shortening of some tens of ppm (Fig. 3a) and about
50ppm of areal contraction (Fig. 4).

Also the subsidence from the southern to the northern part of Vul-
cano is evidence of tectonic kinematics (Bonforte and Guglielmino,
2008). The increasing subsidence from south to north at Vulcano is con-
firmed by the main levelling route (Fig. 3b). In fact, starting from the
southernmost benchmark of the route, in the “Il Piano” caldera, usu-
ally taken as reference, the rest of the network shows subsidence and
this motion increases to the north, with a maximum on the bench-
marks located just south of Vulcanello peninsula (Fig. 3c). The most
interesting feature in this general and

fairly homogeneous pattern is the variable velocity of the subsidence
shown by the repeated measurements on the levelling network during
its unique and very long time series. As shown in Fig. 3, the subsidence
showed a fairly similar rate since 1980 until 1999 (Fig. 3c), with an
even lower rate from 1985 to 1999 (Fig. 3b) considering the longer time
period; after 1999, the total subsidence measured doubled, considering
the same time interval of the previous comparison. However, even if the
rate has significantly increased, the overall pattern of the vertical de-
formation remains the same, with a gradual increase of the subsidence
towards the northern part of the island. Areal dilatation of the LIPVUL
network obtained by using EDM-GPS and adopting the same approach
as Bonaccorso (2002), shows a continuous contraction except during
1977–1979 and 1984–1986 intervals.

Seismic activity is closely dependent on the dynamics of the Tin-
dari-Letojanni regional fault system. At the LVVC scale, spatial distribu-
tion of hypocenters (Fig. 5) is not uniform but distributed on some clear
clusters: Vulcano Island has the highest number of events, while in Li-
pari is characterized by a low seismic rate. Most of the earthquakes are
comprised within the first 15km of crust; the shallower earthquakes oc-
cur under Vulcano Island (Fig. 5).

In the last thirty years, the seismic strain release of this region shows
a roughly constant background rate (Fig. 6), interrupted by a few abrupt
strong releases due to the strongest earthquakes (Mmax =4.6 on August
16, 2010). However, these data do not consider the strong strain re-
leases of the previous decade linked to the April 1978 (M=5.5) and
May 1980 (M=5.7) earthquakes (Chiodini et al., 1992; Neri et al.,
2005).

In particular, the Gulf of Patti seismic crisis, culminating in a 5.5
magnitude shock on April 15, 1978, caused a marked deformation phase
that produced significant dilatation (Fig. 4) of the LIPVUL network
(Bonaccorso, 2002; Falsaperla et al., 1989; Falzone et al., 1991) and a
relatively greater uplifting in the southern part of the island of Vulcano
in the 70s (Fig. 3c; Ferri et al., 1988; Bonafede, 1995).

Focal solutions (FPS) obtained using first motion polarities, for
events with a magnitude ≥2.7, recorded since 1999 (Gambino et al.,
2012; Barreca et al., 2014) show, in offshore area, mainly right-lateral
strike-slip motions on NW–SE and WNW–ESE trending nodal planes and
several normal and reverse mechanisms. The reverse kinematics occur
on NE–SW oriented nodal planes (e.g. east of Lipari).

4.2. Il Piano

“Il Piano”, the flat area formed by the remnants of the most ancient
volcanic edifice forming the island of Vulcano, in the southeastern sec-
tor of Vulcano at 400ma.s.l. has not shown any significant ground de-
formation in the last 40years.

EDM-GPS distances between the three benchmarks positioned on dif-
ferent sectors of Il Piano have never indicated any significant changes in
their lengths (comprised between 1980m and 2500m; Fig. 7a).

Levelling measurements have shown only a very slight subsidence
of the north-west (NW) sector, at benchmark bm5 (Fig. 3c), cumulating
only −26mm in 37years in an irregular way. In fact, bm5 showed a sub-
sidence of −12mm between 1976 and 1984, no significant variation be-
tween 1984 and 1999 and −14mm from 1999 to 2013. The more recent
installation of the “La Sommata” (in October 2008) loop enables fur-
ther details on the vertical deformation and closure checks, evidencing
that there were no significant deformation affects, from October 2008
to April 2013, in this area of the island (Fig. 7b).
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Fig. 3. (a) Slope distances measured by EDM/GPS and (b) height variations of the levelling benchmarks (bm) related to Piano, Caldera and Vulcanello areas. The reference for the whole
levelling network to compute the height variation is bm 1A, located in the southern pat of island (Vuclano Piano). (c) Vertical displacements in mm in the 1977–1985, 1985–1999 and
1999–2013 periods.

Fig. 4. Areal dilatation of the LIPVUL network showing a continuous contraction except
for the 1977–79 and 1984–1986 intervals.

About seventy earthquakes, with Mmax=2.8, have affected the
area of Piano in the last thirty years. Most seismic release (Fig. 6)
occurred during the 1986–1994 period; in particular, one strong seis-
mic crisis was recorded in August 1988 (Montalto, 1996), while

a very low seismic rate has characterized the area since 1997. In rela-
tion to Vulcano's seismicity, the hypocentral locations of this sector are
the deepest on the island, reaching a depth of 10km.

4.3. La Fossa Caldera

“La Fossa” Caldera (LFC) is a wide multi-collapse caldera resulting
from successive volcano-tectonic collapses from about 80ka to 15ka (De
Astis et al., 2013), involving the central and northern sector of the is-
land.

Analysis of deformations concerning LFC must be analyzed carefully,
taking into account the dynamics of La Fossa Cone, built up in the mid-
dle of the LFC and characterized by a dynamics closely linked to the
surface hydrothermal system and the Aeolian Tindari Lineament (ATL)
that crosses LFC in the north-eastern sector.

For this reason, the useful GPS-EDM distance data to provide in-
formation on LFC dynamics are only those do not involve the “La
Fossa” Cone and the ATL (Fig. 8), i.e. between the benchmarks posi-
tioned at the base of LFC and those outside it, only towards W and
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Fig. 5. (a) Seismicity at Aeolian Islands during the period 1984–2014. The green dashed line encloses the “Salina-Lipari-Vulcano” sector used for strain release on Fig. 6. (b) Hypocentral
depth classes and c) NS cross section. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

S so as no to cross the ATL, at Lentia, Saraceno and M. Rosso (Fig. 8).
GPS measurements since 2002 show a modest but continuous con-

traction of all considered lines (up to 10ppm in 11years). In previous
years (1987–1997), the few EDM distances measurable for their inter-
visibility seem to confirm this trend.

Levelling data collected over a branch surrounding the La Fossa
cone at its northern western and southern base show a general contin-
uous subsidence of the LFC, which accumulated in 1975–2013, about
6cm at bm8A (at the base of M.Saraceno) and bm43 (Grotta dei Pal-
izzi) positioned in the southern part of LFC, 7cm at bm15 in the
western sector and 10cm at bm18A (at the NW base of La

Fossa cone). Fig. 8b indicates how the last period (1999 to 2013)
recorded a much stronger subsidence with respect to all previous mea-
surements (since the first installation of this branch in 1985).

Four of the five bore-hole tiltmeters are located inside the LFC.
Long-term trends can be recognized on three continuously recording
deep stations: GPL, PZA and SLT. GPL, outside the seasonal noise, shows
a significant decrease in radial tilt of about 3 microradians/year, while
the tangential component is almost stable. Tilt vectors measured on SLT
and PZA amount to about 4.5 and 8 microradians/year and all vectors
are directed towards the center of LFC, indicating and confirming its
wide subsidence (Fig. 9).
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Fig. 6. Cumulative seismic strain release calculated for the sectors inside the colored cir-
cles on the Vulcano map. Area of Salina-Lipari-Vulcano sector is reported in Fig. 5.

Fig. 7. (a) Height variations at la “La Sommata” loop between 2008 and 2013. (b)
EDM-GPS distances between the three benchmarks positioned on different sectors of Pi-
ano.

At LFC, the highest number of earthquakes is recorded: about 100
earthquakes, generally with low magnitude (Mmax=2.5), affect this
sector. Most seismic strain release was recorded during the 1988–1999
period, with major activity during 1992–1993. Other intense seismic pe-
riods occurred in 1988 and 1998.

4.4. Vulcanello

Vulcanello is the small volcanic peninsula that constitutes the
promontory in the northern-most part of the island of Vulcano. It is
123m high and made up of a lava platform and three partially over-
lapping scoria cones whose eruptions took place in historical times (e.g.
Keller, 1980; De Astis et al., 2013). Zanon et al. (2003) report that the
Vulcanello activity provides evidence of a deep (about 20km) storage
zone and a shallower shoshonitic storage system located at depths of
3–5km.

Distance measurements of the Vulcanello (VUL) benchmark with
those on the other sectors of Vulcano show moderate variations such as
the 35ppm of shortening, measured on VUL-V1 in 26years (1987–2013)
(Fig. 10). This behavior is the result of ATL dynamics that decouples
Vulcanello from the main Vulcano island.

Time related levelling data are referred to two benchamarks: the
bm21C in the southern end of peninsula, that operated from 1977 to
2003, and bm27, close to Vulcanello's summit, that was surveyed in the
period 1980 to 2013. The data of levelling benchmarks bm21 and bm27
show similar trends and reveal that this sector was affected by a general
subsidence that at bm27 reached about 11cm (Fig. 10).

The shallow VLC tilt station operates on Vulcanello; however, we do
not consider its long-term variations that may relate to a local instabil-
ity or instrumental drift (Gambino et al., 2007).

Among the various seismogenic sectors identified at Vulcano, the
Vulcanello area is the least active due to its very low seismic rate (less
than twenty earthquakes in thirty years). The occurrence of tectonic
seismicity in the northern part of Vulcano is of a few events/year, gener-
ally characterized by 1.0≤Md≤2.6 and 3–8km depth. The main release
of seismic energy occurred in 1998 but this area is generally character-
ized by fairly constant and low seismic release. Gambino et al. (2012)
recognized a seismogenetic NE–SW oriented structure as the source of
these events, suggesting a key role in magma ascent at Vulcano for this
structure.

4.5. “La Fossa” cone

La Fossa Cone is 391m high active composite edifice, in the middle
of La Fossa Caldera, with a basal diameter of 1km (Fig. 12).

It represents the dominant morphostructural feature in the northern
sector of Vulcano built up by different pyroclastic successions and lava
flows between ca 5.5.ka to 1890. The present-day crater rim is about
500m wide and has a roughly circular shape (De Astis et al., 2013).

In order to evidence ground deformation, we have considered
EDM-GPS distances from benchmarks positioned on the edifice to more
external distal ones (Fig.11) and levelling measurements carried out on
the northern flank and on the circuit around the crater rim.

EDM measurements here are available since 1987, while for the pre-
vious 1975–1986 period there are only the measurements for the R3
benchmark (Fig, 11). Levelling measurements on the crater circuit cover
the 1990–1999 period because of the accessibility of the footpath lead-
ing to the crater only until 2000 (Obrizzo et al., 1994; Obrizzo, 1998,
2000).

During 1990–96 period, the levelling data showed a downward
movement (maximum −5cm) along the route (loop) on the crater rim
(Fig. 11). During the same period, the EDM measurements showed a
positive variation (lengthening, up to 6–7cm) on all lines connecting the
external distal benchmarks to those in the summit area (Saraceno-S3,
Lentia-L3, Monte Rosso R3 in Fig. 11).

8



UN
CO

RR
EC

TE
D

PR
OO

F

S. Alparone et al. Earth-Science Reviews xxx (2019) xxx-xxx

Fig. 8. (a) EDM-GPS slope distances between benchmarks positioned on different sectors of La Fossa Caldera. (b) Height variations at Levante Porto-Grotta Palizzi line.

Fig. 9. Long-term tilt signals recorded and related tilt vectors.

These observations clearly reveal a general deflation and contraction
of the volcanic cone that was modeled as the effect of a deflating el-
lipsoidal source, centered under the La Fossa Crater, at about sea level
(Gambino and Guglielmino, 2008).

It is interesting to note that the Molinelle-R3 and Mt. Rosso-R3 base-
lines (Fig. 10) are very close and both show similar trends (lengthen-
ing) along the period in which they were measured. This suggests that
the shortening recorded during 1975–1980 and 1984–1989, contrarily
to 1990–96, could identify cone inflation phases. After 1997, there is no
evidence of active dynamics on the La Fossa cone.

The HF seismicity that characterized La Fossa cone shows the main
strain releases during 1986–1994 period and in particular in 1988
and 1992 (Montalto, 1994). However, an intense seismicity, mainly
consisting of so-called volcano-seismic events attributed to fluid pres-
surization and resonance of fluid-filled cracks (Alparone

et al., 2010; Cannata et al., 2012; Milluzzo et al., 2010; Ricci et al.,
2015) is normally present. Periodic phases of increased output flux and
temperatures of emitted fluids at the active volcanic center of La Fossa
cone are generally accompanied by an increase in the volcano-seismic
earthquakes occurrence.

5. Discussion

Looking at the time evolution and dynamics at different areas, it
is possible to notice common periods showing different patterns of de-
formation and seismicity. We distinguished, over the entire 40years
of observation, three main periods with different patterns: 1974–1983,
1984–1998 and 1999–2013.

By analyzing the time distribution of the seismicity, the first pe-
riod comprises the April 15, 1978 (M=5.5) earthquake but we haven't
a reliable dataset allowing us to characterize well this in
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Fig. 10. EDM-GPS slope distances between Vulcanello (VUL) and S1, R1 and L1 benchmarks and time related levelling at the bm21 and bm27.

Fig. 11. Changes in measured distance along lines connecting the benchmarks positioned on the Fossa cone and the stable benchmarks with respect to time (1987–2014). Distance mea-
surement errors are less than ±7mm; the blue graph is related to Molinelle-R3 slope distance measured since 1975. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 12. Height variations of the “La Fossa” northern slope route recorded between 1990 and 1999 (a); Map of the levelling “La Fossa” crater route (b); Height variations of the “La Fossa”
crater rim recorded between 1990 and 1999 (c). Measurement errors are lower than ±1.5mm.
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Fig. 13. Areal seismic strain release for upper (<5.0 Km) and lower (5–20 Km) crust related to 1984–1998 and 1999–2014 time periods.

Fig. 14. Results of the GPS and levelling data inversion and residuals. Red line indicate the planar source modeled by Bonforte and Guglielmino (2008) and kept fixed in our data inver-
sion. Red circle indicate the location of the pressure sourced modeled in this paper. Shadow areas in the N S cross section on the right indicate the storage levels from Peccerillo et al.
(2006). Red diamonds indicate the location of the seismicity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

terval; there is a clear difference in the seismic release between the peri-
ods; the 1984–1998 seismic strain release maps (Fig. 13) show a signif-
icant release in shallow (< 5 km) crust that is not present in the third
period, during which, instead, is more active the regional tectonic in the
deeper crust (5–20 km) southwest of Vulcano island.

Considering the more stable dynamics of the third period, evidenced
not only by ground deformation but also by seismic strain release,
we decided to try an improvement of the analytical model proposed
by Bonforte and Guglielmino (2008) for the 2006–2007 interval, by
adding the very precise and dense levelling data to the

11
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Fig. 15. Three-dimensional sketch map showing the modeled sources obtained from data inversion and their role in the last 40years. The seismicity is redrawn from Gambino et al.
(2012); the magmatic feeding systems beneath Vulcanello and La Fossa are redrawn from De Astis et al., (2013) and are referred to eruptive products of the period 8ka – 1890 CE.

GPS ones and extending the datasets to the entire 1999–2013 period.
In this section, we describe the inversion process and results (Table

1, Fig, 14) and try to summarize and interpret each period, showing the
main ground deformation and seismic behavior, attempting an interpre-
tation of the phenomena by attributing the observation to one or more
dominant dynamics (Fig. 15).

5.1. Modeling

The relative quiescence of the volcanic system during the last period
allowed modeling the background slow tectonic dynamics affecting the
island. In particular, inversion of horizontal GPS deformation from 2006
to 2007 detected a general transpressive right-lateral tectonics acting
across the Lipari-Vulcano complex, along a NNW-SSE structure compat-
ible with the ATL and decoupling Vulcanello and Lipari from the main
Vulcano Island (Bonforte and Guglielmino, 2008).

Table 1
Summary of the results of the inversion process and Genetic Algorithm search ranges.

Searched parameters
Returned
value Search range

Minimum Maximun

MOGI
ΔVolume (mc) −5.70E+05 −1.00E+08 1.00E+08
Longitude (m) 496,608 490,000 500,000
Latitude (m) 4,253,042 4,245,000 4,260,000
Depth (m) 4734 1000 20,000
OKADA
Dip 65 Fixed
Azimuth 317 Fixed
Length (m) 31,363 Fixed
Width (m) 5500 Fixed
Strike (m) (>0 sx) 148 Fixed
Dip (m) (>0 inverse) 0.011 Fixed
Opening (m) −0.0077 Fixed
Depth (m). 5412 Fixed
Latitude (m) 493,687 Fixed
Longitude (m) 4,255,936 Fixed
Fitness parameters
Fitness 92%
Average misfit GPS (mm/year) <1
Average misfit Levelling (mm/

year)
<1

Standard deviation GPS (mm/
year)

1

Standard deviation levelling
(mm/year)

0.5

Here, we started from this picture to improve the knowledge of the
possible sources of deformation, exploiting the levelling and GPS data
in order to obtain a composite model that takes into account both the
contribution of tectonic and magmatic sources. This model has the dual
purpose of detecting a possible active magmatic source and trying to
improve the model proposed by Bonforte and Guglielmino (2008). In
particular, vertical changes (14 levelling points) and slope distances (19
GPS baselines) data spanning from 1999 to 2013 (the entire undisturbed
rest period) have been used to model the observed deformation pattern
under the boundary conditions of a homogeneous, isotropic and elastic
half-space by using a double source model characterized by simple point
pressure model of Mogi (1958) and a tabular dislocation by using the
Okada (1985) model.

We used a Genetic Algorithm (GA) implemented by Nunnari et
al. (2005) for the minimization process, following the same approach
adopted in Bonforte and Guglielmino (2008). Thanks to the larger
dataset and to the availability of very precise vertical deformation data,
we inverted the dataset for a tabular dislocation consistent with previ-
ous models (assuming that the fault geometry and the overall tectonic
deformation regime does not vary in the considered interval), coupled
with a unknown pressure source to be searched beneath the northern
part of Vulcano island. The results detect a deflating source located un-
der Vulcanello at 4.6km b.s.l. depth (Table 1, Fig. 14). The model gives
a good fit to the data, furnishing mean differences <1mm/year for lev-
elling and <2mm/year for baselines, between expected and observed
deformation (Fig. 14).

The modeled volcanic source is located within the shallowest
(3–5km) magma storage level of the plumbing system reported by
Peccerillo et al. (2006) and just at the top of the planar source mod-
eled by Bonforte and Guglielmino (2008) (Fig. 14); another very shal-
low storage zone, at 1–2km, has been hypothesized just beneath the La
Fossa cone by analyzing the 8ka – 1890 CE eruptive products (De Astis
et al., 2013). Moreover, it fits well with estimated crustal velocities and
Bouguer anomalies of Ventura et al. (1999) as well as with Mandarano
et al. (2016), who compared the He-isotope ratios between fumarolic
gases and fluid inclusions obtained from rocks at different evolution-
ary degree (from basalt to trachyte), covering all of the main stages of
volcanic activity at Vulcano Island. They inferred that the most prob-
able magma which currently feeds the fumarolic emissions is a latitic
body that ponded at about 3–3.5km of depth and has similar 3He/4He
values to the most-recent eruptions at Vulcanello. A physical link be-
tween this source and La Fossa cone is the presence of an active N

S oriented extensional fracture zone between the northern side of
the Fossa volcano and Vulcanello as suggested by Ruch et al. (2016).
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They also assess that these structures have been produced by the mag-
matic overpressure the dominates over tectonic stresses in shallow crust.

Finally, this source is only 2km shallower but in the same area with
respect to that modeled by Ferri et al. (1988) for the 1978–79 uplift by
using only few levelling data.

Regional tectonic stress seems however to play an important role in
the transition of the volcanic system from a phase of stability to a phase
of unrest, inducing the heating and the expansion of shallow hydrother-
mal fluids. Modeling also evidenced that this role is important in the
medium-deep crust, identifying a tectonic deformation source ranging
at a depth from 5 to 15km; the role of the tectonics seems reduced in
shallow part, in good agreement to the conclusion of Ruch et al. (2016).

5.2. 1974–1983 (the volcano-tectonic phase)

Several authors have assessed that increased thermal, seismic and
geochemical activity at Vulcano has been recorded since 1977–78, when
an M=5.5 earthquake occurred (e.g. Barberi et al., 1991; Chiodini et
al., 1992; Montalto, 1996). The 1974–1983 period was characterized by
the two strongest seismic episodes occurring in the area of the Aeolian
Archipelago, the M=5.5 in April 1978 and the M=5.7 in May 1980
(Chiodini et al., 1992). The 1978 earthquake caused evident horizontal
and vertical deformation: i) Areal dilatation of LIPVUL shows an anom-
alous increase, in contrast with the general contraction that character-
izes the entire 40years (Fig. 4); ii) Levelling measurements (Fig. 3b)
showed a significant uplift followed by a strong subsidence. Bonafede
(1995) concluded that the most plausible model to explain the deforma-
tion accompanying and following the 1978 earthquake is a compressive
stress field on Vulcano Island. This was generated by the earthquake
that first induced a relative coseismic subsidence of the northern part of
the island, accompanied by a large increase of the mean stress within a
magma chamber at 6.5km depth close to Vulcanello (Ferri et al., 1988).

Volatile fluids released from the top of the magma chamber migrated
towards the surface following the enhanced pressure gradient. As a re-
sult, fluid pressure diffusion around the magma chamber induced the
subsequent local uplift of the ground that stopped/halted after exhaus-
tion of the overpressure at the source (Bonafede, 1995). Volatile fluids
were then released from the top of the magma chamber and migrated
towards the surface. In the 1978–1980 interval, the contribution of deep
fluids to the fumarolic discharge was always considerable. This is ev-
ident also in the ground deformation at La Fossa Cone dynamic, evi-
denced by the contraction of the Molinelle-R3 distance that reveals an
inflation during the 1975–1980 interval, resumed in 1984 and stopped/
halted in 1986–87 (Fig. 11).

After this inflation period, a transition phase follows after 1980; a
decrease of carbon dioxide and temperature took place during the fol-
lowing 3years, also marked by low seismic rates (Chiodini et al., 1992)
and deformation with halting of the inflation of La Fossa cone and
marked subsidence.

Summarizing, the 1974–1983 period is characterized by dominant
tectonic dynamics, influencing the volcanic plumbing and hydrother-
mal systems. It is possible to distinguish two main phases (see Fig. 15).
The 1978–1980 phase, showing co-seismic tectonic contraction and fol-
lowing inflation of the volcano; then, the 1981–1983 transition phase,
showing a general stability of the island.

5.3. 1984–1998 (the volcanic phase)

The second period, from 1984 to the end of the 90s, was character-
ized by a significant volcanic geothermal activity at the island of Vul-
cano (Fig. 15).

In this phase, the fumaroles temperature and the flow rate under-
went a strong increase. In particular, the FA temperature increased from
200 to 300 °C to 690 °C, that was reached in May 1993 then decreased
to 400 °C in 1996–1997; the F11 temperature increased until to 480 °C
in 1993 and then remained between 450° and 500 °C for several years
(e.g. Italiano et al., 1998). From 1989 to 1995, a marked increase of the
summit fumarolic steam emission rate was also recorded (Italiano et al.,
1998).

A significant seismic strain release was recorded in all sectors of Vul-
cano with several seismic sequences occurred in particular during 1985,
1988 and 1992 (Fig. 6; Fig. 13) Chiodini et al. (1992) Montalto (1996).
The increase is evident if we compare shallow (< 5Km) earthquakes oc-
currence and strain release with the successive 1999–2014 period (Fig.
13).

Ground deformation at La Fossa cone showed the largest deforma-
tion of the period (Fig. 11), showing in 1985–1990 a cone inflation and
in 1990–1996 the successive deflation, followed also by the instability
of the northern flank, driven and controlled by fluid overpressure and
temperature (Bonaccorso et al., 2010; Harris et al., 2012). This model
is consistent with the increasing activity in a shallow hydrothermal sys-
tem, supported by observations of water evaporation and testified by the
increase of steam emission and temperature at crater fumaroles (Italiano
et al., 1998). The fluid loss from a very shallow geothermal reservoir is
the most likely cause of the deflation recorded at La Fossa Cone during
the same period (Gambino and Guglielmino, 2008).

Conversely, LFC and Vulcanello areas were characterized by a more
stable behavior: in this period, levelling showed the lowest rate of subsi-
dence of the island (Figs 3 and 8); a slight uplift was measured in 1985,
followed by a stability in June 1991; the 1985–1991 is the only period
in which we observed stability in Fossa Caldera and Vulcanello areas.
EDM-GPS data showed no significant distance variation (Figs. 4 and 8).

We argue that high fluid pressure in the deep zones of the sys-
tem (reasonably, the pressurization of the same source modeled by
1999–2013 data inversion) produced an opposite effect to the tectonic
continuous subsidence, resulting in an overall vertical stability mea-
sured in this period.

Such a fluid pressure caused an increase of fluids release that, fol-
lowing the N S oriented discontinuities between northern side of La
Fossa and Vulcanello (Ruch et al., 2016), increased the fumarolic dis-
charge contribution. Chiodini et al. (1992) suggested that this increase
also caused onset of the faulting-like earthquakes (favored by the lubri-
cating effect of deep fluids along the fault planes), and the fluid-driven
seismic events, closely associated with the further increase of pore pres-
sure.

The volcanic system of La Fossa seems rather responsive to modifica-
tions in the stress field around the island of Vulcano, particularly when
associated with extension from regional increases in seismicity. In ad-
dition, swarms of HF events within the island seem to induce the rapid
ascent of hot fluids, which can produce an excess of pressure within the
shallow hydrothermal system feeding the fumaroles. This causes the ev-
ident local inflation of the cone measured by EDM. Then, while the ex-
cess of fluid pressure was being discharged, the cone re-starts to deflate.

Summarizing, the 1984–1998 period is characterized by dominant
volcanic dynamics, mainly related to a shallow hydrothermal system.
Within this period we can distinguish two main phases. The
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1984–1990 phase is characterized by seismic activity and a renewal
of the inflation at La Fossa cone; the following 1990–1998 represents
the main volcanic crisis, with dramatic increase in temperature and gas
flux at the fumaroles, causing a depletion of the shallow hydrothermal
source as testified by the deflation of the La Fossa cone.

5.4. 1999–2013 (the rest phase)

Since 1999, Vulcano has shown a phase that we can consider ordi-
nary, not disturbed by significant tectonic or volcanic transients. Level-
ling measurements indicate an increase of subsidence rate of the north-
ern part of the island, confirmed by tilt data; GPS measurements show a
general contraction of the baselines.

This period has been characterized only by short phases of in-
creased output flux and temperatures of emitted fluids (crises) at the
active volcanic center of La Fossa cone, accompanied by an increase
of the volcano-seismic earthquakes. The more significant episodes oc-
curred on November 2004–March 2005 and October 2005–February
2006 (Granieri et al., 2006; Alparone et al., 2010). However, the crises
were not accompanied by significant variations in CO2 flux from soils
in the area of Vulcano Porto or by changes in the chemical and physi-
cal characteristics of the thermal aquifers, as occurred before. This fact
can be assessed as a qualitative mass indicator of the magmatic fluid in-
volved and hence of a lower amount of degassing magma (Federico et
al., 2010) probably due to gas accumulation at the top of magma bod-
ies or activation of new degassing levels in the reservoir (Paonita et al.,
2013).

The 1999–2013 period can be considered a “rest” phase of the vol-
cano, with very little deformation, mainly related to the overall tectonic
framework and with minor variations at the fumarole fields, not related
to magmatic sources. Also a low shallow seismicity characterizes Vul-
cano during this period (Fig. 13) while regional tectonic shows moder-
ate seismic release in the deep crust (5–20 Km) in particular in a south-
west area out the island.

6. Conclusions

Monitoring of geophysical parameters is fundamental for identifying
the renewal of an eruptive activity at Vulcano Island. The relatively qui-
escent status of the volcano since a constant monitoring has been per-
formed, does not allow having a geophysical and volcanological dataset
related to an eruptive unrest. This current condition of the volcano
makes long-term analyses necessary to better understand the slow evo-
lution of its magmatic system and, especially, its relationships with the
regional and local tectonics.

We characterized the behavior of the LVVC at wide and local scales,
over different sectors and different periods, in order to furnish a picture
of space and time features of ground deformation and seismicity in the
last 40years (Piano, La Fossa Caldera, La Fossa cone, Vulcanello and
Southern Lipari).

These analyses highlight three main scales of observations: the first
linked to the ATL regional tectonics, a second regarding the northern
part of the island related to the La Fossa Caldera System, and a third
that only affects the cone of La Fossa. The first and third aspects have
been investigated by several previous studies, while the second point
has proved more complex to be studied.

The improved model, referring to the most recent rest period, re-
veals a dominant tectonic dynamics controlling the wide deformation
of the entire complex and a more local deflation, affecting the north-
ern part of the island and related to the depressurization of a magma
source beneath Vulcanello at a depth of about 4.6km. We may sup-
pose that this is the same shallowest magma storage zone that pres-
surized after the 1978 earthquake and during the

1984–1990 unrest, when no subsidence has been measured by levelling
surveys. That magma source fed the superficial hydrothermal system be-
neath La Fossa cone that was characterized by increasing temperature
and output of crater fumaroles, local seismicity and inflation. We ar-
gue that Vulcano, during the 1984–1990 period, was characterized by a
general inflation that counterbalanced the tectonic pattern, normally ex-
pressed by a subsidence from South to North (Bonforte and Guglielmino,
2008).

Concluding, we can summarize by distinguishing three main super-
imposed dynamics, related to three main sources and acting at three
different space and time scales affecting the island of Vulcano (Fig.
15): 1) A tectonic lithospheric fault system continuously, widely and
slowly deforming the island that, sometimes, can be disturbed by lo-
cal strong earthquakes that change the local stress field temporarily.
These changes in the stress field can favor magma transfer from dif-
ferent storage levels and can disturb the magmatic fluid circulation at
depth, triggering 2) a shallower pressure source beneath Vulcanello at
3–5km depth, usually deflating in rest periods but that can release hot
magmatic fluids rising up towards the surface. These fluids inevitably
intercept the 3) shallowest hydrothermal system, interacting with the
water table and increasing the temperature and pore pressure, defining
the shallowest ground deformation source beneath La Fossa cone that
inflates due to the increase in fluid circulation, causing very local seis-
micity, and deflates when all the excess pressure has been released.

The active magmatic source, revealed by ground deformation data
and located beneath Vulcanello, well corresponds to the shallowest
magma storage level reported on plumbing system zonation by
Peccerillo et al. (2006). Our model confirms that this source feeds the
hydrothermal and fumaroles system of the island as recently reported
by Mandarano et al. (2016), through a superficial N S system located
between Vulcanello and the northern side of La Fossa cone (Ruch et al.,
2016).
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