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SUMMARY

To gain a better insight of the hydrogeology and the location of the main tectonic faults of Stromboli volcano
in Italy, we collected electrical resistivity measurements, soil CO; concentrations, temperature and self-
potential measurements along two profiles. These two profiles started at the village of Ginostra in the southwest
part of the island. The first profile (4.8 km in length) ended up at the village of Scari in the north east part of the
volcano and the second one (3.5 km in length) at Forgia Vecchia beach, in the eastern part of the island. These data
were used to provide insights regarding the position of shallow aquifers and the extension of the hydrothermal
system. This large-scale study is complemented by two high-resolution studies, one at the Pizzo area (near the
active vents) and one at Rina Grande where flank collapse areas can be observed. The Pizzo corresponds to one
of the main degassing structure of the hydrothermal system. The main degassing area is localized along a higher
permeability area corresponding to the head of the gliding plane of the Rina Grande sector collapse. We found
that the self-potential data reveal the position of an aquifer above the villages of Scari and San Vincenzo. We
provide an estimate of the depth of this aquifer from these data. The lateral extension of the hydrothermal system
(resistivity ,..., 15-60 ohm m) is broader than anticipated extending in the direction of the villages of Scari and
San Vincenzo (in agreement with temperature data recorded in shallow wells). The lateral extension of the
hydrothermal system reaches the lower third of the Rina Grande sector collapse area in the eastern part of the
island. The hydrothermal body in this area is blocked by an old collapse boundary. This position of the
hydrothermal body is consistent with low values of the magnetization ( <3.5 A m-1) from previously published
work. The presence of the hydrothermal body below Rina Grande raises questions about the mechanical stability
of this flank of the edifice.

hazards like phreatic explosions, phreato-magmatic eruptions, and
flank collapses (Petrinovic & Pifiol 2006; Lorenz & Kurszlaukis
The localization of hydrothermal systems and aquifers in active 2007; Weinstein 2007). Phreatic explosions are bursts of confined
volcanoes is a fundamental step in assessing several geological pockets of steam and gas with no direct involvement of magma,
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apart from the source of the steam and of the involvement or not of
juvenile fluids (Barberi et al. 1993). Phreatomagmatic eruptions can
occur when water encounters a magmatic body (Barberi et al. 1992).
Hydrothermal systems can also produce, by long-lived alteration,
mechanically weakened rocks and be responsible for the collapse
of the flanks of volcanic edifices (L6pez & Williams 1993; Aizawa
et al. 2009). In the case of volcanic islands, such giant landslides
can in turn generate tsunamis. Stromboli is a prime example (Tinti
et al. 1999, 2000, 2003, 2006, 2008; Tibaldi 2001; Bonaccorso
et al. 2003; Apuani et al. 2005; Romagnoli ef al. 2009a, b). The
localization of aquifers is also important because water is a scarce
resource in some volcanic areas and the supply of fresh water is
increasingly becoming a problem as the population and tourism
increase (Cruz & Franga 2006).

In hydrogeology, the presence of aquifers is usually detected by
drilling. An estimate of hydraulic conductivity can be obtained by
pumping or slug tests and hydraulic tomography (Carrera et al.
2005; Cardiff et al. 2009). However, drilling a set of boreholes in
volcanic formations can be very expensive and a difficult task due
to steep topography and the mechanical resistance of some volcanic
rocks. Geophysical methods represent a non-intrusive approach to
handling this problem. Traditionally, electromagnetic methods (es-
pecially the audiomagnetotelluric and time-domain electromagnetic
methods) have been used to look for aquifers in active volcanoes
(e.g. Fitterman ef al. 1988; Krivochieva & Chouteau 2003; Aizawa
etal. 2005; Aizawa et al. 2009). This is because electrical resistivity
is sensitive to the water content of rocks. Unfortunately electrical
resistivity is also known to be affected by the presence of clays and
zeolites through their cation exchange capacity (Waxman & Smits
1968; Revil et al. 2002; Coppo et al. 2008). Salinity of the pore
water and temperature are two other parameters influencing the re-
sistivity of porous rocks (Waxman & Smits 1968; Revil e al. 1998;
Revil 1999). Therefore, electromagnetic methods cannot be used
as stand-alone methods to determine the presence of aquifers and
the extension of the hydrothermal system in volcanic areas. Also
electromagnetic methods have a limited spatial resolution, at least
with the number of data currently obtained over volcanic areas and
existing algorithms.

In this paper, we show that the combination of self-potential
data, large scale DC-resistivity tomography, and measurements of
soil temperature and soil CO; concentrations and fluxes can be
used to assess the extent of the hydrothermal system and the pres-
ence of aquifers at the scale of a volcanic edifice. The resistivity
measurements were performed using an unusually long resistivity
cable (16 wires, 2.5 km in length). Such a cable offers a strong
advantage regarding the acquisition time with respect to classical
acquisition measurements using two cables for dipole—dipole mea-
surements with a generator and a voltmeter. Stromboli, an active
volcanic located in the Aeolian Archipelago in Italy, is a suitable
natural laboratory to test these methods because of the accessibility
of the volcano, its strong volcanic activity, and the relatively small
dimensions of its emerged part. We present new field results to
determine the extent of the hydrothermal system and the presence
of aquifers at the scale of this island using the combination of the
methods mentioned above.

2 TECTONIC SETTING AND
HISTORICAL VOLCANIC ACTIVITY

Stromboli is a stratovolcano corresponding to the northernmost is-
land of the Aeolian volcanic arc in the Southern Tyrrhenian sea
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Figure 1. Geographical location of Stromboli Island. (a) The inset shows
the position of the Aeolian Archipelago in the Tyrrhenian Sea. (b) Close-up
of the northern coast of Sicily showing the seven main islands (Alicudi,
Filicudi, Salina, Lipari, Panarea, Stromboli and Vulcano) of the Aeolian
archipelago. (c) Picture of Stromboli island (by A. Finizola, taken in 1999)
showing the Sciara del Fuoco collapse structure.

(Fig. 1). It rises from a depth of 2000 m below sea level (b.s.l.)
to an elevation of 924 m a.s.l. (metres above sea level) (see Segre
1968; Romagnoli et al. 2009a, b). It is one of the four active vol-
canic islands (with Vulcano, Lipari and Panarea) of the Aeolian
archipelago, whose existence is related to the subduction of the
African plate under the Eurasian plate (Barberi ef al. 1974). Geo-
logical surveys (Rosi 1980; Francalanci 1987; Keller et al. 1993)
showed that the subaerial part of the volcanic cone was built up
during the last 100 ka. The formation of the emerged part of the
edifice can be divided into seven discrete eruptive phases separated
by erosional deposits and / or by collapses of calderas and flanks
(Pasquare ef al. 1993). Defining these phases will be important to
interpreting the geophysical data.

The first phase corresponds to PaleoStromboli I between ~85
and 64 ka ago. At the end of PaleoStromboli I, a large caldera de-
pression formed at the top of the volcano. The boundary of this
caldera is denoted as PST I in Fig. 2. The second phase corre-
sponds to PaleoStromboli II ended with an erosional phase. The
third phase corresponds to PaleoStromboli III during which a large
summit caldera developed ~34 ka ago (see PST IlI in Fig. 2). The
fourth phase is related with Scari units ending with strong phreato-
magmatic events and the formation of the large Scari caldera ~26
ka ago (Nappi et al. 1999; Gillot & Keller 1993). These two de-
pressions PST III and Scari calderas were filled with lava flows of
lower Vancori units which represent the fifth phase ended ~ 13 ka
ago (Gillot 1984). The formation of NeoStromboli crater occurred
about 13 ka ago and constitutes the beginning of the sixth phase
(Hornig-Kjarsgaard et al. 1993). Neo-Stromboli period is charac-
terized by a large amount of lava flows, especially to the northwest
of the edifice. Four onshore parasitic centers can be identified for the
Neo-Stromboli period including (i) Timpone del Fuoco (North of
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Figure 2. Geological map of Stromboli volcano (modified from Keller ef al. 1993; Finizola ef al. 2006). The red points indicate the positions of the
measurements along the two profiles: (1) Ginostra-Scari and (2) Ginostra-Forgia Vecchia. *From Gillot & Keller (1993), **From Gillot (1984), ***From Keller

et al. (1993), ****From Finizola et al. (2002).

Ginostra), (ii) Vallonazzo (eruptive fissure, NE), (iii) Punta
Labronzo (eccentric center, North) and (iv) Nel Cannestra (eruptive
fissure, NE) (see their position in Fig. 2).

The transition between the NeoStromboli and the recent Strom-
boli cycle (seventh phase) occurred approximately 5 ka ago (Gillot
& Keller 1993). During this period, the eastern aerial flank of Strom-
boli has been affected by several major collapses. The oldest one
located in the Eastern part of the island, Le Schicciole (see position
in Fig. 2), involved the PaleoStromboli units. These events have
caused the horseshoe-shaped structures of (i) the Sciara del Fuoco
(5 ka ago, Hornig-Kjarsgaard ef al. 1993) and (ii) the Rina Grande
area (Fig. 2). The latter cut the Vancori basaltic units in the northern
and southern part of the collapse structure and affected partially the
boundary of NeoStromboli crater in the upper part of the collapse
structure, reaching with the top of the collapse structure the Pizzo
summit area.

3 FIELD SURVEY

A large-scale survey was performed in 2011 January during a
2-week period. Electrical resistivity measurements were obtained
using a set of 64 stainless steel electrodes, a set of 16 reels (four

take-out per reel, one every 40 m) and the ABEM Terrameter SAS-
4000 impedancemeter. The contact of the electrodes with the ground
was improved by adding salty water and bentonite. For 95 per cent
of the measurements, the contact resistance of the electrodes with
the ground was between 0.5 and 3 kohm. Getting such low con-
tact resistances were required to inject a 200 mA current into the
ground, a value necessary to get measurements with high signal-to-
noise ratios. The duration of the current injection was 1 s with 0.5
s between injections. It is important to note that a previous mission
with the same equipment was performed in 2009 May but failed due
to the very dry soil conditions. This explains why a second mission
was planned in winter (December and January are indeed the two
months with the highest rain falls at Stromboli volcano).

The first profile (5 km in length) starts at Ginostra, crosses the
Pizzo area (at 918 m a.s.l) and reaches the San Vincenzo village
(near the Scari harbor) on the other side of the island (Fig. 2). The
second profile (3.7 km in length) starts from the village of Ginostra,
crosses the Fossetta from the Portella di Ginostra to the Portella delle
croci, and goes through Rina Grande and Le Schicciole areas ending
50 m before the Forgia Vecchia shore (Fig. 2). As the total length
of the cable is 2.52 km (63 spacings between 64 electrodes with
40 m spacing between take-outs), ‘roll-overs’ of the electrodes were



required to realize the desired profile lengths. Profile 1 consisted of
two roll-along of eight reels and Profile 2 consisted of one roll-along
of seven reels. The use of such a very long resistivity cable is not
usual (see Gélis et al. 2010 for a discussion).

Acquisitions were performed with the Wenner array because of
its good signal-to-noise ratio. We tried the Wenner—Schlumberger
array as well and the dipole-dipole array but the results were less
satisfactory than with the Wenner array and a lower signal-to-noise
ratio with these arrays were requiring a higher and prohibitive num-
ber of stacks in the field (acquisition time > 10 hr). This would have
implied a longer duration for the acquisition despite the multichan-
nel capability of the ABEM Terrameter SAS-4000 resistivimeter.
Topographic information was included in the apparent resistivity
data files. The topography was obtained from a Digital Elevation
Map (DEM, Marsella et al. 2009) with a precision of 0.5 m in el-
evation and the X and Y coordinates were determined in the field
using a Garmin GPS with a precision of 3 m.

In addition to 2-D DC-resistivity tomography, we acquired self-
potential, soil CO, concentration and temperature measurements.
These measurements were obtained with a spacing of 20 m along
the two profiles.

Self-potential measurements were performed using a pair of
non-polarizing Cu/CuSO, electrodes. The difference of electrical
potential between the reference electrode (arbitrarily placed at the
beginning of the profiles in Ginostra) and the moving electrode was
measured with a high-impedance voltmeter with a sensitivity of 0.1
mV and a cable of 300 m. The impedance of the ground was always
at least 300 times below the internal impedance of the voltmeter
(~60 Mohm, so <200 kohm), an important point in assessing the
validity of the measurements. At each station, a small hole (~10 cm
deep) was dug to improve the electrical contact between the elec-
trode and the ground. The choice of the reference position for the
whole profile is arbitrary but taken near the sea in the present case.
The sea is indeed considered to be a good electrical equipotential
because of the high conductivity of the sea water (see Corwin &
Hoover 1979).

In the field, it is possible to measure the concentration of CO; in
the soil or its flux from the soil. Etiope et al. (1999) demonstrated
that a linear relationship exists between ground concentrations and
flux concentration values for concentrations in the range 0.1 to ~
12 per cent. For higher values, up to 100 per cent (like at Strom-
boli), the correlation is however expected to be poor. On Stromboli
volcano, the good correlation between CO; concentration and CO,
flux were shown along the entire island (see Finizola et al. 2006)
or in the summit (Fossa) area by the comparison between the CO2
anomalies evidenced through the flux measurement by Carapezza
& Federico 2000, and the soil concentration technique by Finizola
et al. 2003). Along the two profiles, we decided to measure only the
CO; concentrations. To get reliable data of CO, concentrations, the
soil gas was first sampled through a copper tube (2 mm in diameter).
This copper tube was first inserted in the soil to a depth of 0.5 m.
The gas was analysed directly in the field by infrared spectrometry
(Edinburgh Instruments, model GasCheck). The analytical uncer-
tainty was 5 per cent of the concentration value.

Temperature measurements at 30 cm depth were performed with
thermal probes and a digital thermometer (Comark, model KM221).
Readings were taken to a tenth of degree. Each temperature mea-
surement was taken using the following procedure: (1) a small hole
was dug to a depth of 30 &= 1 cm with a steel rod, 2 cm in diameter.
(2) Then, we inserted a thermal probe into the hole at the depth of
30 £ 1 cm by means of a wooden stick. (3) We compacted the soil
around the position of the probe. (4) Finally, a temperature read-

ing was taken after 10—15 min. This time was required in order to
achieve thermal equilibrium.

In addition to the data acquired in 2011 January along the two pro-
files crossing the island, we also used in this work the self-potential,
soil temperature, CO; concentration and CO; flux measurements
performed in 2006 May in the summit area of Pizzo. These data
were collected along eight parallel linear profiles, with spacing be-
tween the measurement points along each profile of 2.5 m and
distance between the profiles of 20 m. Only the CO, flux of this
data set were already published before (Carapezza et al. 2009).

4 INVERSION OF THE RESISTIVITY
DATA

For each acquisition, the data were inverted by means of the com-
mercial package RES2DINV (Loke & Barker 1996) using a finite el-
ement grid for the forward modelling of the voltage response to cur-
rent injection. RES2DINYV is based on a finite element (non-linear)
forward operator used to compute the predicted electrostatic poten-
tial distribution d, for a given resistivity model m : d, = K(m). An
estimated model can be retrieved from the data using the inverse
operator K~! : m, = K~'(dy) where m, is the estimated resistivity
model based on the observed electrostatic potential distribution dy.
RES2DINYV is based on a Gauss—Newton approach with a L> norm
data misfit function. For each acquired measurement, we perform
stacking to get a standard deviation better than 5 per cent with a
maximum of 10 stacks (the duration of a typical acquisition was 3
hr). Data quality is therefore included in the inversion process.

Resistivity tomograms are shown in Figs 3 and 4 at iteration #5
for which a good convergence has been reached. Indeed, the rms
error is 16 per cent for the profile Ginostra-Scari and 15 per cent for
the profile Ginostra-Forgia Vecchia. The high rms values are due to
the noise in the acquired data but as long as this noise is randomly
distributed, the inversion is very robust to this noise (see discussion
and numerical tests in Revil ef al. 2008). The colour code used for
the resistivity tomograms is the standard code used in DC-resistivity
tomography (blue for low resistivities and red for high resistivities).

The inverted resistivities typically range from 15 to 2000-3000
ohm m. At Stromboli, a resistivity of 15 ohm m is typical of the
hydrothermal system (Revil et al. 2004b; Finizola et al. 2006) and
values in the range 2000-3000 ohm m correspond to basaltic lava
flows (especially those associated with the Vancori or older Units
discussed in Section 2 and shown in Fig. 2). The interpretation of
these tomograms is provided in Figs 5 and 6. Overinterpretation of
resistivity tomograms is easy. To reduce the occurrence of pitfalls,
the interpretation of these tomograms has been performed carefully
using the geological map and the other available CO,, self-potential,
and temperature measurements. Interpretation of these data is dis-
cussed in detail in the next section.

5 INTERPRETATION OF THE PROFILES

5.1 Profile Ginostra-Scari and Pizzo area

The resistivity tomogram presented in Fig. 3 highlights a conductive
body (resistivity below 50 ohm m) in the central part of the volcano,
intercepting the ground surface in the Pizzo area. It is associated
with a thermal anomaly (temperature >80 °C, Fig. 3) and with an
elevated CO, concentration close to saturation: 100 per cent of CO,
(see ‘H” in Fig. 3). In this area a positive self-potential anomaly
is also recorded (Fig. 3). Such positive self-potential anomalies are
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Figure 3. Temperature (°C), self-potential (in mV), soil CO; concentration (in ppm) measurements and DC resistivity tomogram from RES2DINV (in ohm m)
along the profile Ginostra-Scari. Resistivity tomogram: vertical scaling factor 1.7, rms error 16 per cent at iteration 5 using a Gauss—Newton algorithm. Note
the asymmetry in both the self-potential profile and resistivity tomogram between the SW and NE sections; the extension of the hydrothermal system is well
delimited to the SW and opened to the NE. The positive self-potential anomalies at ~2200 m along the profile are associated with a CO, degassing structure
and temperature anomaly. Note the two scales used for the temperature data in order to show the significant fluctuations (in the range 5-20 °C) outside the area
characterized by the highest temperatures. A to L represents tectonic boundaries discussed in the main text.
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usually associated with the upward flow of thermal fluids (Corwin &
Hoover 1979; Richards et al. 2010) and possibly two-phase (liquid
water and steam) flow (Byrdina et al. 2009).

A high-resolution survey (temperature, CO, concentration, CO,
flux and self-potential measurements) of the Pizzo area is shown in
Figs 6-9. Our data set shows that degassing and temperature anoma-
lies are confined along a higher permeability pathway with an arched
shape, localized between ‘Pizzo’ and ‘helicopter pad’, in the conti-
nuity of the northern structural boundary of the Rina Grande sector
collapse (Figs 2, 6-9). Moreover, despite the fact that temperature
measurements implies cold areas on both sides of the Rina Grande
structural boundary (Fig. 8), the CO, degassing display a clear dif-
ference between both sides of this structural boundary. Carapezza
et al. (2009) defined in this area five CO, flux populations based on
probability plot technique (Sinclair 1974; see Fig. 9a). Inside the
collapse structure of Rina Grande, the population corresponding to
the lowest CO; flux (<6 g m~2 d) is located in the same area of
the CO, concentration below atmospheric level (350 ppm, so be-
low —1.5 in logarithmic scale, see dark blue colour area in Fig. 7).
This means that some seals exist at depth. These seals may be in-
fluenced by the gliding plane of Rina Grande sector collapse. This

importance of the Rina Grande sector collapse in driving hot hy-
drothermal fluids toward the summit part of the volcano is shown in
the high-resolution survey (Figs 6-8). Note that the Ginostra-Scari
profile does not cross the Rina Grande structural boundary but just
brush against the head of this collapse structure. It is interesting
to note that along the Ginostra-Scari profile, the maximum peak of
CO; concentration (see position ‘H’ in Fig. 3) is not located on the
Pizzo crater boundary but clearly 40 m in the East direction along
the boundary of Rina Grande sector collapse (see position ‘H’ in
Fig. 9). These characteristics regarding the location of the degassing
anomalies imply that Rina Grande has a strong influence in both
sealing and driving the magmatic and hydrothermal fluids toward
the summit area (Pizzo area).

Considering the Ginostra-Scari profile, we interpret the central
conductive body shown in Fig. 3 as the main hydrothermal system
of the volcanic edifice. The low resistivity of the volcanic rocks can
be due to the alteration of these materials (resulting in clay minerals
and some zeolites with high surface conductivities, see Waxman &
Smits 1968; Revil & Glover 1998; Revil & Leroy 2001), temper-
ature, salinity, porosities or a combination of these factors (Revil
1999; Revil et al. 2002). A very good example of the interpretation
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of resistivity measurements of a hydrothermal system is given by
Komori et al. (2010) who were able to separate pore water and sur-
face conductivity using downhole and core measurements. In the
present case, we do not have access to such information. However,
the use of a multidisciplinary approach as outlined above points out
clearly that the conductive body is related to an important source
of hot fluids rising and spreading along the major structural bound-
aries of the edifice. In some areas, like in the Fossetta area and in the
upper part of the Rina Grande sector collapse area, the migration
of the hydrothermal fluids are stopped by impermeable layers. We
will discuss the origin of these layers below.

Along the Ginostra-Scari profile, the resistive body above the
village of Ginostra (south west part of the edifice) is separated from
the conductive hydrothermal system by the NeoStromboli crater
fault (‘B’ in Figs 3 and 10). This resistive body corresponds to
the Vancori and older (PaleoStromboli) Units, which consists of
massive basaltic lava flows. It is not surprising that these units hav-
ing very low-porosity (but heavily fractured in some areas) and not
altered, have high resistivities (> 1000 ohm m). The Vancori and Pa-
leoStromboli Units are not associated with a self-potential anomaly

(implying either no aquifer or a flat, still, aquifer located at a depth
below the depth of exploration of our electrical resistivity tomogra-
phy survey) and a normal soil CO; concentration accounting for the
presence of vegetation (Fig. 3 and 10). For the case when an aquifer
is present, the water may be channelled through fractures directly
from the ground surface to this aquifer. In this area, a small CO,
anomaly (anomaly ‘A’ in Figs 3 and 10) is associated with the axis
of a deep conductive body, which is itself associated with a break in
the topography. This CO, anomaly could represent the signature of
a permeable pathway associated with a major structural boundary,
namely the PaleoStromboli III caldera.

On the other side of the volcano (NE slope), we observe a shallow
resistive body with a thickness of 50-120 m (Fig. 3). This resistive
body is associated with the Vancori formation, which is heavily
fractured on this side of the volcano. Four soil CO, concentration
anomalies >10 000 ppm (these anomalies are denoted as ‘H’, ‘I",
‘] and ‘K’ in Fig. 3), are possibly related to four major structural
boundaries crossing the Vancori Unit. The ‘H’ anomaly is associated
with the top of the Rina Grande sector collapse. The anomaly ‘I’
corresponds to the NeoStromboli crater. The anomaly ‘J” is possibly
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Figure 8. Temperature map at a depth of 30 cm. Note that the temperature anomaly is localized along the crest Pizzo to Helicopter pad, corresponding to the

head of the gliding plane of the Rina Grande sector collapse.

associated with the continuity of the PaleoStromboli III Caldera.
Finally, the anomaly ‘K’ corresponds to the regional N41° fault,
associated itself with a small, but significant, increase in temperature
(see Fig. 10). The conductive area observed in the central part of the
edifice (see discussion above) seems to expand below the Vancori
formation towards the sea. This may imply that the hydrothermal
system extends to the sea on this side of the volcano. Such a mixing
between hydrothermal fluids, fresh, and sea waters is shown in
the area just above the village of Scari where the temperature of
some wells reaches values between 40 and 44 °C. The self-potential
signals show a negative trend with the elevation. This type of trend
is classically related to the existence of an unconfined aquifer (e.g.
Revil et al. 2004a; Richards et al. 2010 and references therein). On
the NE lower flank of the edifice, the self-potential gradient versus
elevation remains constant (—-0.22 mV m™', see Fig. 3). This trend
extends from a break in the self-potential data (see anomaly ‘L")
to the coast. This break in the slope ‘L’ is located on the structural
boundary of the old PaleoStromboli I Caldera. This means that
outside the PaleoStromboli I Caldera, an unconfined aquifer extends
from about 400 m a.s.1. down to the sea with a lateral extend of about

2 km. An attempt to evaluate the depth of this aquifer is presented
in Section 6.

A comparison between the electric resistivity tomography of
Ginostra-Scari and the profile performed in 2004 (with a take-out
every 20 m instead of 40 m, see Finizola et al. 2006) display nu-
merous similarities including, for example, the deep influence on
fluid flow of the SW boundary of the NeoStromboli Crater. There
are also several intriguing differences both in electric resistivity
tomography and in the self-potential and soil CO; concentration
data: (1) For instance, the NE boundary of NeoStromboli crater,
limiting the lateral extension of the hydrothermal system (see fig. 2
in Finizola ef al. 2006), does not seem to play the same role in our
survey (Fig. 6). (2) In the same sector (the upper NE flank of the
edifice), the three peaks of CO, concentration, up to 10 000 ppm
(see anomalies ‘I, “J” and ‘K’ in Fig. 4) do not have any equiva-
lent in the profile performed in 2004 (see fig. 2 in Finizola et al.
2006). These differences can be easily explained due to the fact
that the profile location between the Pizzo area and PaleoStromboli
I caldera boundary is not the same in these two surveys. In 2004,
the profile was located much closer to the northern Rina Grande
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Sector collapse boundary than the profile carried out in 2011. It
seems that, in the vicinity of the structural boundary of Rina Grande
sector collapse, the influence of fracturation and faulting is smaller
than several hundred meters in the north direction. This interesting
result implies an inherent complexity in the organization of the ge-
ology of such stratovolcano edifices in term of permeability change
along the same structural boundary at the scale of only several
hundred meters.

5.2 Profile Ginostra-Forgia Vecchia and Rina Grande area

The resistivity tomogram of Profile Ginostra-Forgia Vecchia is
shown in Fig. 4 with the self-potential, soil CO; concentrations
and temperature measurements. Profile Ginostra-Forgia Vecchia is
similar to the results of Profile Ginostra-Scari in the SW part of
the edifice. Soil CO, concentration anomalies ‘A’ and ‘B’ may be

associated with the PaleoStromboli III caldera and NeoStromboli
crater faults, respectively (Fig. 5). This profile shows also that the
hydrothermal system observed in the central part of the edifice ex-
tends towards the Eastern part of the volcanic edifice filling more
than two-thirds of the Rina Grande area. Indeed a conductive body
(resistivity <50 ohm m) can be clearly observed below the Rina
Grande area where four strong soil CO, concentrations are observed
(see anomalies ‘C’, ‘D’, ‘E’ and ‘F’ in Fig. 4). All these anomalies
are associated with distinct structural boundaries with one excep-
tion. The anomaly ‘C’ is associated with the NeoStromboli crater
boundary and the Rina Grande sector collapse. The anomaly ‘D’
is associated with the N41° regional fault. The anomaly ‘E’ corre-
sponds to the N64° fault, which is also associated with CO, con-
centrations reaching values close to full saturation (Fig. 4). Finally,
the anomaly ‘F’, which limits sharply the lateral extension of the
hydrothermal system toward the East, is not associated to a known
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structural boundary. Nevertheless, the electrical resistivity tomog-
raphy (Fig. 5) strongly suggests that the boundaries ‘F’ and ‘G’
corresponds to two overlapped collapse structures oriented towards
the east. The anomaly ‘G’ itself is associated with the ‘Le Schicci-
ole’ collapse area (Pasquare et al. 1993).

Maps of CO, flux measurements (Carapezza et al. 2009) and self-
potential measurements (this work) are shown in Fig. 9. Inside the
Rina Grande area, the CO, flux map displays three main degassing
areas. Two of these areas, one on the north and one on the south, show
acurvilinear orientation parallel to the already known inner collapse
of Rina Grande. These areas are related to another smaller collapse
structure overlapped inside the two other collapse structures of Rina
Grande (see dashed lines in Fig. 9). The third degassing area is
located between these two collapse boundaries and encompasses the
positive ‘E” anomaly of CO, concentration, temperature and self-
potential (see anomaly ‘E’ in Figs 4 and 9). This anomaly is clearly
elongated along a NE-SW axis corresponding to the N64° Fault. The
self-potential map displays a strong negative self-potential anomaly

in an area of approximately 200 m x 200 m (see the mauve colour
in Fig. 9b). This negative anomaly is located between the three
main degassing structures and a secondary minimum (see the blue
colour in Fig. 9b) cutting the northern degassing structure. This self-
potential minimum area is bordered by sharp self-potential gradients
in agreement with the position of the N41° and N64° Faults. This
area of negative self-potential anomaly could be interpreted as the
result of downward water infiltration dragged along the shallowest
collapse(s) gliding plane(s) of the Rina Grande area. According
to this hypothesis, the N41° fault could have played a role in the
historical collapse of Rina Grande.

6 DISCUSSION OF THE GENERAL
FLOW PATTERN

The general flow pattern for the two profiles is summarized in
Fig. 11. According to Aizawa et al. (2005) (see also Fitterman et al.
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1988), the conductive zone in a volcanic edifice is considered to
correspond to the zone of coexisting clay (resulting from alteration)
and hot fluids with temperatures below 200 °C, both associated
with the hydrothermal system. Following this idea, the conductive
body observed in the central part of the edifice is interpreted as the
main hydrothermal system. This interpretation is consistent with
the volume of low magnetization observed by Okuma et al. (2009)
in the central part of Stromboli (Fig. 12).

The range of resistivity values for the hydrothermal system
(15-50 ohm m) is consistent with the resistivity considered by
Aizawa et al. (2005) for Japanese stratovolcanoes. The heat and
CO; degassing source are associated with the existence of a shal-
low storage of magma below the active vents. Indeed, Chouet et al.
(2003) showed that the source of explosion quakes and tremor are
associated with the summit part of the shallower feeding system and
are located at depths of approximately 220 m beneath and 160 m
northwest of the active vents (see the position of the star in Fig. 11).

On the Western side of the edifice, the hydrothermal system is
confined by the fault bordering the NeoStromboli crater. The evi-
dence of atmospheric levels of soil CO; concentrations (360 ppm)
in the Fossetta implies the existence of a seal capping the hydrother-
mal system. Similar conclusions have been reached by Aizawa et al.
(2009, their fig. 5) for some Japanese stratovolcanoes. According to
Finizola et al. (2002), Revil et al. (2004b) and Aizawa et al. (2009),
the upper layer of the hydrothermal system is largely sealed by
clay-rich materials. A striking example of such a seal is discussed
by Revil et al. (2004b) for the summit crater of Stromboli. The
permeability of these seals is so low that CO, is prevented to cross
such a boundary. The occurrence of seals in hydrothermal systems
is common (e.g., Facca & Tonani 1967; Ingebritsen & Sorey 1988;
Lowell ef al. 1993 and references therein). The infiltration of me-
teoric water can flow on the upper side of such a seal to form a
perched aquifer (Fig. 11, Finizola et al. 2002 and Revil ef al. 2004b,
for an example).

The sealing of hydrothermal systems is also supported by the
fact that surface geothermal activity and gas discharge is generally

highly localized where faults are located (see the examples given by
Finizola et al. 2002, 2006; Revil et al. 2004b). In our case, only the
fault bordering the head of the Rina Grande sector collapse near the
Pizzo area exhibits a strong near surface (30 cm deep) temperature
anomaly (>80 °C, see Figs 3 and 8). High soil CO, concentrations
are usually indicative of the presence of open faults, fractures and
limits of collapse zones.

The adventive hydrothermal circulation on the NE side of the
volcanic cone is consistent with the observations of Finizola et al.
(2010) and wells at Scari and San Vincenzo recording a ground
water temperature of about 40 °C. Regarding the downward ex-
tension of the hydrothermal system, we can use the preliminary
inversion of aeromagnetic data by Okuma et al. (2009) (Fig. 12).
The profile shown in Fig. 12 is characterized by the lowest mag-
netization in the central part of the edifice corresponding to the
hydrothermal system and higher magnetization along the flanks
corresponding to lava flows. This implies a much deeper root for
the main hydrothermal system.

Adventive hydrothermal circulation seems also to exist below
the Rina Grande area. Because of the mechanical weakening of
the rocks by long-standing thermal alteration, such an observation
may explain the various collapses observed in this area (Figs 2
and 9). This alteration could represent a risk of future collapses.
This area should be therefore better imaged in 3-D and monitored
continuously in terms of deformation.

Finally, we investigate the possible position of the aquifer above
the villages of Scari and San Vincenzo by interpreting semi-
quantitatively the self-potential in the NE part of the volcano (end
part of Profile Ginostra-Scari). We first need to determine a reason-
able value for the streaming potential coupling coefficient, which
represents the sensitivity between the electrical potential difference
produced in response to a pore fluid pressure gradient. We measure
this coupling coefficient for a set of seven samples taken from the
Rina Grande area because this area is likely to represent an out-
crop of the section above Scari along which we expect to find the
aquifer. These samples were first crushed, washed to remove organic
matter, and sieved to obtain a grain size comprises between 100 and
200 pm. The samples were saturated with NaCl electrolytes at dif-
ferent ionic strengths during several days. In order to be certain
that equilibrium is reached, the conductivity and the pH of the so-
lution were measured over time. The methodology used to perform
these measurements is described in Revil et al. (2004b) with two
non-polarizing Ag/AgCl electrodes located at the end faces of the
sample. The sample is enclosed in a glass holder allowing fluid flow
only through the two end faces. We measure the electrical potential
difference between the two end-faces of the sample submitted to
a known pore fluid pressure difference in drained conditions. The
results (Fig. 13) show that the coupling coefficient depends strongly
on the conductivity of the pore water as predicted by the electroki-
netic theory. The ground water at Le Schicciole seasonal spring,
which is located in between the Rina Grande and Le Schicciole ar-
eas, was sampled. Its electrical conductivity is 0.128 4+ 0.001 Sm™!
(at 25 °C). Interestingly, Revil ef al. (2004b) placed demineralized
pore water in contact with volcanic ashes collected inside the Pizzo
crater area. The electrical conductivity was monitored over several
days indicating that it reached equilibrium in less than 2 d. They
obtained a water conductivity value in equilibrium with the volcanic
ash of 0.1 S m™! (at 25 °C) in agreement with the previous value.

The streaming potential coupling coefficient is between
—0.6 mV m™! and —2.5 + 1.0 mV m™! with a likely value of
—1.2 mV m™'. If the self-potential trend observed in the NE part
of the volcano is related to the presence of an unconfined aquifer,
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we can roughly estimate the elevation of the water table as follow.
We consider the reference at the sea level (0 mV). At the boundary
of the aquifer defined with a constant self-potential/elevation ratio
(see anomaly ‘L’ in Fig. 3), the self-potential signal is —110 mV
in the case of profile Ginostra-Scari. There are several models that
link self-potential signals to the depth (or the elevation) of the water
table (see Jackson & Kauahikaua 1987; Aubert & Atangana 1996
for early investigations and Aizawa et al. 2009; Onizawa et al. 2009;
Ball et al. 2010, for more recent studies). Taking the above value for
the streaming potential coupling coefficient and assuming that the
self-potential response is controlled by the hydraulic head yields a
hydraulic head of 100 £ 60 m at the hydrothermal/aquifer contact.
This estimate and the fact that the elevation of the aquifer is null
at the shore line are used to sketch the position of the aquifer in
Fig. 11.

Keeping a distance of about 1.5 km between the sea shore and the
boundary between the aquifer and the hydrothermal system (cor-
responding to the position ‘L’ in fig. 3), this yields a hydraulic
head gradient of 0.05 for the unconfined aquifer. According to
the Ghyben-Herzberg formula (based on isostatic equilibrium, see
Domenico & Schwartz 1990; Michael et al. 2005) in an homoge-
neous island, the interface between the fresh water and the sea water

occurs at a depth below sea level that is 40 times the height of the
water table (above sea level). The depth of the sea water intrusion
could be as low as 3 km b.s.l. below the boundary between this
aquifer and the hydrothermal system, so very deep inside the vol-
cano. We plan to check this assumption by using MT measurements
in a future work.

On the SW part of the island, the —50 mV anomaly could im-
ply a relatively flat aquifer with a water table elevation of 40 m
a.s.l. assuming that the streaming coupling coefficient is equal to
—1.2mV m™!. This assumption is usually valid as long as the effect
of surface conductivity associated with clays and zeolites is neg-
ligible (Revil et al. 2003, their fig. 3). In turn, this would imply a
depth of the sea water intrusion deeper than 1.5 km according to the
Ghyben-Herzberg relationship.

7 CONCLUDING STATEMENTS

This study allowed us to constrain the hydrogeology of the Stromboli
volcanic island in the Aeolian Archipelago in Italy. The following
conclusions have been reached:

1. A hydrothermal system (resistivity in the range 15-50 ohm m)
is located in the central part of the volcanic edifice and extending
in both the NE and E directions. In the NE direction it explains
why warm water is found at the villages of Scari and San Vincenzo
(temperature in the range 4044 °C). In the Rina Grande collapse
area (E direction), the existence of the hydrothermal system explains
the high degassing rate of this zone also crossed by two major
faults (N41° and N64°). The existence of a hydrothermal body is
consistent with low magnetizations (<2.5 A m~") in these areas. Qur
survey points out that the Rina Grande sector collapse is one of the
most important structural control for magmatic and hydrothermal
fluids in the upper part of Stromboli volcanic edfice. This area,
formed of three horse shoe-shape overlapping structures opened
toward the east, is responsible of the two main diffuse degassing
areas in the upper part of the edifice. (a) The first degassing area
is associated with the top of the largest horse shoe-shape structure
dragging magmatic fluids toward the summit area (more precisely
toward the Pizzo area; see anomaly ‘H’ in both Figs 3 and 9).
The second degassing area is associated with the smallest horse
shoe-shape structure, which drags also hydrothermal and magmatic
fluids along its southern border. In addition, the Rina Grande sector
collapse is characterized by the shallow depth of the hydrothermal
system of Stromboli. In the lower Eastern part of the Rina Grande
area, the lateral extension of the hydrothermal system is constrained
by another boundary of sector collapse, located less than 200 m in
distance above the Le Schicciole sector collapse delimitating the
Forgia Vecchia area.

2. There is no evidence for a shallow hydrothermal system in the
SW part of the edifice above the village of Ginostra. The resistivity
models show a resistive body (in the range 1000-3000 ohm m) that
could be associated with the Vancori and PaleoStromboli units. This
assumption is confirmed with a higher magnetization of this area
(>25Am™).

3. The self-potential data show the presence of an unconfined
aquifer above the village of Scari. A simple order of magnitude
estimate from the self-potential data leads to a slope of 0.05 for this
aquifer (50 m of head per kilometre).

The information discussed above should be combined with ad-
ditional information (especially magnetic and gravity) to perform
a 3-D joint inversion of these geophysical data. The use of the re-
sistivity information would allow reducing the non-uniqueness of



the inverse problem in inverting the magnetic data alone. 3-D re-
sistivity tomography of Vulcano has been performed recently by
Revil et al. (2010). Such type of work could be performed at Strom-
boli as well. Numerical models simulating volcanic hydrothermal
systems (see Ingebritsen et al. 2010) require accurate and detailed
geophysical investigations. We envision that our study can be the
basis for such a work integrating geological, geophysical, and hy-
drogeological information in an accurate numerical investigation of
the hydrothermal system of Stromboli. Such modelling could be
useful to monitor this volcano.
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