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Joint analysis of electric and gravimetric data for volcano monitoring: Application to data
acquired at Vulcano Island (southern Italy) from 1993 to 1996

Rosa Di Maio, Giovanna Berrino

Abstract

Understanding the dynamics of volcanic-hydrothermal systems is a key factor for
discriminating between veleanie-unrest-and-eruptive magmatic and hydrothermal nature of
the sources responsible for the unrest phenomena observed in active volcanic areas.
Numerous experienees studies of geophysical data monitoring in volcano-geothermal districts
have has indeed proven that close relationships exist between the volcanic and hydrothermal
fluids circulation and the anomalous geophysical signals observed at the ground surface. In this
papers—in—partiewlar; a simultaneous analysis that integrates resistivity and gravity data is
suggested as a useful tool to infer a consistent conceptual model of hydrothermal volcanic
systems and their evolution. An application of the proposed analysis to repeated resistivity and
gravity measurements performed on the Vulcano Island (Aeolian Archipelago, Sicily, southern
Italy) is presented with the aim te of gaining information on the dynamics of the volcanic-
hydrothermal system. The examined period ranges from December 1993 to September 1996,
when significant changes in chemical properties, temperatures and emission rates of La Fossa
crater fumaroles were observed, all indicating an increase in the flux of hot deep magmatic
gases. The results of our analysis, which refers to a profile located at the foot of the northwest
flank of La Fossa cone, suggest that underground cyclic water-to-vapour transformations
govern the shallow hydrothermal system dynamics, generally described by a negative
correlation between the monitored resistivity and gravity data. The occurrence of positive
correlations between the two analysed parameters;—instead; could be ascribableed to the
volcanic dynamics, which would mask the nmormal hydrological and hydrothermal system

behaviour.

Keywords: electrical resistivity variations; gravity changes; volcano monitoring;

hydrothermal systems; Vulcano Island (Italy)
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1. Introduction

Many geophysical studies performed in active hydrovolcanic areas have proven a close
relationship between hydrothermal system dynamics and anomalous geophysical signals
observed at the ground surface. In particular, cyclic variations of physical parameters, most
likely correlated to shallow aqueous fluid migration, havebeen are detected during unrest
periods at in volcano-geothermal areas (e.g., Todesco and Berrino, 2005; Todesco et al., 2003;
Gottsmann et al., 2007; Hermans et al., 2014). Thus, the knowledge of the physical processes
responsible of for the observed anomalous signals may be a key faeter for understanding the
hydrothermal system dynamics and, hence, for discriminating between—veleante—unrest—and
eruptive—aectivity whether the observed anomalies have to be attributed to hydrothermal
features or to volcanic unrest phenomena, i.e. behaviors that could prelude an eruption
(Phillipson et al., 2013). Although such a distinction represents the main goal of any
monitoring system of active volcanic areas, forecasting eruptive events is a difficult task as
volcanic edifices generally are very heterogeneous structures characterised by complex
hydrothermal and eruptive dynamics. They are usually formed by alternances of lava flow
units, volcanoclastic deposits, ash layers, hydrothermal alteration materials and significant
fracture systems, which constitute the permeable zone that allows rain and sea water
infiltration and hydrothermal fluid and/or magma ascent. In calderic collapse areas, as for some
Italian volcanic complexes, the thermal fluid circulation is substantially guided by the border
and/or intracalderic faults (e.g. Wohletz and Heiken, 1992; Pribnow et al., 2003; Revil et al.,
2004) as well as by the permeability of the volcanic deposits, which, in particular, lets-a permit
diffuse degassing of the magmatic fluids (e.g. Allard et al., 1991; Chiodini et al., 2003).

A wide range of geophysical parameters are is currently used for monitoring the on-going
volcanic activity, such as density, gravity, magnetic susceptibility, electrical resistivity and
seismic velocity. Unfortunately these parameters, when interpreted independently, cannot
always provide an unambiguous interpretation of the relationship between the
hydrothermal activity and magmatic activity due to the non-uniqueness in the data
inversion, which generally leads to more than one model being consistent with the observed

signals. a#

one-model-consistent-with-the—ebserved-signals—Therefore; In the last decades, many efforts
have—been were made to develop multi-methodological geophysical approaches, as well as

integrated data interpretation schemes (e.g., Berrino, 1994; Sasai et al., 1997; Di Maio et al.,

1998a, 1998b; Di Maio et al., 2000; Sasai et al., 2001; Todesco and Berrino, 2005; Zlotnicki et
3
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al., 2003; Gottsmann et al., 2007; Zlotnicki et al., 2009; Rinaldi et al., 2011). In this paper, #
partienlar; a study that integrates electric and gravity data is proposed as a useful tool for the
monitoring of volcanic activity menttering. The main aim is to jointly interpret resistivity and
gravity time variations in terms of changes (or evolution) of the hydrovolcanic system
dynamics. The proposed approach is tested on a series of repeated electrical resistivity
tomographies and gravimetric surveys performed on the island of Vulcano (Sicily, southern
Italy). It represents is one of the most preminent active volcanic districts ef in the Italian
territory undergoing a significant hydrothermal and fumarolic activity, due—to—the

progressive—inerease—in—aetivity, which has become particularly relevant frem since 1987
(Barberi et al., 1991). Eor-ourstudy-the-examined The study period ranges from December

1993 to September 1996, when significant changes in chemical properties, temperatures and
emission rates of La Fossa crater fumaroles were observed, all indicating an increase in the flux

of hot deep magmatic gases (Diliberto et al., 2002 and references therein).

2. Joint interpretation of resistivity and gravity time variations for volcano monitoring: a

conceptual physical model

Numerous expertences—of studies involving geophysical data monitoring in volcano-
geothermal areas give provide evidence of time variations of monitored parameters ascribable
to either hydrothermal fluid flow or magma movement, as either can ertginate produce similar
anomalous patterns ef in the observed signals (e.g. Berrino, 1994; Bonafede and Mazzanti,
1998; Battaglia et al., 2006; Gottsmann et al., 2007). Thus, multimethodological and/or
multidisciplinary studies have-been are proposed for identifying the most likely physical medel

processes responsible ef for the recorded anomalies.

In this paper, in-particular—a-stmultaneots an integrated analysis that integrates combines
resistivity and gravity data is suggested-as—a—useful-toel used to infer a eensistent conceptual

model of the volcanic hydrothermal dynamics and its evolution. The idea is based on the
following considerations: The hydrothermal fluid circulation is strongly dependent on the geo-
structural characteristics of the volcanic distriets area as well as on the physical properties of
the pore fluids. It is well known;—n—faet; that rock porosity and permeable fracture systems
represent the main patterns for the transport of both magma and hydrothermal fluids from the
reservoir to the surface; and that salinity, temperature and phase state (gas and/or liquid) of the
pore fluids heavily influence the volcanic dynamics. All these factors in turn greatly affect the
resistivity and gravity parameters; indeed, their variations can induce resistivity changes up to a

maximum of five orders of magnitude (e.g. Di Maio et al., 1997; Utada, 2003; Zlotnicki et
4
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al., 2003; Einizola—et-al;2006;Reviletal; 2008 Richardset-al52010 Aizawa et al., 2011)
and well-detectable gravity signals from tens to hundreds of microGals (e.g. Eggers, 1987
and references therein; Berrino et al., 1992; Rymer, 1994 and references therein; Todesco
and Berrino, 2005; Fedeseco-et-al52006; Gottsmann et al., 2007; Crider et al., 2008; Berrino et
al., 2013; Prutkin et al., 2014). Beeause—of Due to this large potential range in values, an
integrated study of resistivity and gravity time variations is very effective in monitoring the
volcano activity. There is no doubt that the presence of empty (or gas filled) pores and/or
fracture systems gives rise to a negative correlation between the monitored resistivity and
gravity values, i.e. high resistivity patterns as well as negative gravity changes fields are likely
observed with respect to the surrounding areas. At the same time, the ingression of fluid flows
in the filingof the-mentioned lithological (pores) or structural (fractures) discontinuities by
flaid—flews, most likely induced by strong pressure and temperature gradients due to deep

volcanic processes, may cause strong resistivity decreases and appreciable density increases.

observed: Consequently, a joint monitoring of resistivity and gravity data should show
alternateing periods of resistivity highs/gravity lows and resistivity lows/gravity highs if a
hydrothermal system dynamics governed by underground cyclic water-to-vapour
transformations is suppesed expected in areas characterised by significant surface volcanic
manifestations. The first phase of this cycle could be correlated with the ascent of gaseous
magmatic fluids coming from the fracture network representing the volcanic feeding system.
These high temperature gaseeuts masses would tend to migrate towards the Earth's surface and,
when—in upon contact with the water-saturated surrounding rocks, would cause a water-to-
vapour phase transformation, eriginating—in-such-a—way an—uprising causing the ascent of a
pressurised vapour-rich gaseous mixture. At the end of this second phase, in terms of
resistivity/gravity anomalies, a resistivity high/gravity low (vapour-gas dominated system)
would substitute a previous resistivity low/gravity high (water dominated system). A notable
amount of the uprising vapour-gas mixture would feed the fumarolic system, while the
remaining part should condense beneath the coldest lateral zones of the volcanic edifice. Both
mechanisms would cause a pressure release and hence a recall of water in those pores and
fractures wherefrom which it was previously removed by the gas uprising mechanism.
Accordingly, the decrease (or the outage at most) of the fumarolic flow would indicate the
presence of a highly pressurised underground system or, alternatively, the arrest of hot gas

uprising. The first hypothesis could suggest a hazard scenario, i.e. a possible volcanic eruption
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isforeeasted, while the second guess could indicate a depletion or collapse of the heat source

responsible of for the assumed cyclic phase transformation process.

3. Application to Vulcano Island (Sicily, southern Italy)

In-thisseetion; Here, we present the results of a joint interpretation of eenetrrent resistivity
and gravimetric data acquired at the Vulcano Island (Sicily, southern Italy) #t during a three-
years period (1993-1996) of intense volcanic surface manifestations. are—here—shown- It is
worth te—peint-eut noting that this application does not represent a testing of the proposed
conceptual physical model that, as it is well known, implies requires a validation with a more
long period of observations and/or with monitoring data acquired # from more than one active
volcanic area. The shown example weuldjust merely outlines the effeetiveness usefulness of
the proposed conceptual approach in-the-veleanicforecastinginother-words—itsfeasibility in
deseribing characterising the volcano-hydrothermal system dynamics in terms of resistivity

and gravity time variations.

3.1. Geological, volcanological and hydrogeological background

The Aeolian Archipelago is a volcanic arc formed by seven islands and is located in the
south ef Tyrrhenian Sea (southern Italy) in a transition zone between two different tectonic
domains (Fig. 1a): compressional i on the northwestern side of the Sicily; and extensional #
on the northeastern Sicily and southern Calabria (Scarfi et al., 2016 and references therein). In
particular, Vulcano is the third largest and the southernmost island of the Aeolian arc. It is
placed along the well-known Tindari-Letojanni fault system, which is associated with minor
faults, craters and volcanic tectonic depressions, like La Fossa cone (i.e., a modest volcanic
edifice situated in the northern sector of the island) (Fig. 1). Its morphology, formed in the last
6000 years (Dellino andta—Velpe; 1997 et al.,, 2011; De Rosa et al., 2004), substantially
reflects five main periods of volcanic activity (Frazzetta et al., 1983): Punte Nere (PN), Palizzi
(PA), Forgia Vecchia (FV), Pietre Cotte (PC) and Gran Cratere (GC) (Fig. 2). These activities
were characterised by both explosive phreatic eruptions and eruptions producing pyroclastic
products, pumice fall deposits and lava flows (e.g. Santacroce et al., 2003; De Rosa et al.,
2004; Dellino et al., 2011 Revil-et-al;206140). After the last eruptive event (1888-1890), the
volcanic activity on the island was manifested through two significant fumarolic crises: the first
lasted about a decade (1913-1923) (Granieri et al., 2006; Aubert et al., 2008 Reviletal;
2010); and the second, which began in 1977 (e.g. Bukumirovic et al., 1997 and reference

6
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therein), is still ongoing and is expressed in terms of thermal manifestations and fumarole
exhalations, observable both within the crater and in pericrateric areas. In particular, the main
high-temperature fumarolic field develops-at is found in the northern sector of La Fossa crater,
where, during the last fumarolic crisis, a progressive increase of the fumaroles temperatures,
reaching values of about 700 °C in 1993, was observed. Gas emissions at relatively low
temperatures (about 100 °C) are instead observed at Porto di Levante (Fig. 1b), where the
activity is displayed both on the beach and in submarine fumarolic fields. The chemical
composition of La Fossa crater fumaroles is typical of high-temperature magmatic fluids (i.e.,
CO2 as the main component and high concentrations of H2S, HCI, HF, SOz and CO), while the
main components that characterise the Baia di Levante fumaroles are representative of
hydrothermal systems (i.e., higher CH4 and H2S contents and lower CO contents with respect
the crater fumaroles and an absence of SO2) (Capasso et al., 2001). The observed time and
space variations of temperature and chemical composition of the fumaroles, often accompanied
by increasing seismicity (Alparone et al., 2010), have been attributed to the state of the volcanic
activity (Chiodini et al., 1995 and reference therein) as well as to the existence of active
tectonic structures, in particular of weak structural patterns that favour the upward migration of
fumarolic and/or magmatic fluids (Capasso et al., 1992 and references therein). Indeed, during
the last fumarolic crisis, magmatic fluid inputs were observed, many times in combination with
increases in seismic activity (Revil et al., 2010).

With regards to the aquifer systems that feed the fumarolic activity, geophysical and
geochemical studies performed in the Vulcano Porto area (e.g. Di Maio et al., 1998a; Capasso
et al., 2001; Madonia et al., 2015 and references therein) identified a shallow coastal aquifer,
dipping northward, resulting from the mixing of seawater, meteoric recharge and volcanogenic
fluids. In addition, two deeper boiling hydrothermal aquifers, reached at depths of about 90 m
and 220 m by geothermal explorative drillings performed in the 1950s, are present underneath
the Baia di Levante beach (Sommaruga, 1984; Chiodini et al., 1995; Capasso et al., 2001).
Finally, a freshwater aquifer (Dall’Aglio et al., 1994), which fed the Vulcano Porto phreatic
aquifer (Favara et al., 1997), is located at in the Vulcano Piano area in the southern part of the

island (see Fig. 1) at about 400 m elevation above sea level.
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Fig. 1. a - Simplified map of the Aeolian Arc in the Tyrrhenian Basin (modified from Scarfi et al., 2016). Black
dashed line indicates the Tindari-Letojanni (TL) Fault System. b - Map of the Vulcano Island. Dashed lines
represent the main crater rims of La Fossa Cone, i.e. PN (Punte Nere), Pa (Palizzi), FV (Forgia Vecchia), PC
(Pietre Cotte), and GC (Gran Cratere).

Based on the past history of the volcanic edifice, the length of the quiescence period and the
growing urban development, Vulcano is considered the most dangerous island of the Aeolian
Archipelago. This explains the many numerous studies in geology, volcanology, geophysics
and geochemistry performed on the island in the last decades, as well as the need ef for
continuous monitoring of geophysical and geochemical parameters, aimed at understanding the
dynamics of the magmatic hydrothermal system and predicting possible future scenarios (e.g.
Granieri et al., 2006; Blanco-Montenegro et al., 2007; Revil et al., 2010). In this context,
numerous models of hydrothermal fluid circulation at on Vulcano Island have been proposed in
the-last recent years, mainly based on simultaneous analysis of different geophysical and/or

geochemical data.
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analysis of resistivity and gravimetric data.
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Fig. 2. Geophysical survey map at the island of Vulcano. Black continuous line AA": resistivity tomography (ERT)
profile; magenta dots: gravity benchmarks belonging to the network operating from December 1993 to September
1996. The five benchmarks located in La Fossa-Palizzi area (rounded by on open blue circle) were set up in
September 1994 following the significant fumarolic crisis of the summer 1994. Numbered black circles: wells
considered for the estimate of the shallow groundwater level variations observed in the analyzed time
interval (from Madonia et al., 2015).

3.2. Analysis of temporal variations of electrical resistivity and gravity data

Forthe-presentstudy; We focus on the electrical resistivity and gravimetric dataset collected

at-the on Vulcano Island from 1993 to 1996 in-time-intervalsnearly-coineident-orasn1995;
simultaneoushacquired-duringajoined-experiment: During this three-year period, #faet; the

volcanic monitoring of the island was intensified due to the occurrence of an earthquake (local
magnitude ML= 4) with an epicenter located about 2 km south of Vulcano (Gulf of Patti); and
to the strong modification of La Fossa crater fumarolic field, in terms of chemical composition,
temperature and emission rate, which reached the highest recorded values in the middle of 1994

(Badalamenti et al., 1996; Bukumirovic et al., 1996; Diliberto et al., 1996).
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3.2.1. Electrical resistivity tomographies

The geoelectrical monitoring of La Fossa area started in 1992 and consisted of repeated
electrical resistivity tomographies (ERT) along profiles located in the northern sector of the
Vulcano Island (Di Maio and Patella, 1994). Ia—particular—in—this—werk We refer only to
measurements performed along a profile located at the foot of the northwest flank of La Fossa
cone (AA' in Fig. 2), where the most striking resistivity time variations were observed.

Eleven 2D resistivity tomographies were earried—out performed during in the analysed
period (December 1993 to June 1996) along the AA' profile, which extends 1.6 km extended.
The resistivity measurements were performed using the ABEM Terrameter SAS 300C
together with the SAS 2000 Booster, which allows a maximum transmitter output of 400
V or 500 mA. A dipole-dipole electrode array, with a dipole spacing of 100 m, was chosen, as
it is very sensitive to resistivity changes between the electrodes in each dipole pair.
Unusual apparent resistivity changes, from values less than 10 Qm to values greater than
10° Qm (see Di Maio et al., 1997), were recorded in the central part of the profile between
two consecutive periods. Likewise, this wide range of resistivity variation was also
observed in some pseudo-sections. Therefore, special care was devoted to the data
inversion process. Specifically, the collected apparent resistivity data were inverted with
RES2DINYV software (Loke and Barker, 1996; Loke and Dahlin, 2002; Loke, 2004) using
the finite element method to link the model parameters to the 2D model response and the
complete Gauss-Newton technique to determine the change in the model parameters.
Moreover, due to the presence of very large resistivity contrasts, an appropriate mesh
grid density was chosen in order to improve the inversion resolution (Zhang et al., 2015).
The latter was tested by comparing the obtained resistivity models shown in Fig. 3 with
the results of the probability tomography imaging applied to the analyzed apparent
resistivity dataset (Mauriello and Patella, 1999). The general agreement between the
models shown in Fig. 3 and the corresponding images of the most probable location of the
underground resistivity anomalies shown in Mauriello and Patella (1999) provides
evidence of the reliability of the performed inversions.

Looking at the whole sequence of the resistivity models in Fig. 3, we note that for the
ERT surveys from December 1993 to December 1994 the maximum exploration depth
was fixed at about 200 m below ground level (b.g.l.). Since the depth of investigation is
strictly linked to the distance between the nearest current and potential electrodes (e.g.
Loke, 2004), the most distant position between these electrodes was set equal to six-times

the dipole spacing. This maximum distance was increased for the tomographies from
10
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January 1995 to June 1996 in order to achieve a greater exploration depth (about 300 m b.g.1.)
and, thus, to obtain mere information on the geemetry possible root of the very-high resistivity
body that cyclically appeared in the deep central portion of the resistivity sections. As we can
see in Fig. 3, a such greater depth was not reached for the ERT in May 1996 by virtue of
technical troubles during the data acquisition process.

The time variations of the resistivity models ef in Fig. 3 show a general tendency of the
resistivity to increase with depth, independently of menth-and-year time of observation, and a
clear alternation of increasing and decreasing phases of the monitored resistivity values. This is
particularly noticeable in the central sector of the tomographies, where resistivity variations up
to five orders of magnitude (rom-valuestess-than10-Qm-to-values—greaterthan10°-Qm) are
observed in the same positions of the investigated sedt section. Even though the ERT surveys
were not performed with a constant time sampling interval, a periodicity of about 13-14 months
seems to characterise two-consecutive resistivity lows. In fact, the two ERT sequences, from
December 1993 to December 1994 and from May 1995 to June 1996, respectively, show a
very similar increasing trend of resistivity values separated by an abrupt decrease of the

resistivity values in the interval January to February 1995.
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Fig. 3. Resistivity models along the profile AA' of Fig. 2 obtained from the inversion of the electrical resistivity
tomographies carried out from December 1993 to June 1996.
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3.2.2. Gravity surveys

The high-precision gravity measurements at Vulcano started in 1982 on a network initially
formed by 11 benchmarks (Berrino et al., 1988) and increased over time (Berrino, 2000). In
particular, for the period considered in this paper, the network consisted of 26 benchmarks
located as shown in Fig. 2. The network is linked to an external reference station, situated in
Milazzo (Sicily north coast), that is has been a site of absolute measurement since 1990
(Berrino, 1995).

From December 1993 to September 1996, ten gravity field surveys were carried out: eight
realised on the whole network and two limited to the north-central part of the island. Gravity
data were acquired with using two LaCoste and Romberg gravimeters (LCR, mods D, n. 62
and 136); the average errors for each survey range from + 3 pGal to = 12 pGal. The space
gravity changes observed between two consecutive surveys, for the whole analysed period, are
shown by on the maps ef in Figs. 4a-h. To facilitate the comparison between different
observation periods, the maps are drawn with a 15 pGal contour interval, which represents the
largest error computed for the gravity variations related to the examined time intervals. Figs.
4a-h clearly show that the most significant gravity changes occurred in the following periods:
December 1993 to July 1994 (Agmax +30 pGal and -60 pGal, Fig. 4a); May to September 1995
(Agmax +30 uGal and -75 pGal, Fig. 4f); September 1995 to April 1996 (Agmax +45 pGal and -
70 uGal, Fig. 4g). It is worth te—underline highlighting that the remarkable-gravity variations
observed detected in the time interval December 1993 to July 1994 teek—place were observed
when during-the an increase of seismic activity erists of (Revil et al., 2010);+when-alse and ar
inerease-of temperature of the crater fumaroles was also recorded; in particular, values greater
than 500 °C were measured in the following October (Harris et al., 2012). Mereever; An
inversion of the gravity change fields during most of the consecutive analysed periods is also
evident, particularly from May 1995 to April 1996 (Figs. 4f and 4g). As formerly suggested by
Berrino (2000), the reversals of the gravity change field may be ascribable to significant
seasonal effects as well as to seawater ingression/regression processes that control the
hydrological system of the island. Such phenomena may produce changes ef in both water
table level and density, which could be responsible for most of the observed seasonal gravity
variations. In order to estimate the gravity effect due to the shallow groundwater level
variations during the analysed time intervals, data from wells located close to our survey
area (Madonia et al., 2015) were considered. In particular, with reference to the water
table elevation data from wells located along the ERT profile (wells 7 and 15 in Fig. 2), the

gravity effect was found to be less than + 1 pGal; while a value of about 2 pGal was
12
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estimated for the gravity effect due to the larger water table changes (0.25 m at most)
observed at well 2, which is located to the north of the ERT profile (see Fig. 2). As the
extent of the water-table fluctuations in observation wells does not significantly modify
the observed gravity change fields, we ascribe their reversal to density changes
substantively due to cyclic processes of seawater ingression/water-to-vapour
transformation as hypothesised by our conceptual model of hydrothermal system
dynamics (see Section 3.4).

With the sele aim of better underlining the space gravity changes along the ERT profile
(AA' in Fig. 2) in during the examined period, Fig. 4 also illustrates the gravity variation
maps, drawn with a contour interval of 2 uGal (Fig. 4i-0), limited}y to the central-northern
sector of the island and for time intervals approximately concurrent with those of the ERT

surveys (see next section).

3.4. Integrated interpretation of resistivity and gravity time variations

In order to provide a joint interpretation of the anomalous resistivity and gravity time
variations observed at Vulcano in the considered period (December 1993 to September 1996), a
gravimetric profile coincident with the ERT profile of in Fig. 2 has-beer was extracted from
the gravimetric maps of Fig. 4i-o0. Such maps correspond to gravity variations, Ag, observed for
fixed time intervals, while the electrical tomographies show the underground resistivity
distributions at the time of the prospecting. Therefore, resistivity differences, Ap, between two
consecutive ERT surveys have-been were calculated with the aim te of retrieving tomographic
sections in term of resistivity variations. In order to make-consistent-the allow a comparative
analysis, these sections refer to time intervals coincident, or approximately coincident, with

those indicated in Fig. 4i-o.
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Fig. 5 shows the sections of resistivity variations, 4p, and the profiles of gravity changes,
Ag, ia for time intervals where negative correlations were observed in the central portion of the
profile. An-a Alternate phases characterised by increase/decrease and decrease/increase of the
resistivity/gravity ebserved parameters;—always—inversehy—related; are alse evidenced.
According to the proposed conceptual model ¢see of Section 23, such evidences are likely
ascribable to the dynamics of the hydrothermal system. Speetfieally; The significant time
variations of resistivity and gravity values observed at the foot of the north flank of La Fossa
cone seem to outline an almost periodic phase transformation process underground. Indeed;
these The changes suggest that a cyclic heat source uprising/water-to-vapour
transformation/seawater inland invasion mechanism could likely occur in this zone of intense
volcanic manifestations. The first phase of the cycle could be correlated with the ascent of
gaseous magmatic fluids coming from the area below Vulcano Porto located to the north of La
Fossa cone (see Fig. 1b), where a weakness zone, probably responsible ef for a new alignment
of the volcanic feeding system, has—been is observed (Frazzetta et al., 1983). The ascent
towards the earth's—surface ground of these high-temperature gaseous masses and the
consequent contact with the seawater permeating the rocks would cause a water-tovapour phase
transformation, giving rise to an uprising of a pressurised vapour-rich gaseous mixture. Sueh-a
This second phase would infer a higher electrical resistance and a mass deficiency with respect
to the first phase of the process. This means that in terms of resistivity and gravity changes,
positive Ap values and negative Ag values would be observed. Figs. 5a and Sb could well
represent these two phases of the hypothesised hydrothermal system dynamics (i.e., the
transition from a seawater dominated system to a vapour-gas dominated system). At this stage,
part of the uprising vapour-gas mixture would feed the intense fumarolic flow observable along
the La Fossa crater rim, as supported by the results of geochemical and geothermal studies (e.g.
Chiodini et al., 1995; Capasso et al., 2001; Diliberto et al., 2002; Madonia et al., 2015). The
remaining part should condense beneath the coldest lateral zones of the volcano, as #-emerged
frem shown in the study ef by Revil et al. (2010). Both mechanisms would cause a pressure
release below La Fossa crater; and hence a recall of seawater in those pores and fractures
wherefrom which it was previously removed by the gas uprising mechanism. This process
would cause both a strong decrease of electrical resistivity and an increase of density, since the
fracture voids and/or the rock pores are now filled with mineralised fluids, which consequently
induce an increase of both electric conduction and mass. The results shown in Fig. 5¢ could

well describe such a physical status ef in the studied hydrothermal system.
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A possible confirmation of the proposed hydrothermal system dynamics at Vulcano is
provided by the geochemical models of mixing between magmatic and hydrothermal
gases developed by Nuccio et al. (1999), Paonita et al. (2002) and Leeman et al. (2005) for
the fumarolic emissions of the La Fossa crater during a time interval that includes the
period analysed in the present work. These models hypothesise a hydrothermal system
fed by seawater infiltrating at depth and evolving toward high pressure and temperature
conditions. In particular, based on boron isotopic temporal variations in fumarolic
condensates collected between 1970 and 1996 from La Fossa crater, selected well and
thermal waters from the northern base of the volcano and samples of volcanic rocks and
local sea water, Leeman et al. (2005) assumed that three distinct reservoirs, all likely
present throughout the entire monitoring period, fed the La Fossa hydrothermal system:
a deeper dominantly magmatic fluid; an intermediate mixing zone of moderately
modified seawater with magmatic fluid; a shallow reservoir (likely at less than 1 km
depth) of aqueous fluid (AF) produced from highly modified seawater that, infiltrated the
base of the volcano, then underwent progressive heating, evaporation and boiling in low
permeability zones. Ingress and circulation of such AF fluids would be a quasi-continuous
process such that they would be available continuously, at least over the several decades
of monitoring (Leeman et al., 2005). The recognised shallowest reservoir could well justify
the three-stage cyclic mechanism that we suggest to govern the shallow hydrothermal
system dynamics in the analysed period (1993-1996). In addition, the cycle length, which
we find to be approximately of 13-14 months, seems to be in good agreement with the
annual periodicity of the hydrological cycle observed in the monitored wells (Madonia et
al., 2015). Indeed, a strong 12-month component dominates the power spectrum obtained
by the Fast Fourier Transform analysis applied to the water table elevation data from
well number 2 (i.e., the well located close to the sea) (Fig. 2). This component diminishes
upslope and it is still visible, though with a much lower amplitude, in well 7 (Madonia et
al., 2015). Interestingly, a weak 13-month component appears at the upslope well number
15 (i.e., the closest to the ERT Profile).

It is worth noting that the occurrence of positive correlations between resistivity and
gravity changes in some of the examined time intervals seems to contradict the suggested
physical model. Indeed, as shown in Fig. 6, during the periods December 1993 to July 1994
and July 1994 to January 1995 an increase of resistivity corresponds to an increase of gravity
(and consequently of density) (Fig. 6a) and vice versa (Fig. 6b). These apparently anomalous

correlations may be justified by considering the following two mechanisms: The simultaneous
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increase of the two analysed parameters (Fig. 6a) could be due to the increase of the fluid
temperature recorded in the period 1993 to 1994 (Badalamenti et al., 1996) causing boiling
phenomena in shallow water bodies, such as to induce precipitation of salts dissolved in the
waters permeating fractures and/or pores of the rock formation. This phenomenon kas can
given rise to wel-knewn a self-sealing processes that haveled leads to a closure of the
pore/fracture system (Zlotnicki et al., 2009), as the number of interconnected pores (i.e., the
effective porosity of the system) is reduced, with a subsequent increase of i#s electrical
resistance and density. This hypothesis agrees well with the steam-heating model proposed
by Federico et al. (2010) based on a comprehensive study of major-ion chemistry,
dissolved gases and stable isotopes measured in water wells selected from those monitored
in the Vulcano Porto area (see Fig. 1) during the period 1989 to 1996. These authors, in
fact, suggest that enhanced inputs of deep volcanic vapour during the 1988 to 1993 unrest
period could be responsible of further boiling in the shallow thermal aquifer. The behavior
of the resistivity and gravity changes observed in the following time interval (Fig. 6b) may
instead be attributed to seawater ingression forced by pressure gradients, likely generated by
micro-fracturing processes induced by the earthquake of July 1994. The invasion of seawater in
turn may have caused the salt dissolution, giving rise to the decrease of the resistivity and
density values visible in the central-eastern part of the profile and to the recovery of the cyclic
behaviour that governs the surface hydrothermal system. This hypothesis is supported by the
inverse correlation between resistivity and gravity observed just later after the seismic event
(Fig. 5a) and in the whole of 1995 (Fig. Sb and Sc¢), as well as by the subsequent volcanic
activity diminishing decline. The latter is testified by the decrease of temperature and emission
rate of the fumaloric flow and by the COz soil degassing, observed until the end of 1995 (e.g.
Badalamenti et al., 1996; Diliberto et al., 1996).

Further support of the proposed interpretation for the observed positive correlations is
provided by the self-potential (SP) temporal changes detected in the study area during a
nearly coincident time interval (Di Maio et al., 1997). Indeed, the positive SP change trend
shown in the bottom graph of Fig. 6a, agrees well with the positive electric potential
anomalies of electrokinetic origin observed in many volcano-geothermal areas and
attributed to hot fluid upflow along fractures and/or pore networks (e.g., Revil and
Pezard, 1998; Finizola et al., 2006; Richards et al., 2010; Hermans et al., 2014). Likewise,
the negative electric potential anomaly observed in the westernmost part of the lower
graph of Fig. 6b can be associated with the recharge area of the hydrothermal system

(Revil and Pezard, 1998), as also suggested by the small gravity increase in the same
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portion of the profile. It is worth to note that the location of the negative SP anomaly
corresponds well with the topographically closed depression of the La Fossa crater that,
according to Inguaggiato et al. (2012), contributes to the recharge of the Vulcano Porto
aquifer. Moreover, the positive SP trend displayed in the remnant part of the profile
could be justified by the proposed salt dissolution process, which is responsible for
anomalous electric charge accumulation.

In conclusion, the direct correlation between the two analysed parameters could be
ascribableed to the volcanic dynamics, which would mask the hydrological and hydrothermal
system dynamics generally described by an inverse correlation between the recorded resistivity
and gravity variations. This suggestion is in full agreement with the above mentioned
geochemical model of Leeman et al. (2005), which states that during the analysed period i)
the processes that controlled the mixing between the three recognized fluid domains
contributed to differing degrees over different time intervals, and ii) episodes of local
seismicity presumably triggered reorganisation of hydrothermal circulation patterns,

after which the hydrothermal system resumed its common dynamics.
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Fig. 5. Sections of resistivity variations, 4p, and profiles of gravity changes, 4g, related to time intervals where
negative correlations were observed along the resistivity tomography profile AA' of Fig. 2. The three Ag profiles
of Fig. 5a, 5b and 5c¢ have been extracted by the maps of Fig. 4m, 4n and 4o, respectively, along an alignment
coincident with the geoelectrical profile.
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Fig. 6. Sections of resistivity variations, Ap, and profiles of gravity, Ag, and self-potential, ASP, changes related to
time intervals where positive correlations were observed along the resistivity tomography profile AA' of Fig. 2.
The Ag profiles have been extracted by the maps of Fig. 4 along an alignment coincident with the geoelectrical
profile. The ASP profiles have been retrieved by three SP surveys performed at Vulcano Island on
November 1993, April 1994 and December 1994 (Di Maio et al., 1997). In particular, the profiles show the
self-potential temporal changes observed along the AA' profile.

4. Conclusions

A conceptual physical model based on simultaneous analysis of electrical resistivity and
gravity monitoring datasets is proposed to describe volcanic-hydrothermal systems and their
time temporal behaviour. The model essentiallyfounds is based on the assumption that water-
to-vapour transformations occur in areas of intense surface volcanic manifestations. These
phase transitions would explain the large variations observed foer in the monitored resistivity
and gravity values. The effectiveness of the proposed approach in volcanic forecasting is shown
by the joint analysis of electrical resistivity and gravimetric datasets collected at the island of
Vulcano from 1993 to 1996, in nearly coincident (or simultaneous) time intervals. Indeed,
alternate phases characterised by increase/decrease of the two observed parameters, always
inversely related, correlate well with a cyclic mechanism typified by three stages: heat source
uprising/water-to-vapour transformation/sea water inland invasion. Significantly;-the-performed
Our analysis shows that this negative correlation, which should describe the shallow

hydrothermal system dynamics, disappears in some considered time intervals, thus making
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way for positive correlation between the two analysed parameters. Such a type-of correlation
has been associated te—the with volcanic dynamics, which would mask the hydrological and
hydrothermal system dynamics. The combined analysis used in this research could be useful
in the future for interpreting the behaviour of the fumarolic/hydrothermal system at La
Fossa in case of volcanic unrest.

Finally, we should point out that our findings indicate that the monitoring of both
resistivity and gravity data on the same spatial distribution and time basis is a promising
tool for modeling hydrothermal volcanic systems and their evolution related to the mixing

among fluids coming from different sources in any volcano-hydrothermal system.
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