Bulletin of Volcanology

Magnetotelluric imaging of the resurgent caldera on the island of Ischia (Southern
Italy): inferences for its structure and activity

Manuscript Number:

Full Title:

Article Type:

Corresponding Author:

Corresponding Author Secondary
Information:

Order of Authors:

Funding Information:

Abstract:

Response to Reviewers:

Author Comments:

--Manuscript Draft--

BUVO-D-17-00072R4

Magnetotelluric imaging of the resurgent caldera on the island of Ischia (Southern
Italy): inferences for its structure and activity

Research Article

Stefano Carlino
Istituto Nazionale di Geofisica e Vulcanologia Sezione di Napoli
ITALY

Maria Giulia Di Giuseppe
Antonio Troiano

Stefano Carlino

The island of Ischia (located in the Bay of Naples, Italy) represents a peculiar case of a
well-exposed caldera that has experienced a large (>800 m) and rapid resurgence,
accompanied by volcanic activity. What drives the resurgence of calderas is a crucial
issue to investigate, because this process is associated with potential eruptions and
high risk to people living within and around such large active volcanic systems. To
improve the knowledge of volcano-tectonic processes affecting the caldera of Ischia
electromagnetic imaging of the structures associated with its resurgence was
performed and integrated with available geological information. A magnetotelluric (MT)
survey of the island was carried out along two main profiles through the central-
western sector, providing an electrical resistivity map to a depth of 3 km. These
resistivity cross-sections allowed us to identify the presence of a very shallow
magmatic intrusion, possibly a laccolith, at a depth of about 1 km, which was
responsible for both the resurgence and the volcanic activity. Furthermore, the tectonic
structures bordering the resurgent area and the occurrence of a large thermal anomaly
in the western sector of the caldera also provided a signature in the resistivity cross-
sections, with the magma intrusion producing advection of hot fluids with high
geothermal gradients (>150 °C km-1) in the southern and western sectors. All of these
data are fundamental for the assessment of the island's volcano-tectonic dynamics and
their associated hazards. The structure and activity of the island have been controlled
by the process of resurgence associated with the arrival of new magma and the
progressive intrusion of a laccolith at a shallow depth. The reactivation of such a
shallow system may imply imminent eruption which would pose a major volcanic
hazard.

Dear Editor

We would like to thank you for your further revision that greatly improved the quality of
the work. All your corrections and comments have been reported and followed in the
new text. Figure and captions have also been changed. You can find all the changes in
the tracking copy of the paper. We cannot reported the vertical scale in the figure 8
because it is difficult to read due to the points of view. We avoid this problem reporting
the height of the Mt. Epomeo.

Regards

In this work we provide new data about the active volcanic island of Ischia (Gulf of
Naples, Italy) inferred from a geophysical survey. In particular, a magnetotelluric survey
of the island has been performed along two main profiles of the central-western sector,
obtaining the first electrical resistivity map down to a depth of 3km. The island
undergone to a resurgence process, of at least 800m, forming a central uplifted block
around which explosive and effusive volcanic activity occurred during the last 55ka
(last eruption occurred in 1302). The island is still active and is characterized by a large
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hydrothermal system with high heat flow and geothermal gradient up to 250°Ckm-1.
The presence of a stable population of about 65.000 units, and more than 1.500.000
visitors during the spring-summer season, makes the volcanic risk of this area very
high. The volcano dynamic of the island is thus necessarily to be evaluated, firstly by
improving the knowledge of shallow and deep geology of the island. The interpretation
of resistivity variations allow us to recognize the main volcano-tectonic features of
central-western part of the island, along the two profiles, such as the presence of a
possible very shallow magmatic intrusion to a depth of about 1km, the tectonic
structures bordering the resurgent area and the occurrence of large thermal anomaly
of the western sector. All these data are fundamental for the assessment of volcano-
dynamic of the island and associated risk.
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Abstract

The island of Ischia (located in the Bay of Naples, Italy) represents a peculiar case of a well-
exposed caldera that has experienced a large (>800 m) and rapid resurgence, accompanied by
volcanic activity. What drives the resurgence of calderas is a crucial issue to investigate, because
this process is associated with potential eruptions and high risk to people living within and around
such large active volcanic systems. To improve the knowledge of volcano-tectonic processes
affecting the caldera of Ischia electromagnetic imaging of the structures associated with its
resurgence was performed and integrated with available geological information. A magnetotelluric
(MT) survey of the island was carried out along two main profiles through the central-western
sector, providing an electrical resistivity map to a depth of 3 km. These resistivity cross-sections
allowed us to identify the presence of a very shallow magmatic intrusion, possibly a laccolith, at a
depth of about 1 km, which was responsible for both the resurgence and the volcanic activity.
Furthermore, the tectonic structures bordering the resurgent area and the occurrence of a large
thermal anomaly in the western sector of the caldera also provided a signature in the resistivity
cross-sections, with the magma intrusion producing advection of hot fluids with high geothermal
gradients (>150 °C km) in the southern and western sectors. All of these data are fundamental for
the assessment of the island’s volcano-tectonic dynamics and their associated hazards. The structure
and activity of the island have been controlled by the process of resurgence associated with the
arrival of new magma and the progressive intrusion of a laccolith at a shallow depth. The
reactivation of such a shallow system may imply imminent eruption which would pose a major

volcanic hazard.

Introduction

The resurgence of calderas was defined by Smith and Bailey (1969) as the process of uplift that
usually occurs in the form of a structural dome that takes place after a caldera collapse. The uplift
and bending of both the floor and roof of the caldera produce fracturing, faulting and, thereby,
enhance the development of permeability channels (Kennedy et al., 2012). While generation of
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highly permeable network promotes the circulation of hot fluids, forming magmatic-hydrothermal
systems (Hulen et al, 1987), faulting and fracturing can also facilitate the migration of magma to
the surface and, eventually, an eruption (Kilburn, 2003). Thus, resurgence plays a central role in the
evolution of calderas, but the processes involved are still unclear, in particular with regard to the
causes and the timing of uplift. The most common process associated with the resurgence of
calderas is the influx or intrusion of magma at various depths (Fridrich et al., 1991; Saunders, 2001,
Jellinek and De Paolo, 2003; Kawakami et al., 2007). Other mechanisms contributing to resurgence
have been suggested, such as combination of regional detumescence and viscous rebound (Smith
and Bailey, 1969; Marsh, 1984), volatile exolution and gas overpressure (Marsh, 1984), thermal
expansion of the caldera fill (Kennedy and Stix, 2003) and the disturbance of geothermal fluids
(Hurwitz et al., 2007; Chang et al., 2010, Troiano et al., 2011).

A crucial question is thus, what drives resurgence within calderas and (if magma is involved in this
process), at what depths and of what volumes are the resultant intrusions? In the latter case,
depending on the volcano-tectonic setting, the rate of uplift of the area and magma viscosity
(Pollard and Johnson,1973; Smith and Bailey, 1969; Acocella et al., 2001; Carlino, 2012), the
magmatic intrusion may evolve in a range of ways (e.g. to be emplaced as sills, dikes or laccoliths)
producing a variable amount of uplift and a variety of resurgence structures (Paige, 1913; Orsi et
al., 1991; Henry et al., 1997; Acocella et al., 2001 and references therein). The recognition of such
differences is fundamental in the understanding a caldera structure and any associated hazard. As a
result the shallow and deep structures of calderas need to be better investigated through the
application of effective geophysical methods. Among the geophysical surveys that can improve the
knowledge of the deep structures of calderas, electrical resistivity mapping represents a reliable tool
in the assessment of the buried structures in volcanic settings (Troiano et al., 2008; Troiano et al.,
2009; Revil et al., 2010; Troiano et al., 2014; Di Giuseppe et al., 2015; Di Giuseppe et al., 2017b).
In this work, a magnetotelluric (MT) survey was applied to the active volcanic caldera of Ischia,
whose resurgence is thought to be associated to a sill intrusion, possibly developed in the form of a
laccolith (Rittman, 1930; Sbrana et al., 2009; Carlino et al., 2006; Carlino, 2012 and references
therein). The resurgence, which is estimated as at least 800 m (Vezzoli, 1988), was accompanied by
volcanic activity and by the exhumation of the geothermal system (Sbrana et al., 2009), with the
occurrence of a large diffuse heat flow and very high geothermal gradients (>180°C km™) in the
shallow crust (Vezzoli, 1988; Carlino, 2012; Carlino et al., 2014; Carlino et al., 2015). Although a
numbers of local geophysical investigations have been performed at Ischia (Di Napoli et al., 2009,
2011; Paoletti et al., 2013), a wider geophysical imaging of the island is not yet available. Such

knowledge represents a crucial task in supporting physical modeling (Rinaldi et al., 2011), to
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improve the understanding of the caldera’s structure and activity, and to assess the associated
hazard on the island.

The MT survey was carried out in the central-western sector of the island. Through this survey, the
electrical resistivity distribution was reconstructed in correspondence to two separate profiles
(deployed in a N-S and a WSW-ENE direction respectively) (Figure 1). In this fashion two
resistivity sections, respectively about 5 km and 3 km long, were obtained and interpreted to
highlight the main geological features of the crust to a depth of 3 km including its thermal state, as
well as location of fluid circulations and structural discontinuities within both the collapsed and the
uplifted areas. The results provide new insights regarding both the thermal situation pertaining on
the central-western sector of the island and the circulation of geothermal fluids. We find presence of
a crystalline structure (intrusive rocks with very low permeability) located beneath the Mount
Epomeo block (Figure 1), which possibly represents the apical part of a degassed and cooling
magmatic source (laccolith). The results obtained are important, not only because of the volcanic
risk on the island (which has about 65,000 inhabitants and more than 1,500,000 visitors during the
spring and summer months) but also for the volcano-tectonic evolution observed in many calderas

worldwide, during resurgence.

Main geological features of the island

The volcanic field of Ischia is part of the Phlegrean Volcanic District(Figure 1). The rim of Ischia
caldera, which formed after the Mount Epomeo Green Tuff (MEGT) eruption, 55 ka (Vezzoli,
1988), is not well documented, although there are a few signs of the rim in the NW, SW and SE
sectors (Tibaldi and Vezzoli, 1998). The caldera, it would seem, has an elliptical shape with its
major axis running ENE-WSW (Vezzoli, 1988). The island’s most important structural element is
the 4x4 km? resurgent block of Mount Epomeo (formed mainly by the MEGT), located in the centre
of the caldera, which has been uplifted over the last 55 ka by a magmatic intrusion (Rittman, 1930;
Sbrana et al., 2009). The edges of this block are marked by a system of sub-vertical faults with
NW-SE, NE-SW and N-S strike (Vezzoli, 1988; Acocella and Funiciello, 1999; Tibaldi and
Vezzoli, 1998) (Figure 1). The existence of a possible magmatic intrusion, associated with the
resurgence and post-caldera volcanic activity, was first inferred from gravity surveys by Carrara et
al., (1983) and Nunziata and Rapolla (1987). More recently, the model of laccolith intrusion
(proposed by Rittman, 1930) has been taken up again by interpreting stratigraphy, deep
temperature, geochemical, magnetic, electric and gravity data (Carlino et al., 2006; Sbrana et al.,
2009; Carlino 2012; Paoletti et al., 2013). Sbrana et al. (2009) provided a model of resurgence of

the island by using an integrated analysis of melt and fluid inclusions, mineralogy and stable
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isotopic compositions of pumices, tuffs and syenitic xenoliths. In this model the engine of the
hydrothermal system of Ischia can be identified as being a shallow magmatic system (at a depth of
2 km) that hosts hot trachytic magma. Accordingly, Carlino et al., (2006) and Carlino (2012)
showed, through analytical modeling of the bending and fracturing of an elastic plate, that the
resurgence of Mount Epomeo block may be associated to a sill-like intrusion which developed,
during its later stages, into a laccolith, the top of which is located at a depth of about 2 km. Paoletti
et al. (2013), using an integrated analysis of geophysical data, highlighted the presence of a possible
magmatic intrusion, with a temperature below the Curie point, a density of about 2.4 g cm™ and its
top at a depth of about 2 km. The top of this magma body is slightly off-center, being in the
southwestern part of Ischia where fumaroles emissions are focused (Chiodini et al., 2004). The total
estimated uplift of the Mount Epomeo block, deduced from the present height of marine deposits
and eustatic variations, is 710 m in the southern sector and 920-970 m in the northern sector, with
average rate of uplift ranging from 2.3 to 3.3 cm a ! (Barra et al. 1992; Tibaldi and Vezzoli 2004;
Carlino et al. 2006). During the resurgence over the last 28 ka, most of the eruptive centres have
been aligned along the caldera structure (Vezzoli, 1988). Between 28 ka and 18 ka the volcanic
activity migrated to the SW and SE sectors of the island (Fusi et al., 1990). However, during the
most recent period of activity, from 10 ka to 1302 A.D., the eruptive centers have become clustered
in the eastern and northern sector, with the emission of domes and lava flows (de Vita et al., 2010).
The last eruption in the island took place in 1302 A.D. (de Vita et al., 2010)

The circulation of hydrothermal fluids on the island is linked to its volcano-tectonic structural
setting, whose permeability is controlled by the relative location of lavas and pyroclastic deposits.
Fluid circulation is thus correlated with the occurrence and interlayering of different deposits, and
mostly takes place at pathways of high permeability such as at fractures and faults in welded tuffs
and lavas and within the pores of unconsolidated pyroclastic deposits (Celico et al., 1999; Carlino et
al., 2014). The shallow stratigraphy of the western sector (down to a depth of 1 km) has been
inferred from borehole measurements (Penta and Conforto, 1951; see figure 1 for borehole
locations). In the central zone of Mt. Epomeo and along its boundary while coarse volcanic deposits
form a shallow permeable layer, fractured tuffs, lavas and marine clay deposits make up semi-
permeable and impermeable layers, respectively. In the western area of the island the aquifer
generally has a lower transmissivity than in the eastern sector (Celico et al., 1999). The effect of
volcano-tectonic structures is noticeable above the main faults bordering Mt. Epomeo, where the
shallow aquifers have been pushed upward in correspondence to the uplift of the block (Shrana et
al., 2009; Carlino et al., 2014). Along the western faults hot springs are located about highly
permeable path ways associated with high thermal energies (Chiodini et al., 2004) (Figure 1). Also
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inferred in the western sector is the occurrence of mixing processes between marine water and
hydrothermal fluids, testified to by the high salinity of the fluids sampled close to the coast (Celico
et al., 1999; Di Napoli et al., 2011). In the southwestern sector of the island the shallow resistivity
model obtained by Di Napoli et al. (2011) highlights the presence of a zone of high conductivity,
whose top is located at a depth of about 100 m and which is related to the superficial hydrothermal
reservoir. Geothermal gradients of the island are typically very high, ranging in the hottest areas
(south-western sector) from 180 °C km™ to 200 °C km™ (AGIP, 1987). These high gradients are
associated with an efficient heat transport from the reservoir through an advection-dominated
system (Carlino et al., 2012; Carlino et al., 2014). Taking into account these gradients, the
transition from a brittle to semi-brittle regime should take place at a depth of about 2-3 km (Carlino
et al., 2014), while the depth of the brittle crust is possibly deeper in the north with respect to the
southern sector (Carlino et al., 2006). At present time the island is subject to slow subsidence,
reflecting a gradual depressurization of the magmatic or hydrothermal system beneath Mount
Epomeo (Sepe et al., 2007; De Martino et al., 2011).

MT data collection, analysis and inversion.

To characterize the first few kilometers of the crust of the island of Ischia a magnetotelluric survey
was performed. Magnetotellurics is an electromagnetic geophysical method for measuring the
resistivity of the earth’s interior by recording the natural electric (E) and magnetic (H) fields on the
surface (Vozoff, 1991) as they vary over tme. In the present application, fluctuations of the
orthogonal components of these fields were recorded at 20 measurement sites (see figure 1 for
locations). Measurements were carried out using a Stratagem EH4 instrument, produced by
Geometrics. Only the horizontal components of the E and H fields were recorded, neglecting the
sampling of Hz which is usually considered as only providing limited additional information
regarding the dimensionality of the Earth’s local structure (Vozoff, 1991; Simpson and Bahr, 2005).
Once data set of field fluctuations over time had been collected, the underground resistivity
complexity was obtained as a rank-2 tensor, Z, correlating the two orthogonal pairs (Ex, Ey) and
(Hx, Hy) at the Earth’s surface in the frequency-domain. This tensor is correlated with the MT
apparent resistivity and phase curves, which compose the final dataset. To estimate such curves, the
collected time series spectra have been estimated using a short period Fourier transform performed
over the 10~ 10 s range. Such a period was examined to investigate the structures located across
the first few kilometers of depth below ground level. The investigated depth of the electromagnetic
waves depends on their capacity to penetrate into the Earth. This, in turn, is directly related to rock

resistivity. In a uniform substrate the electric and magnetic fields weaken exponentially with depth,
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the more conductive the rock, the lower the penetration. The depth at which the fields decline to e
of their values at the surface is termed the skin depth § = (2p/wu)/2 = 500(p/f)1/% (in meters)
where, p is the resistivity, f is the frequency of the wave, w = 2rfand u is the permeability. The
latter is usually taken as being equal to po (free space permeability), except in highly magnetic
materials. Frequency enters into the equations because the magnitudes of the induced telluric
currents depend on the rate of change of the magnetic fields over time (Vozoff, 1991, Simpson and
Bahr, 2005).

After the application of short period Fourier transform, data belonging to each of the MT surveys
were analyzed using the algorithm of Egbert and Booker (1986). This was used to avoid the
distortion in the estimated MT curves, which might emerge from the time series due to the presence
of anthropic noise, especially for surveys in urban environments. This kind of algorithm has proven
to be effective in the case of single station MT surveying (Egbert and Livelybrooks, 1996; Bai et
al., 2001; Brasse et al., 2001; Pous et al., 2002). Its application in such a context was tested during
the electromagnetic imaging of the nearby Campi Flegrei area (Troiano et al., 2014; Di Giuseppe et
al., 2017a) to analyze MT soundings. Its performance also proved to be adequate in the case of
Ischia and the MT curves obtained do not appear affected by anomalous behavior, such as a strong
scattering of the points, strong oscillations or rises in the apparent resistivity, etc., that might signal
the presence of coherent noise. Finally, the MT curves were analyzed using both MT-corrector® and
Winglink® commercial software (Figure 2).

One of the first issues concerning magnetotelluric data is the static-shift (Jones, 1988). The data
may suffer a sort of indetermination in the level of the apparent resistivity curves, due to the
galvanic effects of shallower bodies. Such an issue, that does not affect the phase curves, was taken
into account by carrying out Local Electrical Resistivity Tomographies (ERT). ERT, being based on
a DC current source, does not suffer such issues and it is possible to use tomography of this kind to
synthetically reconstruct the correct level of the MT apparent resistivity at high frequency. Two
separate profile lines, which were oriented along N-S and the WSW-WNE transects were set up.
These profiles, 5 km and 3 km long respectively, covered the central-western sector of the island
(figure 1). For each of the two profiles the apparent resistivity and phase curves relative to both the
TM (Transverse magnetic) and TE (Transverse electric) modes are shown in figure 3, under
pseudosection form (Vozoff, 1991).

As an initial step, the MT data dimensionality was analyzed. The introduced Z, which correlates the
electric and magnetic fields on the Earth surface, presents peculiar characteristics in the case of 1D
or 2D symmetries actually present in the data (Vozoff, 1991; Simpson and Bahr, 2005; Troiano et
al., 2009) and several approaches exist in the literature to investigate this issue, namely the Wal
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method (Weaver et al., 2000), phase tensor analysis method (Caldwell et al., 2004) and Groom and
Bailey’s method (McNeice and Jones, 2001).
In the present case, phase tensor analysis has been applied. This method, introduced by Caldwell et

al. (2004) was well-described in Berdichevsky and Dmitrev (2010), where it is possible to retrieve

o, D
details regarding the methodology, the definition of the phase tensor [®] = [ q)xx cb"y ] and all the
yx Yy

derived quantities. Figure 4 reproduces the behavior of the orientation of the phase tensor ellipse,

i.e. the o =lsin<w> angle, defined in Berdichevsky and Dmitrev (2010); it is also

2 Dyt Dyy

reproduced the Caldwell-Bibby-Brown Skew angles, skeWCBB=%arctan<%), for every
xxTFyy

survey, over four distinct frequency bands, respectively centered on 0.9, 9, 90 and 900 Hz. In a
model with the two-dimensional regional background, skewces = 0 and the principal directions of
the phase tensor coincide with the a; angle. In the case of a 3D asymmetric regional background
skewcss # 0. This angle represents a correction for the regional background asymmetry, which can
be neglected if small, so that we can rely on the 2D approximation of the regional background. As
expected in a volcanic context, the skewcsg does not seem to present a behavior adequate to support
a 2D inversion and a different approach has to be pursued. It is worth noting that this step is the
basis on which to choose one of the possible strategies that might prove to be more satisfactory for
the data inversion.

Despite the well-tested 2D approach generally being thought of as the optimal to choose in terms of
a compromise between the numerical complexities of the task and the affordability of the results, its
incorrect application can lead to very misleading results and examples exist in literature where the
differences originating from a 3D reinterpretation of previously analyzed MT data have led to
models having very different implications (Booker, 2014). On the other hand, even if various 3D
inversion codes have been proposed in the literature (Siripunvaraporn et al., 2005a; Kelbert et al.,
2014) and if 3D inversion has been actually developed in MT surveying (Rosenkjaer et al., 2015;
Yang et al., 2015), such a procedure is still not totally stable and requires a high number of
sampling sites to be applied. In the Ischia survey work, the morphological conditions limited the
number of sites and imposed the alignment of the sites along two crossed lines. This configuration
has to be taken into account when the inversion strategy is questioned.

Many papers in the literature consider 3D inversion of 2D profiles (e.g. Ledo et al., 2002;
Siripunvaraporn et al., 2005b). These highlight the limits of this approximation when the TM and
TE apparent resistivity and phase are considered separately. Such a situation has also already been
dealt with in Troiano et al. (2014), who presented a 3D inversion of an electromagnetic survey

carried out in the Campi Flegrei area. In this case, the 1D inversion of the Z determinant has proved
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to be a useful tool to set up a strategy to interrogate the effects of buried structures in 3D based on
2D survey profiles. Such considerations prove to be particularly significant in volcanic
environments (Ranganayaki, 1984; Pedersen and Engels, 2005; Troiano et al., 2014) and the
resistivity model that can be obtained through this step, despite the strong limitation linked to the
1D approximation.

The likely indetermination related to the effects due to the eventual presence of lateral anomalies on
the MT sections were here taken into account through a 3D based trial-and-error procedure
(Troiano et al., 2014). The latter was carried out through the use of the subroutines of the
WingLink® commercial code in order to estimate the apparent resistivity and phase curves. The
subsoil was divided up into 76 -79 -36 cells, with dimensions ranging from 50 m (in the core of the
modeled area) up to 1 km (in the external zones) and an objective function was derived, based on
the misfit between measured and reconstructed apparent resistivity and phases. This trial-and-error
procedure begins with the resistivity model obtained using the 1D inversion of the Z determinant. A
wide range of alternative models were then compared, taking as the most adequate that related to
the lowest root mean square (r.m.s.). At the end of the procedure, an optimal model, corresponding
to an r.m.s. less than seven, was selected. We note that the r.m.s. value obtained here was
compatible with those presented for similar applications (e.g. Schwalenberg et al., 2002; Abdul
Azeez and Harinarayana, 2007; Rao et al., 2007; Heise et al., 2008; Arango et al., 2009; Troiano et
al., 2009 and Troiano et al., 2014).

An error threshold of 5% was considered for both the apparent resistivity and phase curves. More
details for the data analysis and inversion procedures can be found in Troiano et al. (2008) and
Troiano et al. (2014). The sections corresponding to the two profiles of figure 1 are represented in
figure 5 and figure 6, respectively. The main electrical anomalies have been labeled with capital
letters and will be interpreted geologically in the following section.

Considering a mean electrical resistivity for the medium of about 100 Qm, the maximum period of
10 s was found to be associated with a wave penetrating more than 15 km into the crust. The
models of figure 5 and figure 6 resolve to a maximum depth of about 3 km.. A full sensitivity
analysis was also carried out, following Schwalenberg et al. (2002). In figure 7 the sensitivity maps
are reported, relative to the resistivity cross-sections of both figures 5 and 6. Sensitivity represents
an estimate of the changes induced in the data by infinitesimal variations in the underground
electrical resistivity. There is no univocal threshold for the sensitivity required to indicate that a
structure is well resolved, but the procedure presented in Troiano et al. (2008) and Troiano et al.
(2009) supports the conclusion that both our resistivity cross-sections are reliable. The consistency

of the main bodies retrieved in the sections was further questioned by removing the anomaly from
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the model and recalculating the relative r.m.s. Significant r.m.s. variations with respect to the error
thresholds can be considered as an indicator that the investigated part of the model exhibits good
resolution. For example, in the NS section of figure 5, the resolution of the zones labeled as A, B1,
B2 and C was tested. When the resistivity of the model was modified only zone A, substituting the
few tens of Qm retrieved with the data inversion using the 200 Qm identified in the surrounding
area, a 13.4% change in the r.m.s. was obtained. This indicates that the A zone exhibits good
resolution. Analogous results were obtained for all other zones.

Results

The resistivity imaging of the island of Ischia has allowed us to recognize a number of sectors,
down to a depth of 2-3 km, with resistivity anomalies that are ascribable to distinctive processes and
physical conditions of the hydrothermal system below the caldera. From the S-N profile (Figure 5),
moving from south to north, it is possible to highlight a relatively high resistivity zone extending to
station 16 (Ischia6) (this is zone A where resistivity values of thousands of Qm). There is then a
lower resistivity channel (zone B, with a few tens to hundreds of Qm) between the measurement
stations 17 and 18, and a high resistivity zone (C) beneath the Mt. Epomeo resurgent block (several
thousands Qm at a depth below 1000 m, between stations 15 and 113). A further zone of lower
resistivity (zone D) occurs on the northern coast (<50 Qm).

Along the WSW-ENE profile (figure 6) a rapid change in resistivity (from several thousands of Qm
to a few tens of Qm) is observed to the WSW. Beyond the anomaly beneath Mt. Epomeo (C1, a few
thousand Qm), four other zones can characterized. The first one is a channel with lower resistivity
between the stations 120 and 121 (E) which is well developed down to the bottom of the profile (at a
depth of 2.5 km). Within the interior of this channel, two lower resistivity zones (a few tens Qm)
appear: the first one (E1) is located at shallower depths, up to 500 m below the surface, and the
second one (E2) develops from a depth of about 1500 m to the bottom of the profile. Finally, a
roughly circular shallow area (F) with very low relative resistivity (less than ten Qm) can be
identified ENE to station 118 (figure 6).

The agreement between the two resistivity cross-sections of figures 5 and 6 have been evaluated in
figure 8, where a stereographic view of the retrieved anomalies is provided. In the area where the
two profiles intersect our magnetotelluric imaging detects a coherent resistive structure in

correspondence to the Mt. Epomeo resurgent block.
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Interpretation of the resistivity cross-sections

The sensitivity of electrical resistivity to the presence of groundwater provides electrical and
electromagnetic methods with a high detectability power for resolving buried structures. However,
once the presence of the electrical resistivity anomalies have been inferred in volcanic settings, the
interpretation of the geophysical imaging remains inherently difficult. Because the resistivity of
rocks is generally affected by the water content, alteration (through their clay content and clay
mineralogy), salinity of the pore water and temperature, the physical properties of porous rocks in
geothermal and volcanic areas remain poorly known (e.g. Revil et al. 2002, Revil et al. 2017a and
Revil et al. 2017b). Groundwater in volcanic settings flows within porous materials, which may
undergo a greater or lesser degree of alteration. This alteration is due to a chemical weathering of
the minerals by the hot hydrothermal fluids, including hydration-dissolution processes of the
volcanic glass and the formation of aluminosilicates such as clays and zeolites (Schon, 2015).
Hydroelectric coupling in these porous rocks is influenced by the presence of these aluminosilicate
minerals due to their role in blocking the connected pore space. Electrical conductivity provides two
contributions. The first is associated with conduction within the pore water. The second is termed
surface conductivity and is associated with conduction in the electrical double layer coating the
surface of grains (Berdichevsky and Dmitriev, 2010; Schon, 2015)). Both of these processes can
bring about an increase in conductivity and, using only resistivity data, it is not easy to separate
surface from bulk conductivities at a given pore water conductivity. In our case, a numbers of
ambiguities in the interpretation of our data were reduced by correlating the resistivity anomalies
with data provided from drilling (see figure 1 for locations), down to depth of 1150 m, and with
previous geophysical and geochemical modeling of the island provided by Nunziata and Rapolla
(1987), Chiodini et al. (2004), Paoletti et al. (2005), Di Napoli et al (2009), Di Napoli et al., (2011),
Carlino (2012), Paoletti et al., (2013), Carlino et al. (2014).

The resistivity contrasts between zones A, B, C and D of N-S profile (Figure 5) present a good
correlation with the known volcano-tectonic features of the island, such as the boundary of caldera
and the Mount Epomeo resurgent block. In particular, the structural limit of the caldera is
recognizable in the southern sector, close to the station 16. A normal fault, with a NW-SE strike
affecting the south-western sector of the resurgent block (see figure 1 for fault location) (Vezzoli,
1988), coincides with the resistivity contrast between stations I5 and 18. In addition, north of station
14, the resistivity variation pattern can be interpreted as the occurrence of minor faults facilitating
the block uplift in the period since 33 ka ago (Vezzoli et al., 2009). In the northern sector (figure 5)

a low resistivity zone, which deepens to about 700-800 meters down, between the coast to the inner
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part of the island, is perhaps attributable to the interface between saline water and fresh water due to
the latter’s buoyancy.

Between measurement stations 17 and 18 a lower resistivity channel can be identified (B in figure
5). In particular, two major anomalies (B1 and B2) have been detected along this channel. The
shallower one, B1, has a vertical extent of up to about 450 m b.s.l., while the deeper one, B2,
develops from about 1100 m to 2500 m b.s.l. Following hydrothermal studies of the island (Di
Napoli et al., 2009, 2011) and drilling data (Penta and Conforto, 1951; Penta, 1963; AGIP, 1987),
we can interpret the resistivity anomalies B1 and B2 as two aquifers, the former with a temperature
of about 150°C, and the latter with a temperature of 250 °C (Chiodini et al., 2004). These are
formed by mixing of liquid and vapour (Chiodini et al., 2004). The lower levels of the aquifer B1
and the upper level of the aquifer B2 are in good agreement with the hydrothermal model proposed
by Di Napoli et al. (2011). Along the WSW-ENE profile (Figure 6) two zones, E1 and E2, have
been interpreted as two aquifers similar to those inferred along the N-S profile (B1 and B2). In
accordance with the vertical tectonic movement of the island (resurgence), the top of aquifer B2 (N-
S profile of figure 5) is closer to the uplift block and has been dislocated upwards with respect to
the aquifer E2. The bottom of the aquifers are possibly sealed by argillfication processes which took
place before resurgence. Furthermore, as shown in Figure 9, the shape and location of the whole
channel exhibiting low resistivity is possibly reconcilable with a thermal anomaly (a plume)
associated with advection of hydrothermal fluids. This is an interpretation also supported by drill
hole data and by the presence of fumaroles and a hot-spring field (with temperatures up to 100°C),
immediately north and west of stations 120 and 121, respectively (Citara site, figure 1) (Penta and
Conforto, 1951; AGIP, 1987; Chiodini et al., 2004; Di Napoli et al., 2011; Carlino et al., 2014).
The presence of such a thermal plume should leave a clear geophysical signature and the futher
surveys might allow it to be fully characterized (Jardani et al., 2008).

One of the main features of the resistivity images is the occurrence of a high resistivity zone (>1000
Qm) in both the N-S and WSW-ENE sections (see zones C and C1 in figures 5 and 6, respectively,
as well as figure 8). This anomaly is delimited by the faults bordering the resurgent block.
Considering the high heat flow and the elevated geothermal gradient of the area (Carlino et al.,
2014), the relatively high resistivity anomaly (C and C1) can be explained in terms of permeability.
High resistivity can be associated with a lower flow of hot hydrothermal fluids. This process,
typical of many volcanic areas (Marsh, 1984), is related to the occurrence of crystalline rocks such
as intrusive bodies with very low permeability (k) which ranges from 107 to 10* m? for granite,
for example (Brace, 1980). Such low permeabilities would inhibit the passage of fluids because the

minimum permeability for volatiles to transfer into the shallow crust is 10?° to 10°*® m?, while for
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fluid transfer the figure is > 10°*® m? (Ingebritsen et al., 2010). Furthermore, geochemical and
isotopic investigations (Tedesco, 1996) have highlighted the presence of magmatic fluids, which
probably escape laterally from below to the magma body because they encounter a permeability
barrier in a hugher more crystalline part. The presence of a shallow magmatic body (=2 km in
depth) beneath the Mount Epomeo resurgent structure, has already been inferred by other authors
from interpretation of magnetic and gravity data (Nunziata and Rapolla, 1987; Paoletti et al, 2013
and references therein). For instance, the contemporary presence of a magnetic minimum and a
gravimetric maximum (slightly decentred to the SW with respect to the centre of the island), might
be explained by the existence of an intrusion or several intrusions and/or by partially melted zones
to create pockets of crystal mush. This hypothesis is supported by the high temperature gradient
measured in the central-western sector of the island (Penta and Conforto, 1951; Penta, 1954;
Ippolito and Rapolla, 1982; Panichi et al., 1992; Paoletti et al., 2009). Furthermore, an undated
intrusive rock was found at the bottom of the 1050 m deep drilling, located west of Mount Epomeo
(well 2 in Figure 1) (Penta and Conforto, 1951; AGIP, 1987). Our findings seem to confirm the
presence of such a shallow magmatic body with a bulge penetrating up to about 1 km below the
surface. Furthermore, taking into account the geothermal gradient of the island (about 200°C km™)
(see Carlino et al., 2012, 2014 for details) the solidus temperature (onset of melting) may be
encountered at a depth >3 km.

As a whole, we are confident that this magmatic body represents an intrusion and cannot be related
to other high resistivity structures, such as an uplifted basement or unfractured rocks filling the
caldera. Further observations supporting our statement include: the high rate of resurgence of Mt.
Epomeo, which indicates a magmatic process (injection) as driving mechanism (Tibaldi and
Vezzoli, 2004; Sbrana et al., 2009) as driving mechanism; the observed pattern of deformation that
can be associated with a shallow magmatic source with its top at about 2 km b.s.l. (Carlino, 2012);
the observation that new trachybasaltic magma arrived in the shallow magmatic system before the
volcanic activity 28-18 ka (Civetta et al., 1991); the melt inclusion data that reveal that the eruptive
products of 73-59 ka came from a magmatic storage region located at a depth of about 2 km
(Sbrana et al., 2009) and, finally, the very high geothermal gradient and high temperature
hydrothermal system, associated with the presence of a shallow magmatic body (Sbrana et al.,
2009; Carlino et al., 2012, 2014).

The resistivity anomaly (figure 8) perhaps thus represents the apex of a laccolith (or alternatively a
series of cone sheets) (Westerman et al., 2004) intruded into the shallow crust of the island
(Rittman, 1930; Sbrana et al., 2009; Paoletti et al., 2013; Carlino et al., 2006; Carlino, 2012), over
the least 33 ka (Carlino, 2012 and references therein). Considering both the N-S and WSW-ENE
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profiles, the intrusion seems to have a branch that is elongated NS in the western sector of Mt.
Epomeo.

Finally, we can compare the WSW-ENE profile with the geology of the island (Carta Geologica
dell’isola d’Ischia, CARG project), which in this sector is mainly constrained by the stratigraphy
revealed from the drilling (figure 10). As we seen in figure 10, around station 120 the resistivity
anomaly (>2000 Qm) corresponds to the Punta Imperatore lavas and to the eruptive center of
Campotese (see also figure 1). These lavas, dated to about 177 ka (Gillot et al., 1982), are dissected
by faults that possibly do not involve the more recent, overlying, deposits and that are associated
with collapse of the caldera rim. The contrast in resistivity highlights the difference between the
lower consolidated deposit of the inner caldera and the structural domes at the caldera rim. ENE to
station 118 a very low resistivity area coincides with the most important fumarole field of the island
(Bocca di Serra, Donna Rachele fumaroles). The fumarole field covers about 0.80 km? (80
hectares), with emissions totaling = 9 td* (volume) of CO that rise along a system of vertical faults
(Chiodini et al., 2004). This system is perhaps partly fed by a relatively deep hydrothermal aquifer
(about 600 m deep) (Chiodini et al., 2004), whose fluids take advantage of thethe structural
discontinuity (faults and fractures system) located at the boundary of the uplifted block. We also
note a coincidence between the variation in lithology encountered in the stratigraphy of the drillings
(drillings 2 and 4, see figure 1 for location) (AGIP, 1987) and the variation in resistivity
encountered in our cross-sections (figure 11a, b). Finally, in order to assess the influence of the
intrusion on the tilting of the Mt. Epomeo block (Acocella and Funiciello, 1999) we need to
improve our measurements to get a wider 3D imaging, because the resistivity anomalies seem to

have a complex shape that cannot be well constrained by 2D inversion.

Discussion

Of the varying interpretations of the caldera resurgence process, the most common is that of
magmatic intrusion which can evolve in a range of ways, from sills, to dikes or laccoliths(Paige,
1913; Henry et al., 1997; Acocella et al., 2001 and references therein). This process is generally
associated with the formation of well-developed geothermal systems (Hulen et al., 1987).0One
implication of this study involves the mechanism producing resurgence of calderas. As in the case
of Ischia, the relatively high rate of uplift, which provides a strain rate of at least one order of
magnitude larger than tectonic processes (Carlino, 2012), excludes a regional tectonic contribution.
The long-term rate of uplift makes it possible also to exclude any non-purely magmatic contribution

to the resurgence, such as the oversaturation of volatile species in a shallow and crystallising
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magma body (Tait et al., 1989) or a fluid contribution (Hurwitz et al., 2007). These processes are
typically associated to relative small-scale (metres) and short-term (months to years) disturbances
and, as in the case of the contribution of fluids, a partial recovery of the deformation occurring will
take place (see, for instance, the example of Campi Flegrei caldera; Troiano et al., 2011 and
references therein). The long-term resurgence of Ischia (from at least 33 ka to 5 ka) was punctuated
by phases of quiescence (de Vita et al., 2010), which possibly corresponded to periods of volcanic
activity (Carlino et al., 2006). However a large proportion of the magma arriving in the shallow
system (Civetta et al., 1991) has not been erupted, and merely contributes to the uplift of Mt.
Epomeo (Carlino et al. 2012), forming a very shallow intrusion whose occurrence seems to be
confirmed by resistivity data. This behaviour is different when compared to that of the nearby
Campi Flegrei caldera, (where some caldera sectors were uplifted by less than 100 m, while larger
eruptions occurred). It is instead similar to the Grizzly Peak caldera (Colorado) (Fridrich et al.,
1991) and Pantelleria (Southern Italy) (Orsi et al., 1991). In these cases, the rheology of the shallow
magma sources and the response of the surrounding rock walls to the stress induced by the pressure
of the magma possibly control the different evolutions of caldera resurgence. For instance, the
temperature of the intruded magma and of the surrounding rock, together with the injection rate,
strongly affect the behaviour of the system (Jellinek and DePaolo, 2003). Large geothermal
gradients and low magma injection rates enhance creep processes instead of catastrophic failure,
increasing the accretion of magma at depth and inhibiting eruptions (Jellinek and DePaolo, 2003).
Overall, when the magma is the primary source of the resurgence of calderas, it is crucial to
estimate its volume, thermal state and thermal history (Cooper and Kent, 2014), while the rheology
of the magma itself and of the surrounding rock is critical in the evolution of the resurgence
(Carlino and Somma, 2010). For the island of Ischia, if we assume a roughly radial symmetry of the
resistivity anomaly associated with the magma intrusion (about 2 km in radius and 2 km in vertical
extension), at least for the crust down to 3 km, that we obtain a magma volume of about 6 km?. If
this has been gathering since 33ka (Tibaldi and Vezzoli, 1998), then the accumulation rate is about
1.8-10* km?® a™. This possibly represents a lower limit of the volume of magma (and the magma
rate) intruded into the shallow crust, which, in its present state (having been gathering over 33ka), is
not likely to prove eruptible due to its thermal condition. That is the magma will be highly degassed

and the maximum temperature is possibly < 600°C (Carlino et al., 2014).

Conclusions
Our magnetotelluric survey carried out in the southern and western sector of the island of Ischia,

detected several electrical resistivity anomalies, down to a depth of 3 km. The interpretation of the



474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507

resistivity cross-sections and comparison with other geological, geophysical and geochemical data

allow the following conclusions and inferences:

a large thermal anomaly has been found in the southern and western sector of the island and
is associated with a zone of heat advection and circulation of hydrothermal fluids (figures 5
and 6). The presence of two major hot aquifers, previously hypothesized by geochemical
studies (Chiodini et al., 2004, Di Napoli et al., 2011), has also been located in the
southwestern sector of the caldera. The aquifers reside at different depths, with the depths
being controlled bytectonic movements, which have caused deformation of the resurgent
block of Mt. Epomeo over at least the last 33 ka (Vezzoli, 1988). The top of the deeper
aquifers feed the main south-western fumarole fields, and are located at a depth of about
1000 m to 1500 m, respectively;

a large resistivity anomaly is located below the resurgent structure of Mt. Epomeo. It is
interpreted as the apical part of a crystalline (and very low permeability) magmatic body
intruded below the central part of the island (and slightly dislocated towards the south-west)
and whose apex reaches a depth of about 1 km b.s.l. This body is bounded by an abrupt
resistivity drop corresponding to the faults around to the resurgent block of Mt. Epomeo;

we propose that this high resistivity body is associated with the laccolith of Ischia (Rittman,
1930; Sbrana et al., 2009; Carlino, 2012), which produced the bending, fracturing and
faulting of the overlying crust, and which witnessedmagma intrusion during the most recent
stage of the resurgence (5 ka) (Civetta et al., 1991; Vezzoli et al., 2009). As result, the
uplifted block has been broken up into minor blocks, with the underlying laccolith possibly
developing as a complex structure. This laccolith is the engine of the robust geothermal
system of the island, and -to be consistent with a high resistivity - is likely dominated by a
highly crystalline mush;

the existence of such a shallow magma body is critical in terms of volcanic hazard
assessment. The volcanism of Ischia seems, in fact, to be strictly correlated to the resurgence
process that, in turn, is reliant on the dynamics of the laccolith (Carlino, 2012). A renewal of
resurgence will be related to reactivation of the laccolith by arrival of new magma (Civetta
et al., 1991).This may possibly produce a large disturbance of the geothermal system at a
depth of between 1 km and 2 km. A reactivation of such a shallow magmatic system may
imply imminent eruption and would pose high volcanic hazard (e.g. Cooper & Kent, 2014);
certainly it would cause hydrothermal emissions to evolve towards magmatic (Vaselli et al.,
2010).
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Figures captions

Figure 1. Structural and geological map of Ischia Island (after Di Napoli et al., 2011). The MT
measurement stations along the N-S profile are given as blue points; the MT measurement stations
along the WSW-ENE profile are green points; the blue-green points are stations belonging to both
the profiles; Drilling sites are given as red points numbered 1 to 5. The shaded grey circular area
indicates the resurgence zone and black lines are mapped faults (Di Napoli et al. 2011). The dotted
red lines indicate the resistivity section profiles.

Figure 2. Three examples of apparent resistivity and phase diagrams pertaining to the Ischia MT
survey work.

Figure 3. (a) S-N Magnetotelluric profiles of apparent resistivity (above) and phase (below)
pseudosections relative to the TM mode. (b) S-N Magnetotelluric profiles of apparent resistivity
(above) and phase (below) pseudosections relative to the TE mode. (c) WSW-ENE magnetotelluric
profiles of apparent resistivity (above) and phase (below) pseudosections relative to the TM mode.
(d) WSW-ENE Magnetotelluric profiles of apparent resistivity (above) and phase (below)
pseudosections relative to the TE mode (see text for details).

Figure 4. Results of the data dimensional analysis carried on the MT dataset using the phase tensor
approach. The data have been divided up into four contiguous frequency bands, respectively
centered on 0.9 9, 90 and 900 Hz. The phase- tensor ellipse orientation (in degrees) and the
Caldwell-Bibby-Brown Skew angles are given, for each MT survey, in (panel a) and (panel b),
respectively.

Figure 5. S-N resistivity profile obtained from the inversion of the MT survey (panel b). Dotted
lines are the faults associated with the caldera boundary and to the dislocation of the resurgent
block (see text for details). It is also reported (panel a) the topographic profile along the section.

Figure 6. WSW-ENE resistivity profile obtained from the inversion of the MT survey (panel b). The
resistivity anomalies (marked as E, E1 and E2) is coincident with a thermal plume producing high
geothermal gradients and very high temperatures (~100°C) at the surface (Carlino et al., 2014). It is
also reported (panel a) the topographic profile along the section.

Figure 7. Sensitivity cross-sections relative to the resistivity models (S-N profile, above and WSW-
ENE profile, below).

Figure 8. Topography in shaded relief of Ischia draped over the DEM (INGV web-GIS source),
perspective views from W (a), NE (b), SW (c), S (d). Beneath each are the resistivity data for the
two profiles so as to set in context the variations we record with depth, as well as distance from Mt.
Epomeo."
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Figure 9. Magnification of the central part of the WSW-ENE profile compared with the geotherms
(after Carlino et al., 2014)

Figure 10. Comparison of the shallower part of WSE-ENE resistivity profile with a geological
section of the island (from Carta Geologica dell’Isola d’Ischia, CARG project). Legend: PZE =
Pizzone Tuffs (~61 ka); TFS = Frassitelli Tuffs (~62 ka);VNU = dike and tabular intrusions; TME
= Mount Epomeo Green Tuff (~55 ka); PIM-FGN = Punta Imperatore ancient lavas (~117 ka);
ELF = Elephant pyroclastic deposits; TCT = Citara Tuffs (~45 Ka);SUN = debris and mud flow
deposits; PPl = Punta Imperatore pyroclastic deposits (~ 18 ka); PUS = Punta Soccorso debris
avalanche; at = alluvial deposits. (from CARG project)

Figure 11 (a, b). Magnification of the sections given in figures 5 and 6 with the position od drill
sites 2 and 4 (see figure 1 for location) from which stratigraphic data are taken. Legend: (drill n. 4)
VB = Volcanic Breccia; GT = Green Tuff; GTL = Green Tuff interlayered with trachytic lava. (drill
n. 2) RT = Reworked Tuffs and Alluvium; TYT = Trachytic Yellow Tuffs; PLD = Pyroclastic and
Lava deposits; GrT = Green Tuff; TL = Trachytic lava
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1 Magnetotelluric imaging of the resurgent caldera on the island of Ischia (Southern Italy): the

2 inferences for its structure and activity velcano-tectonies and-dynarmies.
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5 *Corresponding author: stefano.carlino@ingv.it
6
7 Abstract

8 The island of Ischia (located in the Bay of Naples, Italy) represents a peculiar case of a well-
9  exposed caldera that has experienced a large (>800 m) and rapid resurgence, accompanied by
10  volcanic activity. What drives the resurgence of calderas is a crucial issue to investigate, because
11 this process is associated with potential eruptions and high risk fertheto people living within and

12 around these-such large veleaneesactive volcanic systems. To improve the knowledge of volcano-

13 tectonic processes affecting the caldera of Ischia a-nrew-electromagnetic imaging of the structures
14  associated with the-its resurgence was performed and integrated with the-available geological
15  information-available. A magnetotelluric (MT) survey of the island was carried out along two main
16  profiles through the central-western sector, providing the-an first-electrical resistivity map to a depth
17 of 3 km. These resistivity cross-sections thus-ebtained-allowed us to identify the presence of a very
18  shallow magmatic intrusion, possibly a laccolith, te-at a depth of about 1 km, which was responsible
19  for both the resurgence and the volcanic activity. Furthermore, the tectonic structures bordering the
20  resurgent area and the occurrence of a large thermal anomaly in the western sector of the caldera
21 also provided a signature in the resistivity cross-sections, with the magma intrusion producing a
22 wvigereus-advection of hot fluids with high geothermal gradients (>150 °C km) in the southern and
23 western sectors. All of these data are fundamental for the assessment of the island’s volcano-

24 tectonic dynamics and their associated hazards. The dynamies-structure and activity of the island

25  have been influeneed-controlled by the process of resurgence that-is-associated with the arrival of
26 new magma and the progressive intrusion of the-a laccolith at a shallower depth. The reactivation of

27  such a shallow system may imply imminent eruption anrd-which would pose a major volcanic

28  hazard.

29

30 Introduction

31  The resurgence of calderas was defined by Smith and Bailey (1969) as the process of uplift that
32 usually occurs in the form of a structural dome that takes place after a caldera collapse. The uplift

33 and bending of both the floor and roof of the caldera produce fracturing, faulting and,
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furthermorethereby, enhance the development of permeability channels (Kennedy et al., 2012).

While generation of A-highly permeable network promotes the circulation of hot fluids, forming

magmatic-hydrothermal systems (Hulen et al, 1987), whiHe—faulting and fracturing can also
facilitate the migration of magma to the surface and, eventually, an eruption (Kilburn, 2003). Thus,
resurgence plays a central role in the evolution of calderas, but the processes involved are still
unclear, in particular with regard to the causes and the timing of any-uplift. The most common
process associated with the resurgence of calderas is the influx or intrusion of magma at various
depths (Fridrich et al., 1991; Saunders, 2001; Jellinek and De Paolo, 2003; Kawakami et al., 2007).
Other mechanisms contributing to the-resurgence have been suggested, such as combination of
regional detumescence and viscous rebound (Smith and Bailey, 1969; Marsh, 1984), volatile
exolution and gas overpressure (Marsh, 1984), thermal expansion of the caldera fill (Kennedy and
Stix, 2003) and the disturbance of geothermal fluids (Hurwitz et al., 2007; Chang et al., 2010,
Troiano et al., 2011).

A crucial question is thus, what drives resurgence within calderas and (if magma is involved in this
process), at what depths and of what volumes are the resultant intrusions? In the latter case,
{depending on the volcano-tectonic setting, the eynramie-rate of uplift of the area and-the-magmaZs
viscosity (;—Pollard and Johnson,1973; Smith and Bailey, 1969; Acocella et al., 2001; Carlino,
2012), the magmatic intrusion may evolve in a range of ways (e.g. to be emplaced as sills, dikes;_or
laccoliths) producing a variable amount of uplift and a variety of resurgence structures (Paige,
1913; Orsi et al., 1991; Henry et al., 1997; Acocella et al., 2001 and references therein). The
recognition of such differences is fundamental in the understanding ef a caldera’s dyramie-structure
and any associated hazard. As a result and-thus-the shallow and deep structures of calderas need to
be better investigated through the application of effective geophysical methods. Among the
geophysical surveys that can improve the knowledge of the deep structures of calderas, electrical
resistivity mapping represents a reliable tool in the assessment of the buried structures in volcanic

settings—Fhi upported-by-the-relevant-results-obtained-during-many-apphcations-of -electrica

tectonie—struetures—(Troiano et al., 2008; Troiano et al., 2009; Revil et al., 2010; Troiano et al.,
2014; Di Giuseppe et al., 2015; Di Giuseppe et al., 2017b). In this work, a magnetotelluric (MT)

survey was applied to the active volcanic caldera of Ischia, whose resurgence is thought to be

associated to a sill intrusion, possibly developed in the form of a laccolith (Rittman, 1930; Sbrana et
al., 2009; Carlino et al., 2006; Carlino, 2012 and references therein). The resurgence, which is
estimated as at least 800_m_(\VVezzoli, 1988), was accompanied by volcanic activity and by the

exhumation of the geothermal system_(Sbrana et al., 2009), with the occurrence of a large diffuse
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heat flow and very high geothermal gradients (>180°C km1) in the shallow crust (Vezzoli, 1988;
Shrana-et-ak—2009:-Carlino, 2012; Carlino et al., 2014; Carlino et al., 2015). Beyond-Although a
numbers of speeific-local geophysical investigations have been performed at Ischia (see-Nunziata
and-RapeHa—1987:-Di Napoli et al., 2009, 2011; Paoletti et al., 2013), a wider geophysical imaging

of the island is not yet available. Such knowledge represents a crucial task in supporting the

physical modeling_ (Rinaldi et al., 2011), to improve the understanding of the caldera’s

dynamiestructure and activity, and to assess the associated hazard on the island.

The MT survey was carried out in the central-western sector of the island. Through this survey, the
electrical resistivity distribution was reconstructed in correspondence to two separate profiles
(deployed in a N-S and a WSW-ENE direction respectively) (Figure 1). In this fashion two
resistivity sections, respectively about 5 km and 3 km long, were obtained and interpreted in-order
to highlight the main geological features of the crust to a depth of 3 km including its thermal state,
as well as location of fluid circulations and structural discontinuities aterg-within both the collapsed
and the uplifted areas. The results provide new insights ta—particular—hew—evidences—emerged

regarding both the thermal situation pertaining on the central-western sector of the island and the

circulation of geothermal fluids. Fhe—main—finding—was—theWe find presence of a crystalline
structure (intrusive rocks with very low permeability) located beneath the Mount Epomeo block

(Figure 1), which possibly represents the apical part of a degassed and cooling magmatic source
(laccolith). The results obtained are important, not only because of the volcanic risk on the island
(which has about 65,000 inhabitants and more than 1,500,000 visitors during the spring and summer

months) but also for the volcano-tectonic evolution observed in many calderas worldwide, during

resurgence-processes.

Main geological features of the island
The volcanic field of Ischia is part of the Phlegrean Volcanic Districtwhich-is-the-mest-impertant

quaternary—active—volcanic—area—of-the—Mediterranean—region—(Figure 1). The rim of the-Ischia
caldera, which formed after the Mount Epomeo Green Tuff (MEGT) eruption, 55 ka_(Vezzoli

1988), is not well documented, although there are even-theugh-a few signs of the rim have-been
identified-in the NW, SW and SE sectors (Tibaldi and Vezzoli, 1998). The caldera, it would seem,
has an elliptical shape with its major axis running ENE-WSW (Vezzoli, 1988). The mest-island’s

most_important structural element is the roughly-4x4 km?2 resurgent block of Mount Epomeo
(formed mainly by the MEGT), located in the centre of the caldera, which has been uplifted over
the last 55 ka by a magmatic intrusion (Rittman, 1930; Sbrana et al., 2009). The edges of this block
are marked by a system of sub-vertical faults with NW-SE, NE-SW and N-S strike (Vezzoli, 1988;
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Acocella and Funiciello, 1999; Tibaldi and Vezzoli, 1998) (Figure 1). The existence of a possible
magmatic intrusion, associated with the resurgence and post-caldera volcanic activity, was firsthy
inferred from gravity surveys by Carrara et al., (1983) and Nunziata and Rapolla (1987). More
recently, the model of laccolith intrusion (proposed by Rittman, 1930) has been taken up again by
interpreting stratigraphy, deep temperature, geochemical, magnetic, electric and gravity data
(Carlino et al., 2006; Sbrana et al., 2009; Carlino 2012; Paoletti et al., 2013). Sbrana et al. (2009)
provided a model of resurgence of the island by using an integrated analysis of melt and fluid
inclusions, mineralogy and stable isotopic compositions of pumices, tuffs and syenitic xenoliths.
Fhe-authors-have-shown-thatln this model the engine of the hydrothermal system of Ischia can be
identified as being a ir-is-shallow magmatic system (at areund-a depth of 2 km-depth) that hosts hot
trachytic magma. Accordingly, Carlino et al., (2006) and Carlino (2012) showed, through by-the
analytical modeling of the bending and fracturing of an elastic plate, that the resurgence of Mount
Epomeo block may be associated to a sill-like intrusion which developed, during its later stages,
into a laccolith, the top of which is located at a depth of about 2 km. Paoletti et al.; (2013), using an
integrated analysis of geophysical data, highlighted the presence of a possible magmatic intrusion,
with a temperature below the Curie point, a density of about 2.4 g cm= and its top at a depth of
about 2 km. The top of this magma body is slightly off-center, being decentred-in the southwestern
part of Ischia; where a fumarolic emissions are focused (Chiodini et al., 2004) rebust-geothermat
chreulation-takes—place. The total estimated uplift of the Mount Epomeo block, deduced from the

present height of the-marine deposits and eustatic variations, is 710 m in the southern sector and

920-970 m in the northern sector, with average rate of uplift ranging from 2.3 to 3.3 cm a! (Barra
et al. 1992; Tibaldi and Vezzoli 2004; Carlino et al. 2006). During the resurgence over the last 28
ka, most of the eruptive centres have been aligned along the caldera structure_(\Vezzoli, 1988).
Between 28 ka and 18 ka the volcanic activity migrated to the SW and SE sectors of the island_(Fusi
et al., 1990). while-However, during the most recent period of activity, from 10 ka to 1302 A.D.,

the eruptive centres centers were-have become clustered in the eastern and northern sector, with the
emission of domes and lava flows (\ezzel—1988;Fusi-et-al—1990;-de Vita et al., 2010). The last
eruption in the island took place in 1302 A.D._(de Vita et al., 2010)—whie-theresurgence—has

The circulation of undergreund-hydrothermal fluids on the island is linked to its volcano-tectonic
dynamiestructural setting, whose permeability is controlled which—was—characterized—by the
positioning—relative location of lavas and pyroclastic deposits. FFhe—fluid circulation is thus

correlated withte the occurrence and interlayering of different deposits, and mostly takes place at
pathways of high permeability such as atthreugh-the-fractures and faults inef welded tuffs and lavas
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and within the pores of unconsolidated pyroclastic deposits (Celico et al., 1999; Carlino et al.,
2014). The shallow stratigraphy of the western sector (down to a depth of 1 km) has been inferred
from a—+range-ef-borehole_measurements s (Penta and Conforto, 1951; see figure 1 for borehole
locations). In the central zone of Mt. Epomeo and along its boundary the-while coarse volcanic
deposits represent-form a the-shallow permeable layer, while-fractured tuffs.and lavas and marine
clay deposits eharacterize-make up the-semi-permeable and impermeable layers, respectively. In the
western area of the island the aquifer generally has a lower transmissivity than in the eastern sector
(Celico et al., 1999). The effect of volcano-tectonic structures is noticeable above the main faults
bordering Mt. Epomeo, where the shallow aquifers have been pushed dislocated—upward in
correspondence to the uplift of the block (Sbrana et al., 2009; Carlino et al., 2014). Along the
western faults are-loeated-the-hot springs are located about highly permeable path ways associated
with high thermal energies with-targercapacity-and-greaterthermal-energy-(Chiodini et al., 2004)

(Figure 1). Also inferred in the western sector is the occurrence of mixing processes between

marine water and hydrothermal fluids, testified to by the high salinity of the fluids sampled latter
close to the coast (Celico et al., 1999; Di Napoli et al., 2011). In the southwestern sector of the
island the shallow resistivity model obtained by Di Napoli et al.; (2011) highlights the presence of a
zone of high conductivity, whose top is located at a depth of about 100 m and which is related to the
superficial hydrothermal reservoir. Geothermal gradients of the island are typically very high,
ranging in the hottest areas (south-western sector) from 180 _°C kkm-! to 200 _°C kkm (AGIP,
1987). These high gradients are associated with an efficient heat transport from the reservoir
through an advection-dominated system (Carlino et al., 2012; Carlino et al., 2014). Taking into
account the-abevethese gradients, the transition from a brittle to semi-brittle regime should take
place at a depth of about 2-3 km (Carlino et al., 2014), while the depth of the brittle crust is possibly
higher-deeper in the north with respect to the southern sector (Carlino et al., 2006).

At present time the island is subject to slow subsidence, reflecting a gradual depressurization of the
magmatic or hydrothermal system beneath Mount Epomeo (Sepe et al., 2007; De Martino et al.,
2011).

MT data collection, analysis and inversion.

Tir—order—to characterize the first few km—kilometers of the crust of the island of Ischia a
magnetotelluric survey was performed. Magnetotellurics is an electromagnetic geophysical method
for measuring the resistivity of the earth’s interior by recording the natural electric (E) and
magnetic (H) fields on the surface (Vozoff, 1991) as they vary over tme. In the present application,

fluctuations of the orthogonal components of these fields have—beenwere recorded in
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correspondence—to-theat 20 measurement sites (see figure 1 for locations). Measurements were
carried out using a Stratagem EH4 instrument, produced by Geometrics-and-lasted-as-long-as-afew

heurs. Only the horizontal components of the E and H fields were recorded, neglecting the

sampling of Hz which is usually considered as only providing limited additional information
regarding the dimensionality of the Earth’s local structure (Vozoff, 1991; Simpson and Bahr, 2005).
Once the-series-of-thedata set of field fluctuations over time had been collected, the underground

resistivity complexity was obtained as a rank-2 tensor, Z, correlating the two orthogonal pairs

(Ex,Ey) and (Hx,Hy) at the Eearth’s surface in the frequency-domain. This tensor is correlated withte
the MT apparent resistivity and phase curves, which compose the final dataset. To estimate such
curves, the collected time series spectra have been estimated using a short time-period Fourier
transform performed over the 104 ~ 10'} s peried-range. Such a period was examined in-erder to
investigate the structures located across the first few km-kilometers of depth below ground level.
THrfaet—the investigatedive depth of the electromagnetic waves depends on their capacity to
penetrate into the Earth. This, in turn, is directly related to rock resistivity. In a uniform substrate
the electric and magnetic fields weaken exponentially with depth, the more conductive the
earthrock, the lower the penetration. The depth at which the fields had-declined to e of their values
at the surface is ealled-termed the skin depth § = (2p/ww)1/2 = 500(p/f)1/2 (in metres) where, p is
the resistivity, f is the frequency of the wave, w = 2mfand p is the permeability. The latter is

usually taken as being equal to po (free space permeability), except in highly magnetic materials.

Frequency enters into the equations because the magnitudes of the induced telluric currents depend
on the rate of change of the magnetic fields over time (Vozoff, 1991, Simpson and Bahr, 2005). Fo

s

After the application of short time-period Fourier transform, data belonging to each ene-of the MT
surveys were analyzed using the rebust-algorithm presented-inof Egbert and Booker (1986). This

was used to avoid the distortion in the estimated MT curves, which might emerge from the time

series due to the presence of anthropic noise, especially for surveys in urbanized environments. This
kind of algorithm has proven to be effective in the case of single station MT surveying (Egbert and
Livelybrooks, 1996; Bai et al., 2001; Brasse et al., 2001; Pous et al., 2002). Its application in such a

context was tested during the electromagnetic imaging of the nearby Campi Flegrei area (Troiano et
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al., 2014; Di Giuseppe et al., 2017a) in-erder-to analyze the-MT soundings. Its performance also
proved to be adequate in the case of Ischia and the MT curves obtained do not appear affected by
anomalous behaviour, such as a strong scattering of the points, strong oscillations or rises in the
apparent resistivity, etc., that might signal the presence of coherent noise. Finally, the MT curves
were analyzed using both MT-corrector® and Winglink® commercial software_(Figure 2). Seme-of
Furthermore—o0ne of the first issues concerning magnetotelluric data is se-caHedthe static-shift
(Jones, 1988). The data may suffer a sort of indetermination in the level of the apparent resistivity
curves, due to the galvanic effects of shallower bodies. Such an issue, that does not affect the phase
curves, was taken into account by carrying out Local Electrical Resistivity Tomographies (ERT).
ERT, being based on a DC current source, does not suffer such issues and it is possible to use
tomography of this kind to synthetically reconstruct the correct level of the MT apparent resistivity
at high frequency. t-the-foHewing-the-dataset-has-been-arranged-considering-tTwo separate profile
lines, which were oriented along N-S and the WSW-WNE transects_were set up. These profiles, 5
km and 3 km long respectively, covered the central-western sector of the island (figure 1). For each
of the two profiles the apparent resistivity and phase curves relative to both the TM (Transverse
magnetic) and TE (Transverse electric) modes are shown in figure 3, under pseudosection form
(Vozoff, 1991).

As an initial step, the MT data dimensionality was analyzed. As-is-wel-krewn—tThe introduced Z,

which correlates the electric and magnetic fields on the Earth surface, presents peculiar

characteristics in the case of 1D or 2D symmetries actually present in the data (Vozoff, 1991,
Simpson and Bahr, 2005; Troiano et al., 2009) and several approaches exist in the literature to
investigate this issue, namely the Wal method (Weaver et al., 2000), the-phase tensor analysis
method (Caldwell et al., 2004) and the-Groom and Bailey’s method (McNeice and Jones, 2001).

In the present case, the—phase tensor analysis has been applied. This method, introduced by
Caldwell; et al. (2004) was suecessively-well-described in Berdichevsky and Dmitrev (2010), where
it is possible to retrieve details regarding the everalh-methodology, the definition of the phase tensor

D D
[@] = [q)"" q)"y and all the derived quantities. Figure 4 reproduces the behavieurbehavior of the
yx yy

Dy + Dy
Drxt+Pyy

orientation of the phase tensor ellipse, i.e. the a; = %sin( )%gt the-eu—angle, defined in

Berdichevsky and Dmitrev (2010); it is also reproduced; ane-the Caldwell-Bibby-Brown Skew

1 Dy =D -
angles, skewcgg = Sarctan ( q)"y <I>fy(>l for every survey, over four distinct frequency bands,

xx

respectively centredcentered on 0.9, 9, 90 and 900 Hz. In a model with the two-dimensional
regional background, skewcegs = 0 and the principal directions of the phase tensor coincide with the
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a1 angle. In the case of a 3D the-three-dimensonal-asymmetric regional background skewces # O.
This angle represents a correction for the regional background asymmetry, which can be neglected

if small, so that we can rely on the reserting—to-the—two-dimensional-2D approximation of the

regional background. As expected in a volcanic context, the skewces does not seem to present a
behavieurbehavior adequate to support a 2D inversion in-the-present-case-and a different approach
hasd to be pursued. It is worth noting that this step is the basis on which to choose one of the

possible strategies that might turr-eutprove to be more satisfactory for the data inversion.

Despite the well-conselidated-tested 2D approach generally being thought of as the optimal to
choose in terms of a compromise between the numerical complexities of the task and the
affordability of the results, its incorrect application can lead to very misleading results and
examples exist in literature where the differences originating from a 3D reinterpretation of
previously analyzed MT data have led to models having very different implications (Booker, 2014).
On the other hand, even if various 3D inversion codes have been proposed in the literature
(Siripunvaraporn et al., 2005a; Kelbert et al., 2014) and if 3D inversion is-has been actually
developed in MT surveying (Rosenkjaer et al., 2015; Yang et al., 2015), such a procedure is still
turns-eut-to-be-not totally stable and requires a high number of sampling sites to be applied. In the
Ischia survey work, the legistical-morphological conditions limited the number of surveys-sites and
imposed the alignment of the sites along two crossed lines. This configuration has to be taken into
account when the inversion strategy is questioned.

Many papers in the literature eencern—consider 3D the—three-dimensional—inversion of twe-
dimensional—2D profiles (e.g. Ledo et al., 2002; Siripunvaraporn et al., 2005b). —which
hightightThese highlighted the limits of this approximation when the TM and TE apparent
resistivity and phase are considered separately. Such a situation has also already been dealt with in
Troiano et al. (2014), which—who presented the—three-dimensionala 3D inversion of an
electromagnetic survey carried out in the Campi Flegrei area. In this last—case, the ene-
dimensionallD inversion of the Z determinant has preven—proved to be a useful tool to set up a
strategy to interrogate the effects of three-dimensional-buried structures in 3D based on twe-
dimensional2D survey profiles. Such guantities—considerations prove tura—eut-to be particularly

significant in volcanic environments (Ranganayaki, 1984; Pedersen and Engels, 2005; Troiano et
al., 2014) and the resistivity model that can be obtained through this step, despite the strong
limitation linked to the 1D approximation;-may-be-an-eptimal-starting-medel.

The likely indetermination related to the effects due to the eventual presence of lateral anomalies on
the MT sections have-beenwere here sucecessively-taken into account through a 3D based ferward
trial-and-error procedure_(Troiano et al., 2014). The latter is-was carried out through the use of the
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subroutines of the WingLink® commercial code in order to estimate the apparent resistivity and
phase curves. The subsoil was divided up into 76 -x-79 -x-36 cells, with dimensions ranging from
50 m (in the core of the modeled area) up to 1 km (in the external zones) and an objective function
was evaluatedderived, based on the misfit between measured and reconstructed apparent resistivity
and phases. This trial-and-error procedure begins with the resistivity model obtained using the 1D
inversion of the Z determinant. A wide range of alternative models were then compared, taking as
the most adequate that the-one-related to the lowest root mean square (r.m.s.). At the end of the
procedure, an optimal model, corresponding to an r.m.s. less than sevenatewerthan—7-+m.s—value,
was selected. We note that sueh—a—procedure—is—weHl-founded—in-the-titerature—and-that-the r.m.s.
value obtained here was compatible with eres-those presented in-tterature-for similar applications
(e.g. Schwalenberg et al., 2002; Abdul Azeez and Harinarayana, 2007; Rao et al., 2007; Heise et
al., 2008; Arango et al., 2009; Troiano et al., 2009 and Troiano et al., 2014).

An error threshold of 5% was considered for both the apparent resistivity and phase curves. More
details for the data analysis and inversion procedures can be retrieved-found in Troiano et al. (2008)
and Troiano et al. (2014). The sections corresponding to the two eressed-profiles of figure 1 are
represented in figure 5 and figure 6, respectively. The main electrical anomalies have been labeled

with capital letters and will be interpreted geologically in the following section.

Considering At-this—peint-one—a ue—should—bediscussed—conecerning

account—the—rule-of-thumb’s—forskin-depth-and-considering—a mean electrical resistivity for the
medium of about 100 Qm, the maximum period of 10 s was found to be associated with a wave
penetrating more than 15 km into the crust. The models of figure 5 and figure 6 resolve to a

maximum depth of about 3 km.-which-then-prove-to-be-completely-determined. A Apart-from-such

empirical-considerations;-a-full sensitivity analysis was also carried out, following Schwalenberg et
al. (2002). In figure 7 the sensitivity maps are reported, relative to the resistivity cross-sections of

both figures 5 and figure-6. Sensitivity represents an estimate of the changes induced in the data by
infinitesimal variations in the underground electrical resistivity. There is not an-univocal threshold
for the sensitivity required to indicate that a structure is well resolved, but the procedure presented
in Troiano et al. (2008) and Troiano et al. (2009) supports the conclusion that both the—our
resistivity cross-sections are reliable. The consistency of the main bodies retrieved in the sections

was further questioned by removing the anomaly from the model and recalculating the relative

r.m.s. he—absence—o anifican hanges—in—thi

analyzed-zone—On-other—hand,—sSignificant r.m.s. variations with respect to the error thresholds

could—can be considered as an indicator that the investigated part of the model exhibits good
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resolution. For example, in the NS section displayed—inof figure 5, the resolution of the zones
labeled as A, B1, B2 and C was tested. When the resistivity of the model was modified only ir-the
A-zone_A, substituting the few tens of Qm retrieved with the data inversion using the 200 Qm
identified in the surrounding area, a 13.4% change in the r.m.s. was obtained. This indicates that the
A zone exhibits good resolution. Analogous results were obtained for the-remaining-bediesall other

Zones.

Results
The resistivity imaging of the island of Ischia has allowedaHews us to recognize a number of

sectors, down to a depth of 2-3 km, with resistivity anomalies that are ascribable to the-distinctive

processes and physical conditions of the hydrothermal system below the calderathe-erust. From the

S-N profile (Figure 5), moving from south to north, it is possible to highlight a relatively higher
resistivity zone seuth-extending to station 16 (Ischia6) (this is zone A with-where resistivity values
of thousands of Qm). There is then; a lower resistivity channel (zone B, with a few tens to hundreds
of Qm) between the measurement stations 17 and 18, and a high resistivity zone (C) beneath the Mt.
Epomeo resurgent block (several thousands Qm at a depth below 1000 m, between stations 15 and
113). A-and-a further zone of lower resistivity (zone D) occurs on the northern coast (<50 Qm).
Along the WSW-ENE profile (figure 6) a rapid change in resistivity (from several thousands of Om
to a few tens of Qm) is observed i-to the WSW-zene. Beyond the anomaly beneath Mt. Epomeo
(C1, a few thousand ef-Qm), four other zones were-can characterized. The first one is Aa channel
with lower resistivity between the stations 120 and 121 (E) which is well developed down to the
bottom of the profile (at a depth of 2.5 km). W-and-within its-the interior_of this channel, two lower
resistivity zones (a few tens Qm) appear: the first one (E1) is located at shallower depths, up to 500
m below the surface-level, and the second one (E2) develops from a depth of about 1500 m to the
bottom of the profile. FurthermoreFinally, a roughly circular shallow area (F) with very low relative
resistivity (less than ten Qm) can be identified uphHl-ENE to station 118 (figure 6).

The agreement between the two resistivity cross-sections of figures 5 and figure—6 have been
evaluated in fFigure 8, where a stereographic view of the retrieved anomalies is provided. In the
area where they two profiles intersect the-our magnetotelluric imaging detects a coherent resistive

structure in correspondence to the Mt. Epomeo resurgent block.

Interpretation of the resistivity cross-sections
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TAs-is-wel-knewn—the peecuhiar-sensitivity of electrical resistivity to the presence of groundwater
provides electrical and electromagnetic methods with a high detectability power with-respect-tofor
resolving buried structures. However, once the presence of the electrical resistivity anomalies have
been inferred; in volcanic settings, the interpretation of the geophysical imaging remains inherently
difficult. As-Because the resistivity of rocks is generally affected by the water content, alteration
(through their clay content and clay mineralogy), salinity of the pore water and temperature, the
physical properties of porous rocks in geothermal and volcanic areas remain poorly known_(e.g.—A
digression-regarding-such-issues-can-beread-in-Revil et al.; 2002}, Revil et al. {2017a} and Revil et
al. {2017b)-and-thereferences-therein. Summarizing-theirconsiderationsr-gGroundwater in volcanic
settings flows within porous materials, which may present-undergo a greater or lesser degree of
alteration. This alteration is due to a chemical weathering of the minerals by the hot hydrothermal
fluids, including hydration-dissolution processes of the volcanic glass and the formation of

aluminosilicates such as {clays and zeolites_(Schon, 2015)}. Hydroelectric coupling in these porous

rocks is influenced by the presence of these aluminosilicate minerals due to their role in blocking as

a—restt-of-thelrkey-pesition-inside-the connected pore space. Electrical conductivity provides two

contributions. The first is associated with conduction within the butk—pore water. The second
contribution,—caHedis termed surface conductivity and; is associated with conduction in the

electrical double layer coating the surface of the-grains_(Berdichevsky and Dmitriev, 2010; Schén,
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2015)). Both of these processes eeutd-can bring about an increase in conductivityies and, using only

resistivity data, it is not easy to separate surface from bulk conductivities at a given pore water
conductivity. In our case, a numbers of ambiguities in the interpretation of our data were reduced by
correlating the resistivity anomalies with data provided by—from drillings (see figure 1 for
locations), down to a-maximum-depth of 1150 m, and with previous geophysical and geochemical
modeling of the island_provided by Nunziata and Rapolla (1987), Chiodini et al. (2004), Paoletti et
al. (2005), Di Napoli et al (2009), Di Napoli et al., (2011), Carlino (2012), Paoletti et al., (2013),
Carlino et al. (2014).

The resistivity contrasts between the-zones A, B, C and D zenes-of N-S profile (Figure 5) present a

good correlation with the known volcano-tectonic features of the island, such as the boundary of
caldera eeHapse-and the Mount Epomeo resurgent block. In particular, thea structural limit of the
caldera is perhaps-recognizable in the southern sector, close to the station 16. A normal fault, with a
NW-SE strike affecting the south-western uphft-sector of the resurgent block (see atse-figure 1 for
fault location) (Vezzoli, 1988), eerresponds—tocoincides with the resistivity contrast between
stations 15 and 8. In addition, north te—of station 14, the resistivity variation pattern can be

interpreted as the occurrence of minor faults facilitating the block uplift in the period since 33 ka

( Formatted: Font: 12 pt




372
373
374
375
‘376
377
k78
379
380
381
382
383

384
‘385
386
387
‘388
389
‘390
391
392
393
394
B9s
396
397
398
399
400
101
402
403
104
105

ago (Vezzoli et al., 2009). In the northern sector (figure 5) a low resistivity surfacezone, which
deepens to about 700-800 meters down, from-between the coast to the inner part of the island, is
perhaps attributable to the interface between saline water and fresh water due to the latter’s
buoyancy.

Between the-measurement stations 17 and 18 a lower resistivity channel can be identified (B in
figure 5). In particular, two major anomalies (B1 and B2) have been detected along this channel.
The shallower one, B1, has a vertical extent of up to about 450 m b.s.l., while the deeper one, B2,
develops from about 1100 m to 2500 m b.s.l. Aceerding-te-theFollowing hydrothermal studies of
the island (Di Napoli et al., 2009, 2011) and frem-drilling data (Penta and Conforto, 1951; Penta,
1963; AGIP, 1987), we have-can interpreted the resistivity anomalies B1 and B2 as two aquifers,
the former with a temperature of about 150°C, and the latter with a temperature of 250°C_(Chiodini
et al., 2004). These are; formed by a mixing of liquid_and+vapour (Chiodini et al., 2004). The lower

levels of the aquifer B1 and the upper level of the aquifer B2 are in good agreement with the
hydrothermal model proposed by Di Napoli et al.; (2011). Along the WSW-ENE profile (Figure 6)
two zones, E1 and E2, have been interpreted as two aquifers similar to those inferred along the N-S
profile (B1 and B2). In accordance with the vertical tectonic movement of the island (resurgence),
the top of the-aquifer B2 (N-S profile of figure 5)that is closer to the uplift block_and; has been
dislocated upwards with respect to the aquifer E2. The bottom of the aquifers are possibly sealed by
argillfication processes which took place before the-resurgence. Furthermore, as shown in Figure 9,
the shape and location of the whole channel exhibiting low resistivity is possibly reconcilable with a
thermal anomaly (a plume) associated with a—+ebust-advection of hydrothermal fluids. This is; an
interpretation also supported by the-drill hole data from—drillings—and by the presence of large
fumaroles and a hot-spring field (with temperatures up to 100°C), immediately north and west of
the-stations 120 and 121, respectively (Citara site, see-alse-figure 1) (Penta and Conforto, 1951,
AGIP, 1987; Chiodini et al., 2004; Di Napoli et al., 2011; Carlino et al., 2014). Asis-wel-knewn;
tThe presence of such a thermal plume should leave a clear geophysical signature and the earrying
eut-ofnewfuther surveys might allow it to be fully characterized (Jardani et al., 2008).

One of the main features of the resistivity images is the occurrence of a high resistivity zone (>1000
Qm) identified-in both the N-S and WSW-ENE sections (see zones C and C1 in figures 5 and 6,
respectively, as well as—and figure 8). This anomaly is delimited ir—the-upper—part-by the faults
bordering the resurgent block. Considering the high heat flow and the elevated geothermal gradient
of the area (Carlino et al., 2014), which—generaly—tends—tolower—theresistivity—ofroeks; the
relatively high resistivity anomaly (C and C1) can be debated-explained in terms of reek-type-and
texture—and—their—associated—permeability. An—initialremark—is—thatthe—hHigh resistivity is
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possibhycan be associated with a lower flow of hot hydrothermal fluids-irte-thereecks. This process,
typical of many volcanic areas_(Marsh, 1984), is related to the occurrence of crystalline rocks such

as intrusive bodies with very low permeability (k) erimpermeable-({e-g—k+rangingwhich ranges from
1017 to 102 m2 for granite, for example) (Brace, 1980). Such low permeabilities wouldFhese

inhibit the passage of fluids because the minimum permeability for volatiles to transfer into the
shallow crust is 10-2 to 10-8 m2, while for fluid transfer the figure is > 10-16 m2 (Ingebritsen et al.,
2010). Furthermore, geochemical and isotopic investigations (Tedesco, 1996) have highlighted the
presence of magmatic fluids—{with-smaterustal-contamination), which probably escape laterally
from below to the magma body because they encounter a permeability barrier in a hugher its-upper
and-more crystalline part. The presence of a shallow magmatic body (=2 km in depth) beneath the
Mount Epomeo resurgent structure, hasd already been inferred by others authors from interpretation
of ing magnetic and gravity data (Nunziata and Rapolla, 1987; Paoletti et al, 2013 and references
therein). For instance, the contemporary presence of a magnetic minimum and a gravimetric
maximum (slightly decentred to the SW with respect to the centre of the island), might be explained
by the existence of an intrusion or several intrusions and/or by partially melted zones to create

pockets of crystal mushspets{mush). This hypothesis is supported by the high temperature gradient

measured in the central-western sector of the island (Penta and Conforto, 1951; Penta, 1954;
Ippolito and Rapolla, 1982; Panichi et al., 1992; Paoletti et al., 2009). Furthermore, an undated
intrusive rock was found at the bottom of the 1050 m deep weldrilling, located west of Mount
Epomeo (well 2 in Figure 1) (Penta and Conforto, 1951; AGIP, 1987). Our findings seem to
confirm the presence of such a shallow magmatic body;—suggesting-an-even-shalowerone; with a
bulge penetrating up to about 1_km below the surface. Furthermore, taking into account the
geothermal gradient of the island (about 200°C km-?) (see Carlino et al., 2012, 2014 for details) the
solidus temperature (onset of melting) may be encountered at a depth >3 km.

As a whole, we are confident that this magmatic body represents an intrusion and cannot be related
to other different-high resistivity structures, such as an uplifted resistive-basement or unfractured
rocks filling the caldera. Further observations supporting our statement include-the—feHewing: the
high rate of resurgence of Mt. Epomeo, elearhy-which indicatesing a magmatic process (injection)

as driving mechanism (Tibaldi and Vezzoli, 2004; Sbrana et al., 2009) as driving mechanism; the

observed pattern of deformation that can be associated with a shallow magmatic source with its top
at about 2 km b.s.l. (Carlino, 2012)—with-the-top-at-about2-km-b-sl; the observation that arrival-of
new trachybasaltic magma arrived in #ate the shallow magmatic system before the volcanic activity
28-18 ka (Civetta et al., 1991); the melt inclusion data that reveal that the of eruptive products of
{73-59 kay) that-were-withincame from a magmatic storage region located at a depth of about 2 km
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(Sbrana et al., 2009) and, finally, the very high geothermal gradient and high temperature
hydrothermal system, associated with the presence of a shallow magmatic body (Sbrana et al.,
2009; Carlino et al., 2012, 2014).

The structure-of-the-resistivity anomaly (figure 8) perhaps thus represents the apex of a laccolith (or
alternatively a series of cone sheets) (Westerman et al., 2004) intruded into the shallow crust of the
island (Rittman, 1930; Sbrana et al., 2009; Paoletti et al., 2013; Carlino et al., 2006; Carlino, 2012),
sinee-atover the least 33 ka (Carlino, 2012 and references therein). Considering both the N-S and

WSW-ENE profiles, the intrusion seems to have a branch that is elongated N-S in the western

sector of Mt. Epomeo.

Finally, we can compare the WSW-ENE profile has-been-compared-with the geology of the island
(Carta Geologica dell’isola d’Ischia, CARG project), which in this sector is mainly constrained by
the stratigraphy revealed from the drilling stratigraphy-(figure 10). From-As we seen in figure 10,
some-correlations—can-be-highlighted—around the-station 120—here the resistivity anomaly (>2000
Qm) corresponds to the Punta Imperatore lavas and to the eruptive eentrecenter of Campotese (see
also figure 1). These lavas, dated to about 177 kay (Gillot et al., 1982), are dissected by faults that

possibly do not involve the more recent, overlying, deposits and that are associated with the

collapse of the caldera rim. As-already-mentioned-abeve,tThe contrast in resistivity highlights the
difference between the lower consolidated deposit of the inner caldera and the structural domes at

the caldera rim. UphH-ENE to the-station 118 a very low resistivity area coincides is-weH-matched

with the most important fumarole field ofs the island (Bocca di Serra, Donna Rachele fumaroles);

alteration. The fumarole field covers about 0.80 km?2 (80 hectares), with emissions totaling = 9 td1
(volume) of CO: ristrg-that rise along frem-a system of vertical faults (Chiodini et al., 2004). This
system is perhaps partly fed by a relatively deep hydrothermal aquifer (about 600 m deep) (Chiodini
et al., 2004), whose fluids take advantage of thealeng-the structural discontinuity (faults and
fractures system) located at the boundary of the uplifted block. Ht-isWe also remarkable-thatwe-note
a coincidence guite—goed—agreement-between the variation in the-lithology encountered in the
stratigraphy of the wels—drillings (weHs-drillings A2 and -4, see figure 1 for location) (AGIP,

1987) and the variation in resistivity encountered in the-our cross-sections (figure 11a, b). Finally,
in order to assess the influence of the intrusion on the tilting of the Mt. Epomeo block (Acocella and
Funiciello, 1999) we need to improve our measurements to get a wider 3D imaging, because the
resistivity anomalies seem to have a complex shape that cannot be well constrained by 2D

inversion.
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Discussion

varying interpretations of the caldera resurgence process, the most common is that of magmatic

intrusion which can evolve in a range of ways, from sills, to dikes or laccoliths,—preducing—=a
variable-amount-of uphift-and-structures-within-the-resurgent-area-(Paige, 1913; Henry et al., 1997,
Acocella et al,, 2001 and references therein). This process is generally associated with the
formation of well-developed geothermal systems_(Hulen et al., 1987).

A—One breader—implication of this study involves the mechanism producing the-resurgence of
calderas. As in the case of Ischia, the relatively high rate of uplift, which provides a strain rate of at
least one order of magnitude larger than tectonic processes (Carlino, 2012), excludes a regional
tectonic contributione. The large-and-long-term rate of uplift makes it possible also to exclude any
non-purely magmatic contribution to the resurgence, such as the oversaturation of volatile species
in a shallow and crystallising magma body (Tait et al., 1989) or a fluid contribution (Hurwitz et al.,
2007). These processes are typically associated to relative small-scale (metres) and short-term
(months to; years) disturbances and, as in the case of the contribution of fluids, a partial recoverying
of the deformation occurring will takes place (see, for instance, the example of Campi Flegrei
caldera; Troiano et al., 2011 and references therein). The long-term resurgence of Ischia (from at
least 33 ka to 5 ka) was punctuated by phases of quiescence (de Vita et al., 2010), which possibly
corresponded to the-periods of volcanic activity (Carlino et al., 2006). ; while-However a larger
proportion of the magma arriving inte the shallow system (Civetta et al., 1991) has not been
erupted, and merely contributesd to the uplift of Mt. Epomeo (Carlino et al. 2012), forming a very
shallow intrusion whose occurrence seems to be confirmed by resistivity data. This behaviour that;
for-instaneceis different when compared to that of the nearby Campi Flegrei caldera, (where some
caldera sectors were uplifted by less than 100 m, while larger eruptions occurred). It; is instead
similar to ether—veleanoes—as-observed—for-the Grizzly Peak caldera (Colorado) (Fridrich et al.,
1991) and for—the—volcanic—island—of—Pantelleria (Southern Italy) (Orsi et al., 1991). In the
abevethese cases, the rheology of the shallow magma sources and the response of the surrounding
rock walls to the stress induced by the pressure of the magma possibly control the different
evolutions of caldera resurgence-{tetal-uphft-vs—erupted-volumes). For instance, the temperature of
the intruded magma and of the surrounding rock, wahs-together with the injection rate, strongly
affect the behaviour of the system_(Jellinek and DePaolo, 2003). Large geothermal gradients and

low magma injection rates enhance creep processes instead of catastrophic failure, increasing the
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accretion of magma at depth and inhibiting eruptions (Jellinek and DePaolo, 2003). Overall, when
the magma is the primary source of the resurgence of calderas, it is crucial to estimate its volume,
thermal state and thermal history (Cooper and Kent, 2014), while the rheology of the magma itself
and of the surrounding rock wahs-is critical in the evolution of the resurgence (Carlino and Somma,

2010). For the island of Ischia, if we assume a roughly radial symmetry of the resistivity anomaly
associated with the magma intrusion (about 2 km in radius and 2 km in vertical extension), at least
for the crust down to 3 km, that we obtain get a magma volume of about 6 km3. If this has been

gathering since 33ka (Tibaldi and Vezzoli, 1998), then the accumulation rate is about 1.8-10* km3

a1 This possibly represents a lower limit of the volume of magma (and the magma rate) intruded

into the shallow crust, which, in its present state_(having been gathering over 33ka), is not likely to

prove eruptible due to its thermal condition. That is{the magma is-will be highly degassed and the

maximum temperature is possibly < 600°C (and-is-belew-the-melting-peint—see-alse-Carlino et al.,
2014).

Conclusions
Fhe-Our_magnetotelluric survey carried out in the southern and western sector of the island_of
Ischia, detected several electrical resistivity anomalies, wp—down to a depth of 3 km. The
interpretation of the resistivity cross-sections and the-comparison with previeus—other geological,
geophysical and geochemical studies-data provide-allow the following mair—findingsconclusions
and inferenes:

- a large thermal anomaly has been inferred-found in the southern and western sector of the

island and is associated with a sustaired—zone of heat advection ef-and circulation of
hydrothermal fluids (Figure 5 and 6). The presence of two major hot aquifers, previously
hypothesized by geochemical studies (Chiodini et al., 2004, Di Napoli et al., 2011), has also
been definitehy—locatedlized in the southwestern sector_of the caldera. The aquifers are
foundreside at different depths, with the depths being controlled bydepending-on-the-vertical
tectonic movements, which have affected-caused deformation of the resurgent block of Mt.
Epomeo for-over at least the last 33 ka (\Vezzoli, 1988)y. The top of the deeper aquifers;
feeding the main south-western fumarole fields, and are located at a depth of about 1000 m

to 1500 m, respectively.
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- a large resistivity anomaly is located below the resurgent structure of Mt. Epomeo..—&leng

both-the-N-S-and-WSW-ENEprefiles: It is interpreted as the apical part of a crystalline (and

very low permeability) magmatic body intruded below the central part of the island (and
slightly dislocated towards the south-west) and whose apex reaches a depth of about 1 km

b.s.l. {in-the-central-western-part)-and-the-bulk-bedy-ef-which-isThis body is bounded by an
abrupt resistivity drop corresponding to the faults elese-around to the resurgent block of Mt.

Epomeo.

- we suppose-propose that this high resistivity body is associated with the laccolith of Ischia
(Rittman, 1930; Sbrana et al., 2009; Carlino, 2012), which produced the bending, fracturing
and faulting of the overlying crust, and which witnesseda—further-magma intrusion during
the final-most recent stage of the resurgence (5 ka) (Civetta et al., 1991; Vezzoli et al.,
2009). As result, the uplifted block hwas been broken up into minor blocks, with the
underlying laccolith possibly developing as a complex structure..—fermed—by—various
protrusions-on-its-apex. This laccolith is the engine of the robust geothermal system of the
island,_and -to be consistent with a high resistivity - is likely dominated by a highly
crystalline mush-

- finally—thefindingthe existence of such a shallow magma body is critical in terms of
volcanic hazard assessment-en-the-istand. The volcanism of the-island-Ischia seems, in fact,
to be strictly correlated to the resurgence process that, in turn, is reliant on the dynamics of
the laccolith (Carlino, 2012). A renewal of the-resurgence is—thuswill be related to the
reactivation of the laccolith {e-g—theby arrival of new magma) (Civetta et al., 1991).;This

whieh-may possibly produce a large disturbance of the geothermal system at a depth of
between 1 km and 2 km. A reactivation of such a shallow magmatic system may imply
imminent eruption and a-would pose high volcanic hazard (e.g.Cooper & Kent, 2014);

certainly it would cause hydrothermal emissions to evolve towards magmatic (Vaselli et al.,

2010)-.

Figures captions

Figure 1. Structural and geological map of Ischia Island (after Di Napoli et al., 2011). trdicated-are
tThe MT measurement stations along the N-S profile are given as {blue points); the MT
measurement stations along the WSW-ENE profile are {green points; the blue-green points are the

stations belonging to both the profiles); Drilling sites are given as the-geslogical-section-A-Aused
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in-the-textthe-deep-wells-on-the-island-{red points numbered frem-1 to 5). The shaded grey circular

area indicates the resurgence zone_and black lines are mapped faults (Di Napoli et al. 2011). The
dotted red lines indicate the resistivity section profiles.

Figure 2. Three examples of apparent resistivity and phase diagrams pertaining to the Ischia MT
survey work.

Figure 3. (a) NS-S-N Magnetotelluric profiles of apparent resistivity (above) and phase (below)
pseudosections relative to the TM mode. (b) NS-S-N Magnetotelluric profiles of apparent resistivity
(above) and phase (below) pseudosections relative to the TE mode. (c) WSW-ENE
mMagnetotelluric profiles of apparent resistivity (above) and phase (below) pseudosections relative
to the TM mode. (d) WSW-ENE Magnetotelluric profiles of apparent resistivity (above) and phase
(below) pseudosections relative to the TE mode _(see text for details).

Figure 4. Results of the data dimensional analysis carried on the tsehia-MT dataset using the phase
tensor approach. The data have been divided up into four contiguous frequency bands, respectively
centered on 0;9 9, 90 and 900 Hz. The phase- tensor ellipse orientation (in degrees) {e-g—the—e1
angle-defined-in-Berdichevsky-and-Dmitrev,2010)-and the Caldwell-Bibby-Brown Skew angles are
reportedgiven, for each MT survey, respectively-in (panel a) and (panel b), respectively.

Flgure 5. S-N resnstlwty proflle obtamed from the inversion of the MT survey_(panel b) ]

geethermal—featwes—ea‘—the—tstaeel—Dotted Ilnes are the faults assomated W|th the caldera boundary
and to the dislocation of the resurgent block (see text for details). It is also reported (teppanel a) the
topographic profile along the section.

Figure 6. WSW-ENE resistivity profile obtained from the inversion of the MT survey (panel b). The
resistivity anomaliesy (indicated-marked as E, E1 and E2) has-been-associatedis coincident with a
thermal plume producing high geothermal gradients and very high temperatures (~100°C) at the

surface (see-also—figure—7Carlino et al., 2014). It is also reported (teppanel a)) the topographic
profile along the section.

Figure 7. Sensitivity cross-sections relative to the resistivity models shewn—in-figure5-(NS-S-N
profile, above}-and figure-6-(WSW-ENE profile, below).

Figure 8. Topography in shaded relief of Ischia draped over the DEM (INGV web-GIS source),
perspective views from W (a), NE (b), SW (c), S (d). Beneath each are the resistivity data for the

two profiles so as to set in context the varlatlons we record W|th depth as WeII as dlstance from Mt.

Figure 9. Magnification of the central part of the WSW-ENE profile compared with the geotherms
(after Carlino et al., 2014) Comparison-of-a-detat-of figure- 6-(WSW-ENE resistivity-profie-with




Figure 10. Comparison of the shallower part of WSE-ENE resistivity profile with a geological
section of the island (from Carta Geologica dell’lsola d’Ischia, CARG project). Legend: PZE_=:
Pizzone Tuffs (~61 ka); TFS_=: Frassitelli Tuffs (~62 ka);VNU_=: dike and tabular intrusions-;
TME_=: Mount Epomeo Green Tuff (~55 ka); PIM-FGN_=: Punta Imperatore ancient lavas (~117
ka); ELF_=: Elephant pyroclastic deposits; TCT_=: Citara Tuffs (~45 Ka);SUN_=: debris and mud
flow deposits; PPI_=: Punta Imperatore pyroclastic deposits (~ 18 ka); PUS_=: Punta Soccorso
debris avalanche; a. = alluvial deposits. (from CARG project)

[ Formatted: Subscript

Figure 11 (a, b). Betai-Magnification of the sections given inef figures 5 and 6 with the position od
drill sites ane—stratigraphy—ef—wellrumbers—2 and 4 (see figure 1 for location)_from which
stratigraphic data are taken. Fhe-comparison-has-been-carried-out-to-correlatethe-variationin-the

resistivity—with-the—differenttayering—of buried—+roeks—Legend: (wel-drill n. 4) VB_= Volcanic
Breccia; GT = Green Tuff; GTL_= Green Tuff interlayered with trachytic lava. (wel-drill n. 2) RT =

Reworked Tuffs and Alluvium; TYT_=_Trachytic Yellow Tuffs; PLD_= Pyroclastic and Lava
deposits; GrT_= Green Tuff; TL_=_Trachytic lava
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