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Abstract The Campi Flegrei caldera is a large volcanic complex lying in the Campanian Plain, Southern
Italy. During its history the caldera experienced episodes of bradyseism and intense swarm seismicity. The
mechanism leading to unrest episodes is still debated, and great efforts are ongoing to improve the
knowledge of this structure and its evolution due to the high volcanic risk in such a densely populated area.
Here we present a resistivity model from a two‐dimensional inversion of audiomagnetotelluric data acquired
along an approximately 5.6‐km long profile crosscutting the Solfatara‐Pisciarelli district and the Agnano
plain. The resistivity model shows (1) very low resistivity values confined in the first 500 m of depth both in
correspondence of the Solfatara‐Pisciarelli districts and the Agnano depression; (2) a resistive plume that
extends underneath the Solfatara crater down to 2,000‐ to 3,000‐m depth, and (3) an adjoining relative
conductive unit eastward. We discuss the resistivity structures in a multidisciplinary framework integrating
inedited geochemical and seismological observations with existing surface geology and subsurface
information. The Solfatara‐Pisciarelli district and the Agnano plain, both being expression of intense
hydrothermal activity, show different characteristics. Below the Solfatara‐Pisciarelli area, the shallow
conductive zone is interpreted as a faulted clay cap that overlies a highly active vapor‐dominated reservoir
characterized by a convective mechanism. Conversely, below the Agnano plain, a liquid phase seems to
prevail in the reservoir. The spatiotemporal variations of seismicity imply a combined action of preexisting
tectonic lineaments and fluid interaction between the gas/steam reservoir and the outflow zone.

1. Introduction

The Campi Flegrei caldera (CFc) underwent two important unrest episodes in the last decades that raised
great concerns over a possible volcanic eruption in this densely populated area. The central part of the
CFc is presently experiencing unrest (Chiodini et al., 2016) and, in spite of extensive studies, the mechanism
leading to recent and ongoing episodes is still debated and attributed either to volcanic unrest or to
nonmagmatic, hydrothermal unrest with significant implications on hazard assessment (Rouwet et al.,
2014). Much information on the hydrothermal system comes from geochemical monitoring, but a
comprehensive definition of its internal structure is still lacking. To this end, an electrical characterization
may play an important role since resistivity is a suitable parameter to image fluid paths at depth.
Magnetotelluric (MT) modeling is therefore considered one of the most powerful tools to understand a
geothermal system, as testified by abundant literature (Munoz, 2014; Spichak & Manzella, 2009, and
references therein). In high‐enthalpy geothermal systems, like CFc, we expect electrical conductive
anomalies associated both to hot fluids circulating in faults or fracture systems and to intense clay alteration
product of the hydrothermal circulation. The large number of case histories, supported by laboratory data
and by direct comparison of MT resistivity distribution with well logs, allowed for a better understanding
of the relative role of the factors affecting resistivity in the geothermal systems.

The two typical, electrical conduction mechanisms in clay‐bearing, water‐saturated rocks are pore fluid
conduction and surface conduction, and both mechanisms are temperature dependent. Surface
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conductivity is directly proportional to the exchange capacity of clays (Ussher et al., 2000) and significantly
increases in the temperature range 100–150 °C, while its value decreases at higher temperatures (Komori
et al., 2013). Furthermore, as temperature is the major control of clay mineralogy, resistivity distribution
can give a rough estimation of temperature inside the geothermal system.

Laboratory data and well logs have shown that, especially in volcanic rock altered by the hydrothermal cir-
culation, clay products are very often the most important factor influencing resistivity of the caprock.
However, the presence of clay minerals prevents the application of the classical Archie's law that, in other
contexts, allows for a rapid evaluation of fluid amounts, as it states the linearity in log‐log scale between con-
ductivity and fluid amounts. In multiphase environments, careful consideration should be made on the type
of conductivity enhancement of each anomalous zone and a multidisciplinary approach should be favored.
The interpretation of the resistivity anomalies in geothermal areas gains, for example, special benefit from
the comparison between cation and gas geochemistry from thermal manifestations. Moreover, both geophy-
sical and geochemical data are among the most relevant surface data to constrain the reservoir properties
(Cumming, 2009).

The main aim of this work is to explore the first kilometers of the subsoil of the CFc central‐eastern sector in
order both to define the deep upraise path of the fluids and to gain insight on the mechanism leading to seis-
micity during unrest episodes. To this end, we present results from audiomagnetotelluric (AMT) investiga-
tion together with new geochemical and seismicity distribution data. Our primary targets are the Solfatara
volcano and the nearby Pisciarelli field (see Figure 1), which are experiencing a renewal of hydrothermal
activity with increasing flow rates and temperatures, expanding degassing areas and ongoing shallowmicro-
seismicity beneath the eastern slope of the crater.

The near‐surface Solfatara crater was recently investigated by several authors. Resistivity models, mainly
derived through high‐resolution electrical resistivity tomography (ERT), are given in Bruno et al. (2007),
Byrdina et al. (2014), Isaia et al. (2015), Gresse et al. (2017) for the near‐surface Solfatara crater. Troiano
et al. (2014) provided a resistivity model resulting by a combined controlled source audiomagnetotelluric
(CSAMT) and natural source MT survey along a profile extending from the Solfatara to the Pisciarelli field
for a total length of about 1 km.

In this paper we present the results of a multidisciplinary study based on a resistivity image obtained along a
5.6‐km‐long profile consisting of 22 new and unpublished soundings performed in the framework of the
MED‐SUV project (see Figure 1). This profile runs WSW‐ENE across the central‐eastern sector of the

Figure 1. Map of the CFc showing the location of AMT soundings (red dots), geothermal well (star), main fumaroles in
the Solfatara‐Pisciarelli district (cyan triangles), the Agnano Terme hot spring (green square) and W12 seismometer sta-
tion. Structures are reported from Di Vito et al., 1999. CFc = Campi Flegrei caldera; AMT = audiomagnetotelluric.
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caldera providing new insights into the internal structure of the geothermal system of the Solfatara,
Pisciarelli, and Agnano districts down to 3,000 m of depth.

We compare and discuss our new resistivity imagewith previous published resistivity models and use available
geologic and geophysical subsurface data to constrain our interpretation. It will be shown that our results
represent a substantial improvement especially regarding the relationship between shallow and deeper resis-
tivity characterization of the geothermal system. The integration of the resistivity model with geochem-
ical records, geophysical data, and earthquake locations provides key information for a better understanding
on the structure and properties (i.e., fluid physical state) of the hydrothermal reservoir and of the fluid path-
ways, as well as on the role played by fluids on the seismicity associated to recent unrest episodes.

2. Geological, Geochemical, and Geophysical Contexts

The CFc is a large volcanic complex hosted in a graben‐like structure that lies in the Campanian Plain,
Southern Italy (Figure 1). It is characterized by two nested depressions bordered by two concentric segmen-
ted caldera rings (Acocella, 2010; Tramelli et al., 2006). The caldera is filled by a 2000‐ to 3000‐m thick
sequence of Plio‐Quaternary continental and marine sediments and volcanic deposits, the majority of which
were deposited during the major eruptions of the Campanian Ignimbrite (about 37–39 ky; Civetta et al.,
1997) and Neapolitan Yellow Tuff (about 12 ky; Orsi et al., 1996).

Minor caldera collapses of different size formed between 10 and 5 ky inside the external ring, often following
smaller volume eruptions (predominantly phreatomagmatic), as for Agnano‐Monte Spina (de Vita et al.,
1999). Along the southwestern rim of the Agnano‐Monte Spina collapsed area (Figure 1) there are several
vents within less than 2 km2 including the Solfatara volcano (Isaia et al., 2015).

Historical resources and vertical displacement measures allow to reconstruct ground deformation of the cen-
tral CFc over the last 2,000 years (Parascandola, 1983). After a long phase of slow subsidence initiated in
Roman times, the CFc experienced a low‐rate ascending phase since the tenth century. This phase was inter-
rupted in the sixteenth century by an episode of rapid ground uplift and intense seismicity (Guidoboni &
Ciuccarelli, 2010) that culminated with the last eruption localized in the western sector of the caldera
(Monte Nuovo, 1538 A.D.; Figure 1). A new long‐term descending phase ended in the late 1960s when the
central part of the CFc underwent two episodes of rapid and extended ground uplift (1970 to 1972 and
1982 to 1984) associated to intense seismicity, referenced as bradyseism crises (D'Auria et al., 2011). Themax-
imum ground uplift (up to 1.8 m during the 1982–1984 episode) and the location of the earthquakes focused
in an area that extends from the town of Pozzuoli to the Solfatara crater. After the last bradyseism episode a
ground subsidence started lasting until 2005, when a new inflation initiated, resulting in a minor accelerat-
ing uplift (0.4 m over 10 years) of longer duration (Chiodini et al., 2016). Over the last 10 years low‐
magnitude earthquakes, often clustered in seismic swarm episodes, occurred mainly along the eastern bor-
der of the volume involved by the past activity that is the eastern slope of the Solfatara crater. This area of
renewed seismic activity includes the Pisciarelli field that hosts a weak phreatic activity where there was
the opening of new vents and a significant increase of flow rates and temperatures of existing fumaroles
(Chiodini et al., 2016). Long‐term geochemical monitoring assess that several kilotons of hydrothermal
fluids are emitted daily by the Solfatara‐Pisciarelli field through both diffuse soil emissions and vigorous
fumarolic vents. From 2003 to 2016, the area affected by the release of deep sourced CO2 tripled its extent
becoming of ~ 1 km2 and, concurrently, the amount of the diffusively released CO2 increased up to typical
values of persistently degassing active volcanoes (up to 3,000 t/d, Cardellini et al., 2017). Large variations
in the H2O‐CO2–CH4‐CO‐H2‐N2–He‐Ar composition of the fumaroles accompanied the increase of the flux
of hydrothermal CO2 (Caliro et al., 2014; Chiodini et al., 2015, 2016).

On the eastern side the hydrothermal activity at the Agnano Terme, in the center of the Agnano crater, is
different with respect to the ones in Solfatara‐Pisciarelli district because it is characterized by the discharge
of thermal waters rather than gas. At Agnano Terme the gas flux and their equilibrium temperatures appear
both much lower than at Solfatara (Vaselli et al., 2011).

Correlating seismological, geodetic and geochemical data D'Auria et al. (2011) interpreted the recent
dynamics of the CFc as repeated injection of magmatic fluids into the hydrothermal system being the cause
of both ground uplift episodes and seismicity. More specifically, Chiodini et al. (2016), based on both the
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observed variation at fumaroles (composition and fluxes) and the results of physical simulations, suggest
that magma degassing reached a critical pressure implying that increasing amount of magmatic water is
injected into the hydrothermal system causing heating and pressurization.

Furthermore, observed ground deformation for the 1982–2013 period would be controlled by pressure
changes in two distinct sources: a deeper pressurized triaxial ellipsoid at about 4 km in depth below
Pozzuoli and a shallower and smaller pressurized spheroid located at ∼2 km in depth below Solfatara crater
(Amoruso et al., 2014).

A lot of information on the caldera structure comes from geophysical exploration data as well as from seis-
mological data. Here we will focus mainly on what pertains to the central‐eastern sector of the caldera inves-
tigated by our AMT survey.

Several deep (2,000–3,000 m) boreholes were drilled onshore for geothermal exploration by AGIP (Rosi &
Sbrana, 1987) and SAFEN companies. A recent review of the whole data set is given in Carlino et al.
(2012). Among them, only well CF23 is located in the eastern side very close to our profile (see location in
Figure 1). This borehole drilled in 1954 (in some papers referenced as Agnano well) has attracted increasing
interest being its position close to the Pisciarelli area of increasing hydrothermal activity. Subsurface data
indicate a shallower aquifer in the upper 200 m and a deeper one at 1,400‐m depth with a temperature of
250 °C (Carlino et al., 2012). Also, a temperature rise to 300 °C (Todesco et al., 2003) and water with a Na
plus Cl content of up to 27 g/L (Piochi et al., 2014) were observed at the wellbore (1,800 m below sea level;
herein and after bsl). Piochi et al. (2015) reported an argillic sequence (containing abundant clay minerals
that formed at the expense of primary feldspar and glass) drilled down to about 750 m (see Figure 8 in
Piochi et al., 2015) and underlying a shallow phyllitic zone.

Concerning the deep caldera structure, modeling of offshore seismic reflection data has put in evidence a
low‐velocity layer about 7,500‐m deep and 1,000‐m thick that was associated with a partial melting zone
beneath the caldera thus considered as the source of the feeding system (Zollo et al., 2008). The present
MT investigation, due to its inherent depth of investigation, focuses on a shallow portion of the caldera
ascribed to the geothermal reservoir. Reservoir physical properties have been mainly inferred from passive
and joint passive‐active traveltime seismic tomography (Vanorio et al., 2005 and Battaglia et al., 2008, respec-
tively), as well as from attenuation tomography (de Lorenzo et al., 2001; De Siena et al., 2010). All these
tomographic studies are based on the reanalysis of events recorded during the 1982–1984 bradyseismic crisis
(Aster & Meyer, 1988).

Vanorio et al. (2005) integrated a reservoir‐scale 3D tomography with laboratory measurements and theore-
tical modeling of physical properties of the CFc rocks to characterize the geothermal reservoirs. Main fea-
tures of the 3D velocity model, retrieved also by Battaglia et al., 2008, were (i) a very low Vp/Vs flat
anomaly at about 4‐km depth underneath the center of the caldera interpreted as fractured, gas‐bearing for-
mations under supercritical conditions and (ii) a high‐Vp/Vs spot at 1.5‐km depth just under the town of
Pozzuoli interpreted as a brine‐saturated zone due to steam condensation. Velocity pattern correlates to
earthquake distribution with swarms occurring mostly in the upper part of the low‐Vp/Vs zone. We antici-
pate that the Vp/Vs information reported by Vanorio et al. (2005) provide key constraints to interpret our
resistivity image. The 3D tomographic reconstruction of the CFc was further analyzed in Vanorio and
Kanitpanyacharoen (2015) to support a rock physics model in which marine basement rocks housing meta-
morphic decarbonation are covered by an arch‐shaped tuffite caprock affected by hydrothermal reactions
(depth 1–2 km), overtopping the 1982–1984 seismogenic volume.

De Siena et al. (2010) found high‐attenuation vertical structures connected at the surface with the main vol-
canic structures, fumarole fields, and vertical faults. Underneath the NE sector of the caldera (including the
Solfatara area), de Lorenzo et al. (2001) interpreted a low‐Qp and low‐Vs anomalies as a densely fractured
porous medium percolated by fluids, while a deeper low‐Qp zone was ascribed to dominant temperature
effect on rock rheology.

The shallow structure of the Solfatara crater was the target of numerous high‐resolution geophysical surveys
based on geoelectrical or active seismic methods (Bruno et al., 2007; Bruno et al., 2017; Byrdina et al., 2014;
De Landro et al., 2017; Isaia et al., 2015). In a recent paper, Gresse et al. (2017) presented a 3D ERT of the
Solfatara‐Pisciarelli district characterized by unprecedented high spatial resolution. The high‐resolution
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3D resistivity model, integrated with geochemical and temperature data, reveals a two‐phase hydrothermal
structure and delineates in the near‐surface liquid‐dominated conductive plumes (< 5Ωm) underneath the
mud pool of Fangaia (hereinafter indicated as FA) and the Pisciarelli fumarole. Also, the high‐resolution
tomograms identify the fluid pathway feeding the fumaroles of Bocca Grande and Bocca Nuova (hereinafter
indicated as BG and BN) as a high‐resistivity gas‐bearing channel (20–40Ωm) connecting surface emissions
with a gas reservoir at ~ 60‐m depth.

Several efforts have been done in order to incorporate geophysical models and geochemical data in a com-
prehensive model of the geothermal system. Among them Petrillo et al. (2013) developed a 3D physical
model of the CFc geothermal system using the TOUGH2 code simulator and taking into account the caldera
rocks' physical properties (permeability and porosity empirically derived by density that was obtained from
tomographic inversion based on gravity data), bathymetry, and water table topography.

From the wide literature (only partially cited herein), it emerges the big efforts of research put in this area to
collect key information for hazard assessment in a so dense populated area. In the assessment of hazard in a
volcano‐hydrothermal system, like the CFc, the occurrence of hydrothermal nonmagmatic unrest has high
probability and in this environment the role of fluids instead of magma as the driving agent could be primary
(Rouwet et al., 2014). In this perspective, a multidisciplinary approach integrating MT resistivity modeling,
geochemical analyses, and seismological data could be a powerful tool.

3. Material and Methods
3.1. MT Data and Electrical Resistivity Model

The MT method exploits natural electromagnetic (EM) fields to investigate the Earth's subsurface electrical
conductivity. AMT refers to recording > 100 Hz to 10 kHz. In the frequency domain, the complex MT impe-
dance tensor Z relates colocated electric (E) and magnetic (H) fields:

Ex ωð Þ
Ey ωð Þ

� �
¼ Zxx ωð Þ Zxy ωð Þ

Zyx ωð Þ Zyy ωð Þ

� �
Hx ωð Þ
Hy ωð Þ

� �
(1)

Equation (1) holds assuming that the source fields are homogeneous plane waves. The elements of Z are
used to obtain the apparent resistivities and phases:

ρaij ωð Þ ¼ 1
μ0ω

Zij ωð Þ�� ��2;ϕij ωð Þ ¼ tan−1 Im Zij ωð Þð Þ.
Re Zij ωð Þð Þ

� �
(2)

For basic principles of the method and its practical applications, a detailed explanation may be found in
Simpson and Bahr (2005) and Chave and Jones (2012).

As a part of theMED‐SUV project, the AMT survey was carried out in the period 2012–2014 with a Stratagem
EH4 system. As the first recordings revealed the prevalence of low‐resistivity values it soon became obvious
the necessity to extend the impedance estimation with respect to the classical AMT range to better investi-
gate geothermal targets. With this aim, the acquisition system was equipped also with the low‐frequency
extension, thus using two different sets of sensors for the electric (two dipoles) andmagnetic horizontal com-
ponents to record data in the frequency range 0.1–105 Hz. To improve signal‐to‐noise ratio, a controlled
source in the frequency range from 1,000 Hz to 64,000 Hz was used for low quality data (further technical
information is presented in the supporting information). During the project, at each successive measure-
ment campaign, we made repeated site measurements to control stability of the AMT response. Data quality
was generally high, particularly for sites located inside the Solfatara crater, where several soundings were
acquired at least twice from 2012 to 2014. These repeated soundings showed seasonal variations in AMT
experimental curves outside the Fangaia mud pool, while soundings performed inside Fangaia mud pool
did not show significant changes (supporting information Figure S1). Whatever the origin of this effect
(e.g., see Romano et al., 2014), we selected only soundings performed in the autumn‐winter period in order
to prevent the introduction of seasonal near‐surface distortions in the inversion procedure.

The selected data set consists of 22 soundings (Figure 1) along a profile crosscutting the Solfatara‐Pisciarelli‐
Agnano area. Site distribution is less dense in the eastern area due to logistic difficulties.
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As the geoelectric directionality and dimensionality of the data can be explored with different sets of rota-
tional invariants associated to the impedance tensor, we first applied Weaver's criteria on rotational invar-
iants (Weaver et al., 2000) including data errors and threshold values (Martí et al., 2004) to determine
data dimensionality, to highlight the presence of galvanic distortions, and to estimate the variations of the
geoelectric strike in a prevailing 2D assumption as a function of the investigated depth. Inside the highest
frequency range (103–105 Hz) the geoelectric dimensionality is mostly 1D or 2D (Figures 2a and 2b), while
at lower frequencies 2D galvanic distortion and even 3D cases increase (Figures 2c and 2d).

This could be ascribed to complexity increase and/or to inductive sea effect even if the latter should be
expected at the lowest frequency range since (i) the thickness of the water layer reaches 100 m at a distance
of about 5 km from the sounding closest to the coast and (ii) the study area is characterized by low resistiv-
ities, thus a moderate conductivity contrast exists between inland and sea. Since the dimensionality analysis
is fundamental to evaluate applicability of 2D inversion schemes, we also performed the phase tensor ana-
lysis (Caldwell et al., 2004). In agreement with results obtained applying Weaver's analysis, phase tensor
ellipses are mainly of circular shape at high frequencies (supporting information Figure S2), suggesting that

1D condition is met in the shallow conductivity structure. At lower fre-
quencies the phase tensor ellipses suggest the presence of higher dimen-
sionality conditions that is better investigated studying the distribution
of β, the skew angle that is a measure of the tensor's asymmetry
(Caldwell et al., 2004). This parameter should be comprised in the range
± 3° to consider the quasi‐2D interpretation valid, and it would be advisa-
ble not to exceed this threshold (Booker, 2014; Caldwell et al., 2004). In
our data set, β values almost completely fall within the recommended lim-
its at the two highest frequency bands (Figure 3). At lower‐frequency
bands an increased number of β values exceeds these limits, although
most of the values fall within the range ± 5° (Figure 3), a threshold not
too inflated if we consider less conservative cases already reported in the
reviewed literature (Booker, 2014).

Summing up, the dimensionality analysis showed the presence of cases
that deviate from 2D. High skew values (i.e., β > 5°) are mainly found
for frequencies lower than 100 Hz and particularly for the easternmost
soundings along the profile (Figure S2). Thus, we expect that the 2D resis-
tivity modeling would not be able to correctly retrieve all the deep and
easternmost resistivity features. Less constrained regions of the model
may change with a 3D inversion approach. However, 3D modeling of

Figure 2. Dimensionality analysis at four frequencies performed applying Weaver's criteria. The cyan, red, and blue 2D distorted cases represent, respectively, gal-
vanic distortion over a 1D or 2D structure, 2D affected by galvanic distortion, and general case of galvanic distortion over a 2D structure.

Figure 3. Percentage occurrences of the skew angles β calculated within
logarithmically equally spaced bin. The two dashed lines represent the
range ± 3°.
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data acquired in 2D geometry (profiles) cannot ensure to achieve amore reliable result. Indeed, 3Dmodeling
outcomes may be affected by distortion and results may vary also depending on the completeness of the data
set (Miensopust et al., 2013). According to many authors, when the 2D assumption is reasonable and the
data are properly undistorted, first‐order structures obtained from 2D inversion are in good agreement
with those obtained from 3D inversion (i.e., Tietze & Ritter, 2013, and herein references). Since the 2D
approach can still be considered reasonable and valuable under the discussed conditions, the data set was
prepared for 2D inversion.

When data dimensionality justifies the use of the 2D assumption, the recovered strike angle in the lowest
frequency band (0.2‐102 Hz) is confined around N30°W (supporting information Figure S3). Directionality
analysis suffers from 90° ambiguity; however, the recovered strike angle is almost consistent to the outer cal-
dera major axis (Acocella, 2010) and to the direction of the main faults (Figure 2) in the surveyed area, which
strike is predominantly NW‐SE.

Hence, the data were corrected for distortion using the procedure described in Weaver et al. (2000) and
rotated into the transverse electric mode (TE, currents flowing parallel to the strike direction) and the trans-
verse magnetic mode (TM, currents flowing perpendicular to the strike direction) along the N30°W strike
direction and smoothed considering the consistency between resistivity and phase with the D+ technique
(Beamish & Travassos, 1992).

After applying the undistortion procedure, some apparent resistivity estimates derived from the impedance
tensor diagonal elements assume high magnitude (Figure S5), confirming the 3D character of the data
already revealed by the dimensionality analysis (Figure S2).

The obtained data set was inverted using the nonlinear conjugate 2D inversion algorithm of Rodi and
Mackie (2001). The inversion problem is solved seeking a model that minimizes a regularized objective func-
tion (Tikhonov & Arsenin, 1977) that is a combination of roughness and data misfit.

The code can invert the conventional polarization modes (TE and TM) separately or jointly (TETM).

The TM and TE modes satisfy the principle of information complementarity (Berdichevsky, 1999), thus,
bimodal (TETM) 2D inversions are routinely undertaken. Nevertheless, since the 2D modeling of 3D data
may introduce questionable features in the models (Ledo, 2005), individual modes (TE and TM) were also
run to compare key features. To explore the model space, a number of inversions were carried out using dif-
ferent values of the algorithm parameters.

The preferred resistivity model (Figure 4a) has been obtained inverting both TE and TM modes and using a
two layers starting model below the surveyed area (a 10 Ω·m resistivity layer up to ~3,000 m overlying a
homogenous half space of 100 Ω·m) and includes topography and a simplified sea layer fixed at 0.3 Ω·m
toward WSW.

The variable that controls the amount of regularization (τ, smoothing) was set to 5 by considering the trade‐
off between root‐mean‐square (RMS) and roughness (supporting information Figure S4), while the assigned

Figure 4. (a) Two‐dimensional resistivity inversion model: black triangles on top represent the AMT stations. (b)
Sensitivity analysis results: each colored line corresponds to the RMS misfit calculated by varying over several orders
of magnitude the resistivity values in the corresponding colored dashed box in Figure 4a. RMS = root‐mean‐square; AMT
= audiomagnetotelluric.
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error floors to the apparent resistivities and phases were 14% and 6%, respectively. Using these settings, the
normalized RMS misfit weighted for the given error floors is 1.93.

Generally, putting greater weight on fitting the phase should better accommodate the data for static shift
effects (Ogawa, 2002), and independent resistivity measurements may provide a valuable cross check control
(i.e., Àrnason et al., 2010; Sternberg et al., 1988; Tripaldi et al., 2010). The presented resistivity model was
obtained with a slight increase in weight on the phase data; however, the shallower part (<250 m) within
the Solfatara area (supporting information Figure S7) agrees very well with the DC resistivity models of
Byrdina et al. (2014) and Gresse et al. (2017). This comparison, although qualitative, suggests that static
and topographic effects do not influence significantly our AMT data, at least in the compared area.

Both observed and calculated apparent resistivity and phase data for the TE and TM mode are shown in
Figure 5 (data fit curves of all soundings are in the supporting information, Figure S5). The fit of TE mode
appears slightly worse than TM one, maybe because of 3D effects at longer periods. To what extent the
use of the TM mode inversion is more appropriate than the TETM one, in the presence of 3D structures,
is a long‐lasting issue. As a general rule, it should be borne in mind that the effectiveness of different inver-
sion modalities depends on the geological context (i.e., Berdichevsky, 1999; Jones, 1983; Wannamaker
et al., 1984).

As expected, the resistivity image obtained from TM inversion (supporting information Figure S6) exhibits
some differences with respect to the TETM one, but the most significant anomalies are generally consistent.
Thus, despite the larger data misfit the joint TETM inversion was preferred also because of the good consis-
tency with independent data (section 4).

Figure 5. Pseudosections for the observed (OBS) and calculated (CAL) data along the AMT profile. AMT = audiomagnetotelluric.
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Since the imaged features are critical to characterize the geothermal reservoir and to understand the feeding
system of the Solfatara‐Pisciarelli emissions, we tested the robustness of three zones of the resistivity model
by performing a nonlinear sensitivity test (Nolasco et al., 1998): (i) the conductive area connecting Solfatara
and Pisciarelli in the depth range 150–350 m bsl (feature A, black dashed rectangle in Figure 4a); (ii) the
resistive plume above the eastern side of Solfatara (feature B, red dashed rectangle in Figure 4a); and (iii)
the adjoin conductive area (feature C, blue dashed rectangle in Figure 4a). Solving the forward problem in
each zone for different resistivity values ranging over several orders of magnitude, we analyzed the total
RMS misfit as a function of the resistivity (Figure 4b). In all the cases the curves show a minimum, which
represents the optimal resistivity values in terms of fitting, whose values are 1.5 Ω·m (feature A), 120 Ω·m
(feature B), and 15Ω·m (feature C). It should be noted that feature A appears well constrained on both sides
of the minimum, whereas for the other two features the RMS value increases notably for resistivity values
lower than the optimal ones and the RMS increases smoothly for higher resistivity values. These results sug-
gest that the two features are better constrained in their lower resistivity boundary. For the upper resistivity
boundary the feature C is better constrained than feature B, but the smooth general trends could be due to
the general resistivity increase at depth greater than 3,000 m, as suggested by phases behavior at lowest
frequencies (Figure 5).

3.2. CO2 Flux Data

The used data set (total 740 points) consists of published and unpublished data (403 and 337, respectively) of
soil diffuse CO2 flux measured in the spring 2006 over an area that roughly includes the Solfatara crater and
the Agnano plain (Figure 6).

The data acquired at Solfatara, 403 measurements, were already published in a specific work together with
the data of other 29 diffuse CO2 flux surveys performed in the same area from 1998 to 2016 (Cardellini et al.,
2017). According to Cardellini et al. (2017), in the spring 2006 Solfatara crater emitted 1,242 ± 135 tons per
day of CO2 by soil diffuse degassing.

The other 337 measurements were performed in order to expand the surveyed area of Solfatara toward east
including the crater of Agnano and are here used for the first time. The flux was measured with the accumu-
lation chamber method (Chiodini et al., 1996, 1998), which is based on the continuous detection of the CO2

concentration inside a small chamber placed on the ground. Briefly, the CO2 flux is proportional to the time

Figure 6. Soil diffuse CO2 degassing at Solfatara crater and Agnano plain in the spring 2006 overlaid on the regional
technical map, 1:5000 Regione Campania. The main caldera structures and faults are redrawn after Isaia et al., 2015;
Piochi et al., 2015; Vilardo et al., 2010.
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derivative of the gas concentration during the first minutes of the mea-
surement. The used instruments were set up, and calibrated regularly
before each survey, at the INGV‐Napoli laboratories. The errors of cali-
brated instruments are typically of 10% (Chiodini et al., 1998). For further
details on the method we remand to the Cardellini et al. (2017) paper.

The data were used to make the map of CO2 flux (Figure 6) resulting from
200 simulations performed using the sGs algorithm (sequential Gaussian
simulation, Cardellini et al., 2003; Deutsch & Journel, 1998). The map
reports for each location the average soil CO2 flux of the 200 simulations.
The line A‐A1 (black dashed line in Figure 6) indicates the trace of the
CO2 flux section that, in the following, is used for a comparison with
the AMT section.

3.3. Seismicity

The study of microseismicity has shown to be an extremely useful tool for
the spatial mapping of the physical properties of hydrothermal reservoirs
and their dynamical properties (Kaven et al., 2014). Seismicity in volcanic
areas is closely related to the presence of fluids, to the rheology of the crust,
and to the local and regional stress fields. In particular, it has been observed
that, in some geothermal systems, seismic activity tends to occur at the
edges rather than within the production zone (Majer & McEvilly, 1979).

We used the earthquake data set of D'Auria et al. (2011), consisting of
about 17,000 earthquake locations recorded between 1983 and 2010 in
the CFc (Figure 7). We added to this data set about 700 more events for
the interval 2011–2016, from the catalog of Osservatorio Vesuviano‐
Istituto Nazionale di Geofisica e Vulcanologia. To quantify the seismicity,
we computed the Benioff's strain release density (Benioff, 1951) mapping
its spatial distribution along the AMT profile using an averaging window
with a radius of 500 m.

Another important quantity to characterize the seismicity in volcanic
areas is the Gutenberg‐Richter b value. It is usually close to 1.0 but, in vol-
canic areas, the presence of fluids often increases this value (Farrel et al.,
2009). On the other hand, D'Auria et al. (2011) reported for the CFc b
values that tend to be lower than 1.0 (D'Auria et al., 2011). A possible
explanation of this is the presence of highly fractured rocks and/or high‐
stress regimes (Farrel et al., 2009). We have computed the b value along
the AMT profile using for each point of a regular grid, all the earthquakes
located within a radius of 500 m from it, applying the maximum‐

likelihood formulation of Ogata and Katsura (1993). The value was com-
puted only where at least 50 earthquakes were available.

We computed both the Benioff's strain release density and the b value only
for the 1983–1984 data set (Figure 8, lower and upper panel, respectively),
as the number of events was too scarce in the following period to perform
these analyses. For the 2005–2016 data set, it was only possible to compute
an overall b value of 0.92 ± 0.11; this value has to be compared with the
1983–1984 data set of 0.69 ± 0.2 (García‐Hernández et al., 2018, see sup-
porting information Figure S10).

The general distribution of the 1983–1984 seismicity is highly asymmetric
compared to the observed ground deformation pattern, which is more
concentrated in the Solfatara area, to the east of the maximum of the ver-
tical ground displacement observed in the Pozzuoli area (D'Auria et al.,
2011; De Siena et al., 2017). In Figure 8 we observe that the highest values

Figure 7. Earthquakes located along the direction of the AMT profile
(within ±0.5 km) occurred during the 1982–1984 crisis (at top) and during
2005–2016 (bottom). AMT = audiomagnetotelluric.

Figure 8. Maps of the b value (top) and Benioff's strain release (bottom)
along the AMT profile. AMT = audiomagnetotelluric.
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of the Benioff's strain release are located just beneath Solfatara, at depths between 2 and 3 km. The corre-
sponding map of the b value shows low values under the Solfatara crater and higher going toward E.

These observations suggest that, during the 1983–1984, seismicity was driven not only by the high‐stress
regime induced by the active ground uplift source, but clearly hints on a pivotal role of the hydrothermal
system in generating the seismicity of CFc. It is relevant to observe that most earthquakes that occurred dur-
ing the 2005–2016 period are shifted to the east with respect to the 1983–1984 seismicity. As shown by
Chiodini et al. (2015), since 2005 there was a striking correlation between geochemical observables, ground
deformation, and seismicity in the CFc, pointing to a causative relationship between the dynamics of the
hydrothermal system and geophysical unrest. Notably, the seismicity rate appears to be strongly modulated
by fluid injection episodes in the hydrothermal system. The only exception is the 2012–2013 rapid uplift epi-
sode, which was interpreted by D'Auria et al. (2015) as a small magmatic intrusion, which had only a minor
effect on the seismicity of the CFc.

4. Comparison of AMT Resistivity Model With Other Geological and
Geophysical Data

The 2D resistivity model (Figure 4a) is characterized by a quite narrow resistivity range (1–300 Ω·m) that
well matches the typical range of volcano‐hosted geothermal systems (Johnston et al., 1992; Ussher et al.,
2000). The surveyed area is densely monitored and widely surveyed enabling us to provide a constrained
and integrated interpretation of the resistivity model by using independent data acquired close to our profile.
Observing that the lower resistivity values are confined in the first 500 m bsl, we first describe and interpret
this shallow portion of the model (Figure 9) and then the deeper one (Figure 10), each time comparing our
results with independent observations that are related to the same depth ranges.

Figure 9. Comparison between the shallow portion of the resistivity model and independent data. (a) Map of the main
caldera structures and faults (redrawn after Isaia et al., 2015; Piochi et al., 2015; Vilardo et al., 2010); red lines represent
the faults already reported in Figure 1; green, violet, and blue triangles, respectively, represent the BG, BN, and Pisciarelli
fumaroles; yellow circle represents the Fangaia mud pool; the yellow star represents the CF23 borehole. (b) CO2 flux
measured along the AMT profile (red shaded boxes highlight the spatial correspondence between geochemical and
resistivity data, marking zones of high CO2 flux and degassing vents). (c) Shallow resistivity distribution (vertical exag-
geration 2:1) and the water table level; the structures reported in Figure 9c are the same shown in Figure 9a. Labels G1–G3
in Figure 9c are gaps in the clay cap due to fracture zones as discussed in the text. Note that Figures 9b and 9c are not in
scale with Figure 9a. Topography data were extracted from DEM, Regione Campania. AMT = audiomagnetotelluric.
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4.1. Shallow Portion of the Model

The shallow resistivity distribution (down to 500 m bsl, Figure 9c) is com-
pared to geological and geochemical data (Figures 9a and 9b). The main
caldera structures and faults are redrawn from literature (Isaia et al.,
2015; Piochi et al., 2015; Vilardo et al., 2010, Figure 9a).

The near‐surface resistivity contrasts correlate well with the exposed vol-
canic structures. Two high‐resistivity shallow zones, Rs1 and Rs2
(Figure 9c), correspond to the southern and eastern rims of the Agnano‐
Monte Spina crater, respectively. Very low resistivity values (< 5 Ω·m)
are found both in correspondence of the Solfatara‐Pisciarelli districts
and the Agnano depression. The water table level lies, almost everywhere,
within zones of resistivity values in the range 5–10 Ω·m, thus indicating a
significant freshwater supply.

Focusing on the Solfatara volcano, the near‐surface is characterized by a
very conductive zone (< 3 Ω·m) under the center of the crater that
matches the water upwelling of the FAmud pool andmerges at depth into
a wide conductive region 300‐ to 400‐m thick.

Conversely, a resistive spot (10–20 Ω·m) localized under the eastern mar-
gin of Solfatara correlates strongly with the fumaroles of BG and BN (green and magenta triangles in
Figure 9a). The bottom of this resistive feature is delimited by a wide conductive zone at a few tens of meters
depth (bsl) and seems to extend laterally underneath the eastern flank of the crater. Such resistivity distribu-
tion points to a two‐phase hydrothermal system in the near‐surface with adjacent water‐saturated (caused by
steam condensation) and vapor‐bearing zones (i.e., BG and BN emissions). This observation agrees with pre-
vious interpretations of higher‐resolution shallow ERT (Byrdina et al., 2014; Gresse et al., 2017) and suggests
a shallow origin of the gas‐dominated reservoir feeding the fumaroles.

Below sea level a wide conductive zone (as low as 1–3 Ω·m) characterizes the subsurface underneath
Solfatara‐Pisciarelli (S‐P) district. The top of this zone with the same extension and resistivity values was also
imaged by ERT survey (Figure 7 in Gresse et al., 2017), while a previous AMT model did not reveal its pre-
sence elsewhere (see Figures 6 and 7 in Troiano et al., 2014).

The resistivity value characterizing this high‐conductive zone may be ascribed to surface conductivity
mechanisms connected to clay minerals produced by hydrothermal fluid alteration. This interpretation is
supported by (i) the presence of an argillitic sequence containing abundant clay minerals, extending from
surface to about 750 m, in the CF23 well (Piochi et al., 2015); (ii) resistivity laboratory measurements made
both on the CFc surface and core samples from deep Agip wells that have shown a strong increase in effec-
tive conductivity only in the presence of fluid‐activated surface conductivity (Giberti et al., 2006).

Assuming the resistivity structure as amaximum thermometer because the alteration is generally unaffected
by subsequent cooling (Àrnason et al., 2010), the wide, high‐conductive zone can be interpreted as a hydro-
thermally mineralized clay‐rich caprock where temperature does not exceed 150–200 °C. Indeed, at a tem-
perature greater than 200–240 °C, the ions associated to the alteration products are bound in the crystal
lattice and are, therefore, more resistive. Saline fluids could further contribute to locally enhance conductiv-
ities (Flóvenz et al., 2005).

The lateral continuity of the very low resistivity zone seems to be interrupted by three less conductive sub-
vertical zones (Figure 9c). The first, almost vertical one (G1), is found underneath the FA mud pool. The
other two are located just below the highly degassing vents both in the eastern Solfatara and in the
Pisciarelli area (G2 and G3, respectively) where diffuse CO2 flux increase (Figures 6 and 9). We interpret
such gaps in the clay cap as due to fracture zones within which pressurized gas escapes from a deeper reser-
voir as observed in other geothermal system (Rodriguez et al., 2015). This interpretation is supported by two
lines of observations: (i) gas emissions correlate to NW‐SE trending fault/fracture systems crossing the east-
ern side of the Solfatara crater and the Pisciarelli area (Cardellini et al., 2017; Isaia et al., 2015); (ii) the pre-
sence of subvertical faults disrupting the crater volcanoclastic filling inferred down to 200–300 m bsl by
seismic reflection shallow profiles (Bruno et al., 2017).

Figure 10. Resistivity model and overlaid: (i) a synthesis of well CF23 stra-
tigraphy (light gray and dark gray represent the Argillic and Phyllitic zones,
respectively) and the depth of the two aquifers are represented by blue wavy
lines (Piochi et al., 2015); (ii) temperature values measured in CF23
(Todesco et al., 2003); (iii) WTL (Petrillo et al., 2013 and reference therein);
(iv) the interpreted faults; and (v) the 2005–2016 seismicity represented by
circles whose radius corresponds to magnitude (see Figure 7). WTL = water
table level.
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A further interruption in the conductive zone, whose dip follows the surface topography, might represent
the main outflow meteoric path since it mimics the typical asymmetric shape of the clay cap in a steep ter-
rain (Anderson et al., 2000). Here an outflow, mainly of meteoric origin, is documented even in the geo-
chemical record. Indeed, in the Pisciarelli fumarole output an annual cycle of CO2 contents indicates the
occurrence of shallow secondary processes that mask the deep geochemical signals (Chiodini et al., 2011).
In addition, Caliro et al. (2007) stated that most of the H2O is of meteoric origin in the Pisciarelli sites.

Eastward, the high‐resistivity structures Rs1 and Rs2 bound the Agnano depression, whose resistive bottom
lies at about 500 m bsl (Figure 9c). The whole resistivity structure depicts clearly the collapsed area.
Assuming a thickness of 500 m and a diameter of 1,500 m, a rough estimation of the volume returns a value
≈ 0.9 km3. This volume is compatible with previously estimated erupted products of 1.2 km3 (de Vita et al.,
1999). This collapsed area is filled with conductive material, although at about 180 m bsl the slight resistivity
increase could indicate the presence of a shallow freshwater aquifer as also encountered in the CF23 bore-
hole. The long‐term geothermal activity in this area supports the same interpretation of the low‐resistivities
as due to an argillic alteration sequence.

4.2. Deeper Portion of the Model

Themost noticeable feature of the deeper resistivity section is a resistive plume‐like body centered under the
Solfatara and bounded to the east by a relative conductive unit (10–30 Ω·m, Figure 10).

The top plume is at a depth of about 500 m bsl in correspondence of a thinning of the clay layer whose bot-
tom climbs up to 300 m bsl probably reflecting the occurrence of more resistive minerals (i.e., illite), which
are typical products generated at higher temperatures in the mixed layer (i.e., depth; Munoz, 2014). Its geo-
metry depicts reasonably the main upflow zone of Solfatara‐Piciarelli hydrothermal system.

In this part of the profile and in the same depth range, a partial agreement between the presented MTmodel
(Figure 10) and the one shown in Troiano et al. (2014) can be established (see also Figure S8). The model of
Troiano et al. (2014) also displays a plume‐like resistive body (50–100Ω·m) and an adjacent conductive zone
to the east. However, the plume‐like resistive body of Troiano et al. (2014) reaches the near‐surface and
merges at about 2,250‐m depth into a higher resistivity plate‐like body, which extends westward up to the
model edge. In addition, the adjacent conductive zone is confined between a depth of 1,200 and 3,000 m
along the eastern edge of the section and has considerably lower resistivity values (down to 1–2 Ω·m).
Such discrepancies in terms of lateral and shallow features of the two MT models might be ascribed to the
different lateral extension of the profiles: that of Troiano et al. (2014) spans only for about 1 km from the
inner part of Solfatara to the Pisciarelli field. The MT method suffers from inductive effects of bodies outside
the surveyed area and our 5‐km‐long profile, extending significantly beyond the Solfatara‐Pisciarelli district,
is expected to better define lateral resistivity contrasts.

In partial agreement with Troiano et al. (2014), we interpret the plume‐like resistive body as determined by a
higher‐temperature fractured propylitic alteration with steam/gas filling the fractures within the hydrother-
mal system that develops just under the Solfatara crater. Furthermore, in this study we have inferred the pre-
sence of a clay‐rich cap (i.e., the very conductive zone) topping the gas‐bearing resistive plume.

4.3. Comparison With Passive Seismic Tomography

Interpretation of the deep portion of our resistivity model is aided by the reservoir‐scale local earthquake
tomography (LET) of Vanorio et al. (2005). LET is commonly employed in geothermal fields (Husen et al.,
2004, among others) and enhanced geothermal experiments (Calò & Dorbath, 2013; Julian et al., 2010,
among others) because it can provide information on the geometric and petrophysical properties of reser-
voirs that are complementary to those obtained by other geophysical tools, as MT surveying. Different from
the Swave, the Pwave velocity in porous or fractured rocks is very sensitive to the physical state of the med-
ium, and consequently, the Vp/Vs ratio can give insights into pore fluid state and pressure (Wang & Nur,
1989). In hydrothermal reservoirs, very low Vp and low Vp/Vs can indicate gas‐bearing pressurized forma-
tions (i.e., steam), whereas intermediate Vp and high Vp/Vs are diagnostic of liquid‐bearing formations
(i.e., brine‐saturated zones due to steam condensation).

Even though the velocity model of Vanorio et al. (2005) is characterized by a very high spatial resolution for a
LET inversion (i.e., 500 m), the Vp and Vs tomographic images could not resolve the small‐scale shallow

10.1029/2018JB016514Journal of Geophysical Research: Solid Earth

SINISCALCHI ET AL. 5348



heterogeneities evidenced by our MT section. Nevertheless, information on Vp and Vp/Vs distributions is
valuable to guide the interpretation of deeper, large‐scale resistivity anomalies under Solfatara‐Pisciarelli
areas, especially in regard to the fluid physical state.

In the area investigated by our AMT survey, a very low Vp circular anomaly (Vp ~ 2.0 km/s) is centered
underneath the Solfatara at 1‐ to 2‐km depth (label a in Figure 11). Low Vp also characterizes the eastern
sector of the Agnano depression (label b Figure 11), whereas an ordinary Vp around 3.2 km/s characterizes
its western sector. The same velocity pattern is found between 2 to 3‐ and 3 to 4‐km depth (Figures 11c and
11d, respectively). Two distinct low‐Vp anomalies (Vp around 3.2–4.0 km/s) placed underneath the Solfatara
(label a) and the eastern Agnano depression (label b) are separated by a narrow high‐Vp zone (Vp around
4.4–4.8 km) that elongates N‐S along the western margin of the Agnano depression (labels c). Earthquake
relocations show that the 1982–1984 seismicity mostly clustered underneath the Solfatara (Figure 11e) just
to the west of the N‐S trending high‐Vp boundary.

Vp, Vs, and Vp/Vs vertical profiles extracted from the 3D model were reported for several sites of the local
seismic network. The W12 station (see Figures 11a and 11b in Vanorio et al., 2005) is located in the
Solfatara area about 100 m away from the AMT section at about 1.1 km from its southwestern side. The

Figure 11. The P wave velocity structure in the study area as defined by the Local Earthquake Tomography (modified
from Vanorio et al., 2005). (a) Location of AMT soundings (red dots). The AMT profile is depicted with a dashed line.
(b to d) Vp horizontal slices at 1 to 2‐, 2 to 3‐, 3 to 4‐km depth with zoom on the surveyed area. Labels outline low‐Vp
(a,b) and high‐Vp (c) zones. The thin dashed line defines the AMT section. (e) Epicenters of the 1982–1984 earthquakes
selected for the tomographic inversion. Epicenters are color coded based on hypocentral depth (1–2 km red, 2–3 km blue,
3–4 km dark blue). AMT = audiomagnetotelluric.
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comparison with the correspondent resistivity vertical profile evidences a
clear anticorrelation between Vp/Vs and resistivity (Figure 12). In particu-
lar, the Vp/Vs curve has a reversal trend (the value tends to decrease with
depth) and a minimum in the Vp/Vs ratio at 1,000 m of depth

(Vp/Vs = 1.6) corresponds to the maximum value in resistivity (around 80
Ω·m). It is worth to note that the core of the resistivity plume is localized
just at 1,000 m bsl (Figure 10). Taken together, the spatial association of
the high‐resistivity plume with a very low Vp anomaly, the very low Vp/
Vs, and the anticorrelation between resistivity and Vp/Vs points to the exis-
tence of a fractured, steam/gas‐bearing zone just underneath the Solfatara
crater and supports our interpretation of the high resistive plume as a pre-
vailing gas‐phase reservoir feeding the Solfatara‐Pisciarelli shallow hydro-
thermal system. Overall, this finding is coherent with geochemical models
of the hydrothermal system consisting of a deep‐seated mixing zone and
of a shallow zone interacting with each other (Caliro et al., 2007).
Interaction with the shallow hydrothermal system should occur through
fault‐related interruptions of the clay‐rich caps, while the Solfatara gas
plume might be in turn fed by a deeper overpressured gas‐bearing zone
at supercritical condition that reasonably corresponds to the wide
low‐Vp/Vs layer identified at 4‐ to 5‐km depth under the central caldera
(Battaglia et al., 2008; Vanorio et al., 2005).

The deep conductive structure bounding the Solfatara plume to the east
correlates to the N‐S trending zone with ordinary to high Vp resolved from

1 to 2‐ to 3 to 4‐km depth eastward from Solfatara (Figures 11b and 11d, label c). In this zone, the CF23 well
drilled tuffs and volcanoclastic deposits encountered a relevant aquifer at 1,400 m of depth. Based on the
CF23 well information, the adjacent conductive zone, with relatively high Pwave velocities might represents
water‐bearing formations.

4.4. Comparison With Seismicity

The 1982–1984 and 2005‐present unrest episodes are characterized by a differing earthquake distribution.
During the 1982–1984 crisis, seismicity concentrated in the Solfatara area, whereas 2005–2016 seismicity
avoids the zone of previous high seismic release and clusters eastward under the western margin of the
Agnano depression (Figure 7). We remark that such a spatiotemporal earthquake distribution correlates
with resistivity pattern along the AMT profile as follows (supporting information Figure S9). Seismic events
belonging to the 1982–1984 unrest episode mainly cluster within the high‐resistivity, very low Vp and low
Vp/Vs zone (i.e., the plume in the depth range 0.5–2.5 km and between 0.5 and 1.5 km from the beginning
of the AMT section), whereas the more recent seismicity concentrates inside the adjacent conductive zone.
As explained in section 3.3, earthquake distribution, values of the Benioff's strain release, and the b value
map (Figure 8) suggest that seismic release during 1982–1984 was driven by both the hydrothermal system
and the stress concentration induced by intense ground deformation. Conversely, the hydrothermal system
seems to play a primary role in inducing seismicity during the weaker unrest episode initiated in 2005. In
particular, recent seismicity is mostly located outside the resistive gas plume, that is, at the margins of the
pressurized gas reservoir, as expected in geothermal systems (Majer & McEvilly, 1979).

5. Discussion

The MT resistivity model has enlightened several new characteristics of the CFc central‐eastern side. The
resistivity image was compared with various geological and geophysical data to allow for a more general
interpretation of the volcanological information. Here we discuss and present a new simple conceptual
model that takes into account the most striking features revealed by our work (Figure 13).

The most remarkable finding from our inversion is the wide conductive zones, interpreted as clay caps,
underneath the Solfatara‐Pisciarelli area and the Agnano plain. As result of the present investigation we
have estimated for the first time its extension and continuity in depth.

Figure 12. Comparison between the Vp/Vs ratio vertical profile (blue) at the
seismometric station W12 (Vanorio et al., 2005) and the resistivity (in loga-
rithmic scale) vertical profile (green) in the same location.
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Both important processes of CO2 soil diffuse degassing (Cardellini et al., 2017) and vigorous fumarolic vents
occurrences (Aiuppa et al., 2013) characterize the Solfatara‐Pisciarelli area. The total volcanic‐hydrothermal
CO2 currently emitted into the atmosphere amounts to 2000–3000 tons per day, implying the involvement of
several thousands of tons of steam most of which condensates in the subsoil, probably becoming the main
factor contributing to the formation of the conductive clay cap. At a first glance, the high amount of gas daily
released by the Solfatara‐Pisciarelli fumaroles appears not compatible with the low permeability (generally
10−17 m2) expected for clay. We will discuss about this apparent incongruity and investigate the role of the
clay cap in the dynamics of the volcano‐hydrothermal manifestation. As discussed in the previous section
the interruptions in the conductive clay cap underneath the Solfatara‐Pisciarelli sites interpreted as due to
faults are spatially related to the main geochemical emissions (Figure 9). As reported by Mayer et al.
(2016), laboratory experiments on samples from the Solfatara and Pisciarelli area reveal that increasing
alteration and increasing permeability are expected with decreasing distance from the fumarole conduits.
In particular, connected porosity and gas permeability increase from 26.6% to 61.3% and from 4.4 × 10−17

to 2.8 × 10−14 m2 for Solfatara samples, as well as from 34.9% to 48.5% and from 2.2 × 10−16 to 1.8 ×
10−15 m2 for Pisciarelli samples. This suggests that permeability could increase up to 3 orders of magnitude
within fractures discharging at the main vents, thus justifying the recovered degassing peaks. We further
notice that just above the presumed cap interruptions (G2 in Figure 9c) and the maxima in the CO2 flux
(Figure 9b) the AMT model shows in the near surface of Solfatara a local increase of resistivity testifying
for gas accumulation, in agreement with previous ERT shallow surveys (Byrdina et al., 2014; Gresse et al.,
2017). Moreover, the inferred fault underneath Pisciarelli seems to be connected to the outflow zone (G3 in
Figure 9c) that corresponds reasonably to condensates mixed with local meteoric recharge. This observation
reconciles with the role of liquid water in the dynamic of the main fumarolic vent of the area that occasion-
ally emits liquid and mud (Chiodini et al., 2011).

As for the increase of CO2 diffuse degassing we advise that laboratory experiments have shown that the
caprock seal capacity can be greatly reduced by cyclic flows of CO2 brine and CO2 gas (Andreani et al.,
2008). The increasing permeability in the whole Solfatara‐Pisciarelli area could be related to the complex
interaction between H2O‐CO2 magmatic gas mixtures in the hydrothermal system at subcritical

Figure 13. Conceptual model.
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temperature and pressure conditions whose strong role with respect the CFc volcanic unrest was outlined in
Chiodini et al. (2016).

This means that the existence of a fractured clay cap in the central‐eastern sector of the CFc is a key char-
acter to be taken into account in any further modeling of the hydrogeothermal system.

At the eastern outer flank of the Solfatara crater the resistive vapor‐dominated reservoir whose top is loca-
lized at about 500 m bsl under the conductive clayey zone should achieve temperatures of about 220–240°
(Figure 13) as inferred by the widespread experience of resistivity behavior in high‐temperature volcanic‐
associated geothermal systems. The hotter parts of the geothermal systems are characterized by a higher
resistivity than what was observed in the adjacent hydrothermal alteration zone (Àrnason et al., 2010;
Ussher et al., 2000). It is worth to note that gas geoindicators applied to the main Solfatara fumaroles return
similar temperatures (210–240 °C, Chiodini et al., 2015).

The resistive plumematches the zone of high clusterization of earthquakes during the 1982–1984 unrest epi-
sode (supporting information Figure S9), whereas the 2005–2016 seismicity clusters at the eastern boundary
of the 1982–1984 focal volume within the relative conductive zone detected in the depth range 0.5–2.5 km
(Figure 10). Di Luccio et al. (2015) suggest that events distribution and fault geometries are consistent with
a funnel‐like structure within which brittle deformation have occurred. Also, to explain the lack of recent
seismicity underlying the Solfatara, the authors speculate that this sector of the hydrothermal system could
not represent a zone of brittle deformation at present. Rather, it might represent a very low rigidity zone
linked to the formation of a dense network of fractures during the 1982–1984 crisis that was successively
filled by high‐temperature pressurized magmatic fluids.

Our finding of a fractured and high‐temperature steam/gas‐bearing reservoir just under the Solfatara rein-
forces previous inferences of Di Luccio et al. (2015). Based on ourmultidisciplinary conceptualmodel we pro-
pose that two main factors could contribute to the lack of seismicity underneath the Solfatara during the
ongoing unrest episode: (i) increasing temperatures suggested by an evident thermal anomaly beneath the
Solfatara (Chiodini et al., 2015; Gresse et al., 2017) could favor ductile deformation of the hydrothermal reser-
voir; (ii) enhancement of the reservoir fracture permeability induced, during the 1982–1984 unrest episode,
by the sustained shallow seismicity clustered under the Solfatara area. Permeability enhancement would
favor fluid flow within the Solfatara gas‐bearing plume, as suggested by the increased rate of the Solfatara‐
Pisciarelli emissions (Chiodini et al., 2015). In addition, permeability enhancementwould hamper the forma-
tion of overpressured zones within the gas‐bearing reservoir that could induce seismicity during the ongoing
unrest episode, as observed for fluid‐driven swarm seismicity in other hydrothermal systems (Cox, 2016).

Conversely, recent seismicity to the east of the Solfatara could be induced by pore pressure increase within
the relative conductive zone that might represent fractured liquid‐bearing rocks, as inferred by the CF23 well
and the Vp pattern of the LET models (Vanorio et al., 2005). In particular, Di Luccio et al. (2015) linked
recent seismicity to NW‐SE striking faults crossing the Pisciarelli degassing area. We remark that our
AMT survey favors this interpretation because the lateral resistivity variations resolved in the shallow and
deep parts of the section provide evidence of the continuity at depth of NW‐SE active faults hypothesized
previously by more authors (Isaia et al., 2015 among others, Figure 10).

In the Agnano plain, the CO2 emission is orders of magnitude lower than that at Solfatara Pisciarelli
(Figure 9b), as the measured CO2 flux values are in the range of those due to soil biogenic sources. At
Agnano, the main hydrothermal manifestation is the discharge of thermal water (springs and shallow wells)
rather than gas emissions. The total water discharge (thermal component mixed with groundwaters) from
the plain was measured in 2006 in ~ 140 L/s. Assuming a chlorine content of 15 g/L for the deep geothermal
liquid (as the thermal liquid in CF23 geothermal well), we compute a discharge of ~ 9 L/s of NaCl pure
geothermal component (of ~ 250 °C in origin) that variably mixes with shallow groundwaters. In the
Agnano plain, higher pH values (almost neutral) differentiate the thermal water from the Solfatara‐
Pisciarelli area, where acid pH values (1.5–2.5) are recognized.

Summing up, both the resistive bodies located below the Solfatara‐Pisciarelli and the Agnano plain
(Figure 10) are expression of high‐temperature alteration of the geothermal system that, however, have dif-
ferent characteristics. The resistive body with a prevailing vertical extension below the Solfatara‐Pisciarelli is
mainly caused by the presence of a highly active vapor‐dominated reservoir generated by the episodic arrival
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of CO2‐rich magmatic fluids (S‐P vapor plume), while the resistive body below the Agnano plain with a pre-
vailing horizontal extension is likely linked to the presence of a still hot reservoir. De Siena et al. (2010) inter-
preted a local attenuation anomaly detected in correspondence of the resistivity decrease at about 1,400 m as
linked to the deep aquifer in the CF23 well that favors the upward circulation of hot nonmagmatic vapor.
The existence of a still hot reservoir filled with nonmagmatic vapor also reconciles with the round shaped
low‐Vp anomaly detected under the Agnano depression (Figure 11).

The S‐P vapor plume represents the main ascending way of magmatic gases. The physical modeling of
hydrothermal circulation at CFc (i.e., Petrillo et al., 2013) has shown how the persistence in time of the vapor
plume could have caused the development of convective cells of liquid in the surroundings. We speculate
that Agnano could be the expression of the hot ascending portion mainly through conductive heat transfer
of one of these convective cells.

6. Conclusions

The central‐eastern sector of the CFc is an intensely studied and monitored active area. The presented resis-
tivity model provides an image down to 3‐km depth with an unprecedented high resolution with respect to
previous geophysical models. Our resistivity model, analyzed in the light of new geochemical and seismicity
observations, first reveals the typical characters of high‐ enthalpy geothermal systems, allowing to delineate
a conceptual model (Figure 13). Among the most striking features revealed by this work there are the
following.

1. A less permeable, conductive clay cap, whose variable thickness extends to a maximum of 500 m; it is
locally interrupted in the Solfatara‐Pisciarelli area by discontinuities characterized by increased perme-
ability that are connected in surface to the main vents with the highest values of CO2 flux.

2. Underneath the Solfatara, the base of the conductive clay cap is elevated and the top of a resistive vertical
plume (S‐P vapor plume) images the upflow zone of the geothermal system that extends eastward to the
Pisciarelli area. This structure represents the main upraising pathway of magmatic gas from the deeper
feeding reservoir. The resistive plume corresponds to a zone of high seismic release during the 1982–
1984 unrest episode, whereas it has been almost aseismic in the following 30 years (cf. Figures 7a, 7b, and
Figure S9).

3. Amoderate resistive zone underneath the Pisciarelli areamirrors the topographic relief and separates the
Solfatara from the Pisciarelli area. It is interpreted as a shallow zone where the outflow occurs deepening
toward the region where most of the recent seismicity (last decade) is located.

4. Underneath the Agnano plain, the flat geometry of the resistive horizon above the clay zone and the pre-
valent discharges of thermal water suggest the prevalence of a liquid phase in the reservoir.

Themain deeper resistivity features in the Solfatara‐Pisciarelli district appear to be spatially connected to the
post‐1980 seismicity distribution (supporting information Figure S9). We argued that the fracture network
induced by the intense and prolonged 1982–1984 seismic activity in this zone has further increased the per-
meability of this reservoir and then the fluid uprising from the feeding system. In this reservoir, a steam/gas
phase is likely to occur according to the geochemical evidences as well as the observed resistivity maximum
value (> 100Ωm). The outflow zone testifies the great water supply, both meteoric and from steam conden-
sation, in this sector of the caldera that was characterized in the past by the occurrence of phreatic and
phreatomagmatic eruptions (Isaia et al., 2015; Mayer et al., 2016). Recent seismic events cluster just in the
foot of this zone marked by a lateral resistivity contrast that well matches the NW‐SE striking fault crossing
the Pisciarelli field. Furthermore, we can expect that the cooler water that permeates the rocks in the outflow
zone coming in contact with the hotter gas/steam reservoir can play a role in the seismicity. The high local
gradient of pressure, and even temperature, in this zone can make that part of the liquid suddenly change its
state (flashing) producing steam, a consequent volume increase and new fractures opening that propagate
along that fault (which acts as a tectonic control). In this view, the recent seismic events, mainly in swarm
episodes, are linked to the combined action of preexisting tectonic lineaments and fluid interaction between
the gas/steam reservoir and the outflow zone.

Moreover, the new insights into the geometry and properties of the hydrogeothermal system provided by our
study are valuable for future thermodynamical modeling of the CFc and could be useful to better understand
similar geodynamic environments.
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