
1. Introduction
Volcanic calderas generally host heterogeneous structures composed of several distinct eruptive centers, includ-
ing lava domes, tuff rings and tuff cones of different ages and sizes (Acocella et al., 2015; Martì et al., 2008). 
Consequently, the reconstruction of the past activity of every eruptive center, as well as their depositional and 
volcano-tectonic setting, is highly important regarding the global understanding of caldera evolution. Usually, 
major deformation structures—such as eruptive fissures, faults, and related damage zones—formed during 
volcano-tectonic activity, which may have been characterized by caldera collapses (Acocella, 2007; Geyer & 
Martì, 2014) and may strongly control intracaldera volcanism (Rosi & Sbrana, 1987; Vitale & Isaia, 2014). Such 
arrays of structures also determine the formation and geometry of the caldera plumbing system and can act as 
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activity stage. A 3D view of the reconstructed resistivity model revealed both deep root-conduit-like structures 
and shallower dome-like shapes for volcanic edifices on the crater floor. Gas and carbon compositions in 
the NNE sectors of the Astroni Lago Grande are similar to those of the Solfatara fumarole fluids, suggesting 
common hydrothermal origin and a possible link with a deep hydrothermal reservoir. This fluid-emission area 
along the border of the younger volcanic structure exhibits a +40°C maximum soil-temperature anomaly. The 
proposed volcano-tectonic architecture should improve the unrest scenarios in case of reactivation in this Campi 
Flegrei caldera sector and the monitoring strategies for the Astroni Volcano.

Plain Language Summary The Campi Flegrei caldera (Southern Italy) is one of the most 
productive explosive volcanic systems worldwide. The central-eastern sector of the caldera has recently 
been the location of several major volcanic vents, including the Astroni Volcano. It is very close to the 
Solfatara-Pisciarelli area, where the most significant energy release and largest variation of the volcanic and 
seismic activities characterize the ongoing unrest crisis of the Campi Flegrei. In this study, we aim to provide 
new insights regarding the structure of the Astroni Volcano and elucidate the present volcanic activity through 
a multidisciplinary approach that merges volcanological, structural, geophysical, and geochemical data. A 
volcano-tectonic analysis, coupled with a 3D electrical resistivity tomography, allowed us to define in detail the 
relation between the volcano-tectonic structures, rock bodies, and fluid circulation within the first 150 m depth 
of the Astroni crater. We describe for the first time the hydrothermal emission activity and thermal anomaly 
within the Astroni crater and suggest the possible involvement of the geothermal reservoir. These results 
will help better evaluate the unrest scenarios in case of reactivation in this Campi Flegrei caldera sector and 
implement effective monitoring strategies for the Astroni Volcano.
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preferred pathways for magma flow. Furthermore, eruptive vent locations and their type of volcanism are strictly 
linked to the reactivation of such structures, as well as to the possible initiation of new eruptive events and/or the 
creation of shallow hydrothermal systems and fumarolic fields inside or close to the volcanic edifice (Gottsmann 
et al., 2007). The monitoring of such active structures is fundamental during periods of unrest at calderas because 
of their capacity to transfer signals of volcanic anomalies from certain depths to the surface, thereby indicating 
the possibility of escalation (Kennedy et al., 2018; Padron et al., 2012; Sabbarese et al., 2020). Hence, a multidis-
ciplinary approach that provides volcanological, structural, geophysical, and geochemical constraints is essential 
for defining the current activity of a volcano and evaluating its hazard potential, especially in calderas with 
uncertain vent opening locations.

One of the best places to observe and investigate this close relation between structures and volcano-tectonic 
activity is the Campi Flegrei caldera in Southern Italy (Figure 1a), which is the most urbanized caldera in the 
world and has recently been the site of many vents active in its central-eastern sector (Bevilacqua et al., 2016; 
Di Vito et al., 1999; Orsi et al., 2004; Smith et al., 2011). Between 5.5 and 3.8 ka, at least 21 eruptions occurred, 
forming several volcanic edifices, including the tuff ring of the Astroni Volcano (Figure 1b), which formed at 
the edge of the minor Agnano caldera (Isaia et al., 2009; Vitale & Isaia, 2014) during a complex eruptive history 
characterized by at least seven distinct eruptions (Isaia et al., 2004). Although the volcanic and magmatic history 
of the Astroni Volcano has been reconstructed (Isaia et al., 2004; Tonarini et al., 2009), the structural architecture 
at depth and the present state of the volcano are still poorly understood. In the last few years, high-resolution 
imaging of the Campi Flegrei caldera's eruptive and deformation structures has become available, mainly through 
electric (Byrdina et al., 2014; Di Giuseppe et al., 2015; Di Giuseppe, Troiano, Di Vito, et al., 2017; Di Giuseppe 
& Troiano, 2019; Gresse et al., 2017; Isaia et al., 2015, 2021; Troiano et al., 2019, 2021; Vitale et al., 2019), elec-
tromagnetic (Siniscalchi et al., 2019; Troiano et al., 2014), gravimetric (Capuano et al., 2013; Young et al., 2020), 
and seismic (Battaglia et al., 2008; Calò & Tramelli, 2018; De Siena et al., 2010, 2017) surveys. However, these 
studies mainly focused on the most active parts of the Campi Flegrei caldera (i.e., the Solfatara and Pisciarelli 
areas and the Agnano Plain; Figure 1a). The only information about the Astroni Volcano structure is derived from 
large-scale geophysical surveys (e.g., across the entire Campi Flegrei caldera).

In this study, we aim to provide new insights regarding the structure of the Astroni Volcano and elucidate 
the present volcanic activity by means of a multidisciplinary approach that merges volcanological, structural, 
geophysical, and geochemical data. The study area is particularly interesting because of its volcanological history, 
which is characterized by several eruptions that occurred spatially and temporally close to one another, fed by 
magmas stalling at different depths and capable of reaching the surface within a few days (Astbury et al., 2018; 
Stock et al., 2016). We also aim to define in detail the relation between the volcano-tectonic structures, rock 
bodies, and fluid circulation in a recent volcano localized within the caldera sector, where the probability of a 
new vent opening is especially high (Bevilacqua et al., 2015; Orsi et al., 2004). Finally, we describe for the first 
time the hydrothermal emission activity and thermal anomaly within the Astroni crater and suggest the possible 
involvement of the geothermal reservoir that has been detected by geophysical surveys (e.g., Young et al., 2020), 
also due to the present unrest crisis at Campi Flegrei caldera.

2. Geological Setting and Volcanological Evolution of the Astroni Volcano
The Campi Flegrei caldera (Figure  1a) has been the site of approximately 70 eruptions since the last major 
collapse that occurred during the 15 ka Neapolitan Yellow Tuff (NYT) eruption. Most of the eruptions occurred 
in the central-eastern sector, including two Plinian events (Di Vito et al., 1999), among which the Agnano-Monte 
Spina (AMS) eruption (i.e., 4.5 ka; de Vita et al., 1999; Smith et al., 2011) also generated a small caldera, corre-
sponding to the present Agnano Plain (Figure 1a). The AMS caldera collapse affected the pre-existing volcanic 
edifices, while its shape was strongly controlled by the reactivation of major faults defined by the regional NW–
SE and NE–SW directions (Isaia et al., 2009). This fault array and related damage zones seem to favor the ascent 
of magmas or magmatic fluids, as observed in the Solfatara and Pisciarelli areas (Isaia et al., 2015, 2021; Troiano 
et al., 2019, 2021). More recent and subordinate E–W/ENE–WSW-and N–S/NNE–SSW-striking structures have 
also been observed between the Solfatara and Astroni volcanoes (Battaglia et al., 2008; Isaia et al., 2015, 2021; 
Vitale & Isaia, 2014). After the Agnano Plain collapse, volcanism occurred along its western margin, starting 
with a cluster of low-energy explosive eruptions and lava domes (i.e., Accademia-Solfatara area; Figure 1a) (Isaia 
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et al., 2009, 2015). These events were shortly followed by multiple eruptions a few hundred meters northward, 
which formed the Astroni and Fossa Lupara volcanoes (Figures 1a and 1b).

The Astroni Volcano formed at the northwestern corner of the Agnano caldera (Figure 1a) due to seven explosive 
eruptions (labeled as Astroni 1–7). These eruptions emitted approximately 0.5 km 3 magma (Isaia et al., 2004) and 
formed a large tuff ring with approximately 2 km diameter. Volcanic activity was fed by trachytic to phonolitic 
magmas (Smith et al., 2011; Tonarini et al., 2009), likely due to separate magma bodies located at different depths 
(Astbury et al., 2018). An evolved shallow (i.e., at ∼3.5 km depth) magma chamber has been recharged by a less 
evolved magma located deeper (i.e., at ∼7.0 km depth) (Stock et al., 2018). The mixing of these two magmas 
occurred in the shallow magma system during a single recharge event; this event likely occurred between about 

Figure 1. (a) Simplified geological map of Campi Flegrei modified after Troiano et al., 2019. CI: Campanian Ignimbrite; NYT: Neapolitan Yellow Tuff; AMS: 
Agnano-Monte Spina. (b) Satellite image of the Astroni-Solfatara sector.
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1 hr and 6 days (Astbury et al., 2018) before the beginning of the Astroni 6 eruption, that is, the event with the 
highest magnitude in the entire eruptive sequence (Isaia et al., 2004).

The total duration of the seven eruptions was very short, ranging from years to decades (Isaia et al., 2004; Smith 
et al., 2011), and the eruptive vents were confined within the present Astroni crater (Figure 2a). The energy of 
the eruptive events was variable, with the sixth eruption forming a subplinian eruption column and likely enlarg-
ing the vent area to its present shape. The eruptions, being mainly characterized by phreatomagmatic activity, 
produced pyroclastic density currents (PDCs) mostly confined within the Campi Flegrei caldera margin (Isaia 
et al., 2004; Mele et al., 2015) and widespread pyroclastic deposits in a large area of the city of Naples and the 
Campanian Plain (Figure 1a). A lava dome was emplaced at the end of the Astroni 5 eruption (Figure 2a) and 
was later partly destroyed by the subplinian Astroni 6 eruption. The distribution and thickness of deposits, ballis-
tic block trajectory, and facies architecture of the PDC (Isaia et al., 2004; Mele et al., 2015) suggest a possible 
temporal migration of the vents from the NW to the SE sector of the crater, which is also the most depressed 
area. The last volcanic activity was less energetic, forming small tuff cones (e.g., Colle dell’Imperatrice), spatter 
cones (e.g., Rotondella), and scoriae cones (e.g., Pagliaroni) within the crater floor, which also hosts three small 
lakes, the largest named Lago Grande (Figure 2a). New structural surveys have indicated that the eruptive activity 
resulted in a collapse of the crater floor through ring faults that were well exposed along the inner flanks of the 
Astroni tuff ring (Figures 2b and 2c). The data indicated that these structures include different faults oriented 
parallel to the volcano's inner flanks, exhibiting a broad tangential pattern with respect to the crater center. These 
areas were also the locations of several landslides.

Figure 2. (a) Geological map of the Astroni Volcano also showing the profile traces of the geoelectrical survey. (b and c) Examples of ring faults.
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A few hundred meters north of the Astroni Volcano edifice, three nested ring-shaped volcanic cones (i.e., Fossa 
Lupara; Figure 1a) formed following the Astroni emplacement. We note that the centers of these edifices are 
located along a NW–SE directed alignment passing through the Astroni vents (Figure 1a), which likely corre-
sponds to a major eruptive fissure (Isaia et al., 2009). The Astroni eruptive events occurred at Campi Flegrei in 
the last epoch of activity between 5.5 and 3.8 ka (Smith et al., 2011) and are classified as small-to-medium-sized 
eruptions; the Astroni unit 6 has been used by the Italian Civil Protection as a representative eruptive scenario for 
hazard zonation in case of a renewal of volcanism.

3. Electrical Resistivity Survey
The geoelectrical technique reconstructs the electrical model of the subsoil using a controlled current injected 
into the ground through a couple of electrodes (i.e., source dipole) and the induced voltage drop in correspond-
ence with other electrodes (i.e., receiving dipoles) (Loke & Barker, 1996). The source and receiving dipoles are 
displaced on the Earth's surface, following the topography. The measured potential difference is a function of the 
injected current, dipole geometry, and medium response (i.e., its apparent resistivity). Such measurements can be 
inverted to obtain electrical resistivity tomography (ERT) of the subsoil.

In recent decades, resistivity methods have been successfully applied in many different contexts, such as ground-
water resources (e.g., Hermans et al., 2015; Yeh et al., 2015), fault imaging (e.g., Nguyen et al., 2005; Rizzo 
& Giampaolo, 2018; Suski et  al.,  2010; Troiano et  al.,  2009), the characterization of volcanoes and geother-
mal regions (e.g., Brothelande et  al.,  2014; Di Giuseppe, Troiano, &  Carlino,  2017; Niccolin et  al.,  2006; 
Rosas-Carbajal et al., 2016; Tarchini et al., 2019; Troiano et al., 2008), the reconstruction of landslide structures 
(e.g., Lapenna et al., 2005; Lebourg et al., 2005), and geotechnical applications (e.g., Chambers et al., 2013; 
Sauret et al., 2015). The wide range of applications of these methods is a result of the large number of parameters 
influencing the electrical resistivity (e.g., porosity, fractures, rock/soil type, saturation, temperature, and fluid 
electrical conductivity) (Van Hoorde et al., 2017).

In this study, resistivity data were collected along 17 profiles (Figure 2a), with lengths between 480 and 840 m, 
adopting a dipole–dipole (DD) electrode configuration with 20 m spacing. In confined areas where it was diffi-
cult to manage cable layouts, as in the Astroni area, we found it effective to use the DD source–receiver coupling 
because it is more compact and sensitive to the lateral location and facilitates depth evaluation of anomaly source 
bodies (Ward, 1990). We used an Iris Syscal Pro instrument as a multichannel resistivitimeter, and employed it 
also as a power source, since it was able to produce direct current, with the maximum possible voltage and current 
being 800 V and 2 A, respectively.

Geological structures are three-dimensional; hence, to obtain accurate subsurface models, 3D acquisition and 
inversion techniques must be considered using arrays of electrodes laid on planes rather than on single lines 
(Loke et al., 2013). Indeed, complex heterogeneities cannot be adequately characterized using only 2D electrical 
resistivity surveys (Bentley & Gharibi, 2004). However, conducting full 3D surveys over large areas is difficult 
and time-intensive. Such setups are often not suitable because of their finite number of available acquisition 
channels,  that is, cables and electrodes (Van Hoorde et al., 2017). To overcome the logistical constraints, 3D 
data sets can be collected from independent surveys along approximately straight lines displaced in mutually 
orthogonal directions, thereby acquiring data in more than one direction (e.g., Bentley & Gharibi, 2004; Berge & 
Drahor, 2011; Negri et al., 2008).

The ERT profile setup shown in Figure 2a was designed according to this rationale. The coverage appears dense, 
albeit irregular, with ERT profiles crossing the main geological structures, as already applied in other studies 
(Bouligand et al., 2019; Di Giuseppe et al., 2015; Revil et al., 2010). Consequently, 3D inversion of the data was 
deemed adequate. We note that the design of our experiment was heavily conditioned by the inaccessibility of 
some sectors of the Astroni crater.

The entire data set, consisting of 17 profiles in total, allowed for 3D inversion using the ERTlab3D® commercial 
software, including topography. The inversion procedure was based on the smoothness-constrained least squares 
inversion technique (LaBrecque et  al.,  1995). We used Occam's inverse algorithm (LaBrecque et  al.,  1995; 
Morelli & LaBrecque, 1996) to reconstruct the electrical resistivity image from electric potential data. Occam's 
inversion finds the smoothest possible model, whose response best fits the measured data to an a priori chi-square 
statistic (Constable et al., 1987; de Groot-Hedlin & Constaple., 1990). In the inversion routine, the subsurface 
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was divided into rectangular regions of constant resistivity, and the model smoothness was enforced by mini-
mizing the differences in the log resistivity of adjacent blocks. The conjugate-gradient method was employed 
to solve both forward and inverse matrix systems, and a data-error reweighting scheme was implemented to 
suppress the effects of data outliers (Morelli & LaBrecque, 1996). The optimization method adjusts the resistivity 
model by iteratively reducing the difference between the calculated and measured apparent resistivity values; the 
root-mean-square (RMS) error provides a measure of this difference. The obtained RMS value was ∼5, which is 
compatible with the volcanic environment (Di Giuseppe et al., 2015; Di Giuseppe, Troiano, Di Vito, et al., 2017; 
Vargemezis, 2014).

As already discussed, a 3D model originating only from a series of in-line electrical resistivity measurements—
like in our case—is not completely adequate for characterizing geometrically complex heterogeneities. Such 
a procedure might produce misleading models as a result of out-of-plane resistivity anomalies lying outside 
the survey lines. A series of techniques described by Loke and Dahlin (2010) have been adopted to avoid such 
possible artifacts in the final 3D inversion model, which often appear as banded near-surface anomalies aligned 
parallel (or perpendicular) to the surveillance lines. We adopted a higher damping factor for the model cells in the 
near-surface layers to reduce banding effects. In addition, we adopted a model discretization, such that the width 
and length of the model cells are similar, although the spacing between the lines is larger than the in-line elec-
trode spacing. Finally, we modified the horizontal roughness filter to make it have components in the diagonal 
directions and in the directions along and perpendicular to the survey lines.

The final 3D model was supported by sensitivity analysis. The Jacobian (or sensitivity) matrix 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖(m) =
𝜕𝜕𝜕𝜕𝑖𝑖(𝑚𝑚)

𝜕𝜕𝑚𝑚
 , 

containing the partial derivatives of the model responses with respect to the model parameters, was estimated 
using the ERTLab3D software, which provides a global sensitivity function equal to the diagonal of the matrix 
product S TS and represents the sum (i.e., quadratic) of the sensitivities of all the quadrupoles (Sapia et al., 2021; 
Troiano et al., 2021). Considering that the absolute values of the sensitivity function may vary over a wide range, 
we computed a normalized sensitivity function, setting the maximum value to 100 and considering the 3% of the 
normalized sensitivity function as a good indication of the maximum resolution depth of our resistivity model. 
The unresolved areas are shown in Figure 3.

Our geophysical investigations focused on detecting the main rock formations, discontinuities, and fluid patterns 
down to about 150 m depth in an approximately 1,500 × 1,500 m 2 area covering the entire Astroni crater floor. 
Figure 3 shows three slices extracted by the 3D electrical model at different depths, that is, z = 16, −24, and 
−64 m above sea level (a.s.l.) (Figures 3a–3c).

The resistivity patterns of the horizontal tomograms presented diffuse heterogeneities with electrical resistivities 
ranging between a few and several hundred Ω·m (Figures 3a–3c); this was because expressions of the complex 
geology of the area were characterized by different lithological structures affected by faulting, fracturing, and 
alteration processes. Based on these three slices, the Astroni crater appeared to be separated into two sectors, both 
exhibiting a widely resistive electrical footprint (more than 100 Ω·m). Furthermore, the two sectors presented two 
conjugate trends in the NW–SE direction. The northernmost resistive anomaly had a NW–SE orientation, reach-
ing a depth of approximately 70 m below sea level (b.s.l.), while the southernmost resistive anomaly had NE–SW 
orientation. The central sector of the crater was instead characterized by a conductive response (i.e., less than 
100 Ω·m), detected in correspondence with the separation between the two resistive sectors described previously.

Six vertical resistivity cross-sections are depicted in Figure 3e; they were extracted by a 3D electrical model along 
the traces reported in Figure 3d to provide a clear view of the geometry of the detected anomalies, which reflect 
the volcanic and structural features identified in the area. Each of these sections was displaced close to and/or 
along with one of the measured profiles.

4. Gas Composition and Ground Temperature
To characterize the gas bubbles located in the E and NE sectors of Lago Grande, gas samples were collected 
using an upside-down plastic funnel positioned on a gas discharge. The funnel is connected through silicone 
tubes to a sampling glass flask with approximately 50 mL volume and equipped with two stopcocks. Gas samples 
were analyzed for both chemical (i.e., CO2, Ar, N2, O2, CH4, and He) and isotopic (i.e., δ 13CCO2 and δ 18OCO2) 
compositions at the INGV-OV laboratory of fluid geochemistry following Caliro et al.  (2008). The analytical 
compositions are listed in Table 1.
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Figure 3. (a–c) Electrical resistivity maps at different depths. (d) Map of the Astroni crater showing the extracted profile traces of the electrical resistivity tomography 
and the mapped and inferred faults. (e) Electrical resistivity sections extracted by 3D modeling along traces shown in (d).
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We sampled the gas-bubbling manifestation in the NE sector of Lago Grande twice, where the bathymetry ranges 
between a few tens of centimeters and a couple of meters. Results indicated a CO2-rich (i.e., ∼98%) gas compo-
sition with minor amounts of atmospheric components and methane (i.e., ∼0.1%). In the ternary diagram of 
Figure 4a, which shows the relative concentrations of the non-reactive gas species (i.e., He, N2, and Ar), the 
gas-sample values range between the air-saturated water composition (ASW) and He and N2 enriched component, 
suggesting the contribution of hydrothermal fluids, likely represented by the composition of Campi Flegrei fuma-
roles (Caliro et al., 2014); this is also supported by their isotopic composition (Table 1).

The ground temperature was also mapped in the area using a K-thermocouple for measuring the temperature at 
30 cm depth. A total of 400 irregularly spaced data points (i.e., black points in Figures 4b and 4c) were used to 
produce a temperature map revealing the area with anomalous values. Ground-temperature data were processed 
using the commercial software Surfer, produced by Golden Software, using the point kriging geostatistical 
method to produce an interpolated grid (Isaaks & Srivastava, 1989). Temperature measurements were generally 
repeated every three to 4 months in the gas-emission area, starting from October 2019.

In the period from 2019 to the first trimester of 2022, the soil-temperature measurements (Figures 4b and 4c) 
revealed background values ranging from 10 to 24°C, while a 40°C maximum was measured in a narrow sector 
on the NE side of the lake (i.e., Lago Grande; Figures 3e and 4c), where an NNW–SSE trending anomaly (i.e., 
+24–40°C) was detected. The temperature values corresponding to the bubbling gas manifestation were quite 
constant during this period, with a difference of approximately 2°C between the measurements performed at 80 
and 30 cm depth and within the 35–40°C range. The maximum measured temperatures were plotted in Figure 4d. 
This anomaly can be considered as a proxy for a structure that acts as a preferential pathway for rising fluids. 
However, the last measure of the temperature performed in September 2022 shows a maximum value of about 
43°C at 30 cm depth, indicating a possible increase in fluid temperature rising from depth. However, this change 
in temperature anomaly needs to be verified as values and spatial distribution through new measurements in the 
following months.

Sample Date Ar O2 N2 CH4 CO2 He δ 13CCO2 δ 18OCO2

Astroni_Lake1 19 July 2019 0.0422 0.38 1.92 0.11 97.91 0.000623 −1.84 33.80

Astroni_Lake2 19 May 2021 0.0269 0.02 1.26 0.114 98.58 0.000167 −2.27 32.47

Note. Concentrations are expressed in percent; isotopic compositions are in delta notation permill versus Vienna Pee Dee 
Belemnite.

Table 1 
Chemical and Isotopic Composition of Bubbling Gases Collected in the Eastern Sector of the Lago Grande

Figure 4. (a) Ternary plot showing the relative concentrations of the non-reactive gas species (i.e., He, N2, and Ar). (b) Soil-temperature map. Black dots indicate the 
measurement locations. (c) Zoom of the Lago Grande NE side where the highest temperatures and gas bubbling occur. (d) Plot of the maximum measured temperatures.
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5. Discussion
Combining new detailed volcano-tectonic analyses of the entire volcano and the previous volcanological recon-
structions, we proposed an evolutionary model of the Astroni volcanic activity (Figure 5).

The Astroni Volcano formed along the border of the Agnano caldera following the Plinian Agnano-Monte 
Spina eruption (4.55 ka; de Vita et al., 1999; Smith et al., 2011). The eruptive activity produced at least seven 
small-to-medium magnitude eruptive events (Astroni 1–7) that happened over a total periods of years to few 
decades and were likely fed by a fissural system responsible for the variable vent opening during the eruptive 
activity (Figures 5a–5c). The prevailing explosive hydromagmatic activity was followed with the emplacement 

Figure 5. (a–h) Schematic evolutionary model of the volcano-tectonic events forming the present shape of the Astroni Volcano.
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of a lava dome along the eastern crater wall (Caprara Lava Dome), which closed the eruption event of Astroni 5. 
Volcanism resumption generated the larger subplinian eruption of Astroni 6 (Costa et al., 2009; Isaia et al., 2004; 
Mele et al., 2015), which produced a maar-like structure (Figure 5d) and mostly defined the present shape of the 
volcanic edifice. This structure was later partly covered by the pyroclastic deposits of the subsequent Astroni 7 
eruptive event, which also generated the volcanic structures associated to the final activity of Astroni volcano 
(Figures 5e–5g). The Astroni 7 eruptive event include the production of tuff, spatter, scoriae, and highly crystal-
line frothy rock bodies preserved on the crater floor (Figure 5h) and were further investigated and defined by ERT.

In this study, we presented a 3D ERT of the shallower part of the Astroni crater, with the aim of defining down 
to 150  m depth the geometry of the main structures exposed in the crater. The extracted vertical resistivity 
cross-sections indicate that a resistive body occurs in correspondence with the Colle Imperatrice volcanic struc-
ture down to the investigation depth (i.e., S1 and S3 sections in Figure 3e). A shallower resistive structure with 
an articulated shape is imaged close to the Pagliaroni structure (i.e., S2, S3, and S4 sections in Figure 3e); the 
latter includes a flatter resistivity anomaly around the NE–SW extension (i.e., S4 section in Figure 3e), which 
perfectly encompasses the morphology highlighted by the digital terrain model (DTM) of the crater. A third 
known volcanic structure, that is, the Rotondella spatter cone, has not been precisely captured by the final 3D 
resistivity model, consequently of its sensitivity limits in this sector. A resistive anomaly at the NNW corner of 
the S2 section can be the signal of the rocks of the Rotondella small vent (Figure 3e).

The geometry of the anomalies confirms the stratigraphic reconstruction and indicates that Pagliaroni is the 
most recent vent. The peripheral resistivity cross-sections, namely S5 and S6 (Figure 3e), reveal a prevail-
ing conductive volume encompassing the lateral extension of the previously described structures. Resistivity 
contrasts indicate the presence of discontinuities in the subsurface corresponding to faults and/or fracturing 
zones; however, some of the faults seem to be covered by resistive bodies corresponding to the deposits of 
Pagliaroni and Colle Imperatrice (e.g., S3 and S4 sections in Figure 3e), suggesting that they are related to 
previous volcano-tectonic events likely due to the maar-like structure during Astroni 6 eruptive event. The 
electrical tomograms reveal how resistive bodies characterize the northwestern and southeastern sectors of 
the crater; such sectors appear separated by a conductive structure with NE–SW orientation, corresponding to 
the central part of the crater (Figure 3).

The geometry of the resistive bodies perfectly matches the morphology of the surficial volcanic structures identi-
fied in the field, such as Colle Imperatrice and Pagliaroni cones. It is also highlighted by structural analyses of the 
high-resolution DTM of the densely vegetated crater area. The imaged electrical anomalies linked to the strati-
graphic relationships, geometry, and position of these structures suggest a migration of the activity likely along 
the faults bordering the maar-like crater, likely located in the center, that formed after the Astroni 6 subplinian 
eruption, which might also represent a shallow sector of an eruptive fissure.

Figure 6. Sketches of the 3D resistivity model: blue, green and red correspond to the isosurfaces for ρ ∼30, ∼80, and ∼200 Ω·m, respectively. (a) View S shows the 
Colle dell’Imperatrice and Pagliaroni structures highlighted by high values of resistivity (red isosurface). (b) View SE shows the root of Colle dell’Imperatrice cone 
marked by the 80 Ω·m isosurface (green).
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The 3D ERT reconstructed the deep roots of the Colle dell’Imperatrice cone, as shown in Figure  6, where 
the selected resistivity isosurfaces depict a vertical conduit developed at depth (ρ = ∼80 Ω∙m), as well as the 
shallower resistive structures of other small volcanic edifices (ρ = ∼200 Ω·m). The 3D resistivity model shows 
the shape of the Pagliaroni edifice, which includes a shallow resistive body with a tabular shape (S4 section in 
Figure 3e). These volcanic edifices are mainly NW–SE aligned and bounded in the south-southeastern sector by 
the area mainly occupied by Lago Grande.

The conductive structure (ρ = ∼30 Ω·m) situated in the central sector of the Astroni crater also presents 
deep roots for the source area of Colle dell’Imperatrice tuff cone, at least down to the maximum investi-
gated depth (approximately 150 m) in the present ERT survey (Figures 3 and 5). This feature, which cuts the 
Astroni crater into two sectors, represents the link with the conduit at depth, possibly related to a maar-like 
structure. The southernmost high-resistivity tabular volcanic structure, which is composed of frothy lavas 
enriched in crystals, could be the result of the final spreading of a very degassed and viscous magma along 
with a shallow sector of the eruptive fissure or following a lateral partial collapse of the Pagliaroni cone 
(Figure  6) which produced a lava coulée, similar to other volcanic systems (De Silva et  al.,  1994). The 
major faults reconstructed by the anomalies detected by the 3D resistivity model (Figures 3a–3c) indicate 
that there are two main sets characterized by the NE–SW and NW–SE regional directions, which gener-
ally prevail throughout the Campi Flegrei caldera (Vitale & Isaia,  2014; Natale, Camanni, et  al.,  2022; 
Natale, Ferranti, et al., 2022). Furthermore, the NW–SE direction is the same as the already hypothesized 
larger-scale eruptive fissure (Isaia et al., 2009). This main volcano-tectonic structure is part of the align-
ment of positive gravity and magnetic anomalies (i.e., Mt. Spina, Astroni, and Fossa Lupara volcanoes in 
Figure 1a) evident in the high-pass filter maps of the Bouguer anomaly and pole-reduced magnetic field in 
Barberi et al. (1991).

The detected resistivity anomalies combined with the identified structural features suggest the presence of 
active structures within the Astroni Volcano that convey the upward migration of hydrothermal fluids. It is 
worth noting that the bubbling manifestation within Lago Grande is localized along the border of the Paglia-
roni lava coulée and likely along the ring faults bounding the maar structure (Figure 7). Furthermore, the gas 
composition (Figure 4a) suggests a possible contribution from hydrothermal fluids, such as those discharged 
by the Solfatara fumaroles (Caliro et al., 2014). The CO2 carbon isotopic composition of −1.84/−2.27‰ δ 13C 
(vs. V-PDB; Vienna Pee Dee Belemnite) is comparable to the composition of the fluids released by the Solfa-
tara fumaroles (i.e., −1.4 ± 0.4‰; Caliro et al., 2014), thereby suggesting the same hydrothermal origin of 
the fluids discharged in the Astroni crater lake. The fluid-emission area is also marked by a soil-temperature 
anomaly (Figures 4b–4d) that extends along the northeastern margin of the lake, with a maximum value of 
40/43°C. This area also corresponds to the border between the southernmost and youngest volcanic structures 
identified within the crater (Figure 7). Historical chronicles (i.e., Barbati, 1995) report a thermal bath (i.e., 
Balneum Astruni) within the Astroni Volcano, which King Federico II used in 1217 CE for curative therapies, 
while the exploitation of thermo-mineral springs in Campi Flegrei declined after the volcanic phenomena 
accompanying the eruption of Monte Nuovo in 1538 CE (Giacomelli & Scandone, 2012). Young et al. (2020) 
discovered a gravity anomaly (Figure 8) beneath the Astroni Volcano, formed by a fluid-dominated and highly 
fractured geothermal reservoir; they hypothesize that the reservoir is trapped beneath a less permeable cap 
rock at the time of the survey. The authors also suggested that seismicity in the area may be due to the move-
ment of fluids mainly along the NW–SE and NE–SW to NNE–SSW oriented faults, which can act as fluid 
pathways linking the Solfatara/Pisciarelli and Astroni volcanoes (Figure 8). The reservoir is likely confined 
within the SW sector of the Astroni crater by a NW–SE oriented structure highlighted by our ERT imaging and 
corresponds to the limit of the resistivity anomaly of the Colle dell’Imperatrice tuff cone (Figures 3 and 7). 
Investigations using SAR and seismic interferometric methods of volcanic structures at Campi Flegrei (Pepe 
et  al.,  2019) also highlighted that the spatial distribution of seismicity coincides with the extinct volcanic 
vents/plumbing system in the eastern part of the caldera (i.e., Solfatara/Pisciarelli and Astroni volcanoes), 
thereby constraining or channeling the eastward propagation of magmatic and hydrothermal fluids. In addi-
tion, in this sector of the caldera, we also recorded a significant variation in hydrothermal activity, which 
was verified by an increased degassing process (Cardellini et  al., 2017) and warming of the hydrothermal 
system (Chiodini et al., 2015), and may imply a larger area involved during periods of unrest (e.g., Sabbarese 
et al., 2020).
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6. Conclusive Remarks
The presented multidisciplinary study provided a more detailed volcano-tectonic architecture of this 
volcano, allowing us to reconstruct its evolution and current activity. We elucidated the deep geometry of 
the main structures linked to the vents that operate during the final stages of eruptive activity and the major 
structural discontinuities through which the observed and analyzed hydrothermal liquids, and gases rise to 
the surface. The geophysical and geochemical anomalies detected within the Astroni Volcano suggested a 
possible involvement of this area in the seismic and hydrothermal activity that recently occurred in the central 
sector of the Campi Flegrei caldera. The chemical affinities of the analyzed gases and those emitted in the 
Solfatara-Pisciarelli area also suggest that further surveys should identify the possible deep structure that 
connects the Astroni Volcano with the neighboring most active area of the caldera, as already suggested in 
previous studies and will also help to evaluate better the dynamics and evolution of the Astroni Volcano, 
which in recent years was also a site of seismic activity both as swarms or shocks. Additional investigations 
of the whole volcanic structure to detect other possible geophysical and geochemical anomalies besides those 
presented in this study will also allow for planning regular monitoring of the anomalies recorded and better 
evaluate the evolution of the unrest crisis at the Campi Flegrei, for which the alert level was raised to yellow 
by the Italian Civil Protection since 2012.

Figure 7. The 3D scheme of the volcano-tectonic structure of the Astroni Volcano, revealing the main features and ongoing degassing beneath Lago Grande. (a) View 
NNE shows the gas rising below the NE side of the Lago Grande and the western sector of Pagliaroni lava culeé. (b) View NW shows the Colle dell’Imperatrice root 
and gas rising below the Pagliaroni lava culeé.
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