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S U M M A R Y
Following the Mw 3.9 earthquake that occurred in the Ischia island (Naples, southern Italy)
on 21 August 2017, the local monitoring seismic network was significantly improved in
terms of both number of stations and instrumentation performance. Due to the huge amount
of collected seismic ambient noise data, in this paper we present a first 3-D shear wave
velocity model of the island retrieved from the inversion of horizontal-to-vertical spectral
ratio curves by fixing the shear wave velocities (Vs) and modifying the thicknesses to get the
corresponding 1-D Vs models. We are confident about the robustness of the attained models
since the inversion process provided a good convergence towards the best-fitting solutions.
Then, a first 3-D velocity model was obtained by contouring all the 1-D models obtained for
the selected seismic stations to highlight possible lateral variations of the layer thicknesses
and to reconstruct the morphology of the deeper interface characterized by a high-impedance
contrast. A good correspondence between the 3-D Vs model and the geological features of the
island was observed, especially in the northern sector where most of the stations are installed.
In particular, the top of the high-impedance contrast interface appears deeper in the northern
coastal areas and shallower in the central sector. This result agrees with the structural settings
of the island likely due to the resurgence of Mount Epomeo.
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1 I N T RO D U C T I O N

Nowadays, a 3-D reconstruction of the deepest parts of volcanic
areas from the analysis of seismic ambient noise data by the
horizontal-to-vertical spectral ratio (HVSR) technique (Nakamura
1989) is not yet a widely used approach in the scientific community.
The effectiveness of evaluating a 3-D model from 1-D inversion
models has now been widely demonstrated especially in the sedi-
mentary basin contexts, such as the Pohang basin in South Korea
(Kang et al. 2020). Additionally, Özalaybey et al. (2011) obtained
a 3-D model by combining single station microtremor and gravity
measurements in the Izmit bay area. Pilz et al. (2010) extracted the
shear wave velocity structure of the Santiago de Chile basin using
125 single-station acquisitions. Recently, Maghami et al. (2021)
leveraged the HVSR inversion of microtremor recordings to recon-
struct the 3-D shear wave velocity model of deep alluviums of the
Qom basin (Iran). To our knowledge, there are no examples of ap-
plication of such an approach to the Campania region volcanic areas
(southern Italy). As it concerns 1-D velocity models, 1-D large scale
(up to 2000 m depth) shear wave velocity (Vs) profiles of volcanic

areas, obtained from joint inversion of both surface wave disper-
sion and HVSR curves, are available for the Campi Flegrei volcano
(Nardone et al. 2020a) and the Ischia island (Nardone et al. 2020b),
both belonging to the Neapolitan volcanic district (southern Italy).
In particular, Ischia island (Fig. 1a) is characterized by a complex
structural setting due to fault systems and fractures of both tectonic
and volcano-tectonic origin (Orsi et al. 1991). Currently, the central
sector of the island is dominated by a morphological depression
ascribed to a caldera that formed about 55 000 yr ago during the
Mount Epomeo Green Tuff eruption (Gillot et al. 1982). This area,
first filled by deposits from the Green Tuff eruption and then by ma-
rine deposits, was subsequently affected by considerable resurgence
phenomena that induced the fragmentation of the central sector of
the caldera into a series of differentially displaced blocks (Fig. 1b).
Several authors attribute the resurgence process to a progressive
intrusion of a laccolith at shallow depth (Fig. 1c), which would also
justify the uplift of the Mount Epomeo block (e.g. Rittman 1930;
Sbrana et al. 2009; Della Seta et al. 2012).

The first seismic models developed for describing the complex
geological asset of the Ischia island come from the studies by Strollo
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3-D shear wave velocity model of Ischia Island 2057

Figure 1. (a) Geological map of the Ischia island (modified from de Vita et al. 2006). (b) Fragmentation of the central sector of the caldera into differentially
displaced blocks (modified from Acocella & Funiciello 1999). (c) Resurgent block pattern (modified from Nardone et al. 2020b).

et al. (2015) and Capuano et al. (2015). Strollo et al. (2015) by using
the frequency time analysis (FTAN) technique, provided 1-D Vs
velocity models in the first 2 km of depth along 13 paths crossing the
island in different directions, while Capuano et al. (2015) obtained
P-wave velocity (Vp) models using data from artificial explosions.
Conversely, the present work aims to reconstruct a first 3-D Vs
velocity model of the island from seismic noise records collected
at 19 stations belonging to the local monitoring seismic network
managed by INGV (Istituto Nazionale di Geofisica e Vulcanologia-
Osservatorio Vesuviano, Naples, Italy). The study takes advantage
of the preliminary study by Nardone et al. (2020b) devoted to the
development of a 1-D Vs average velocity model of Ischia. From the
Vs velocity profiles obtained by the inversion of the HVSR curves
evaluated for each of the selected seismic stations, a first 3-D Vs
velocity model of the island is reconstructed to highlight the overall
structural characteristics of the volcanic complex.

This paper is structured as follows: at first, a brief outline of
advances and limits of the HVSR technique is provided; then, after
the presentation of the spectral analysis on broadband noise record-
ings at 19 sites of the Ischia island, the results of the HVSR curves
inversion for each selected site, as well as the final 3-D Vs model,
are illustrated and discussed in the light of literature stratigraphic
and deep well data (e.g. Penta & Conforto 1951; Penta 1963; Agip
1987).

2 M E T H O D A N D DATA

2.1 HVSR technique

Ambient noise-based methods measure a mixture of different waves
composing the background noise (Okada 2003) to assess seismic

velocity profile of the earth subsurface. Since many sources are
located on the earth surface (wind, variation of atmospheric pres-
sure, etc.) or at the bottom of the sea, surface waves dominate the
wavefield. One of the most popular methods grounded on ambi-
ent noise is the HVSR, because it is a simple way to estimate the
dominant frequency induced by local stratigraphy from both mi-
crotremor (ambient noise) or earthquake measurements (see Naka-
mura 1989; Bard 1999). The HVSR technique, originally proposed
by Nogoshi & Igarashi (1970), is based on the estimation of the
ratio between the Fourier amplitude spectra of the horizontal and
vertical components of the ambient noise vibrations recorded at a
single seismic station. The method, developed later by Nakamura
(1989), is mainly based on two fundamental assumptions: the first
one hypothesizes that the soil is composed of a sedimentary layer
overlying a rigid half-space; the second hypothesis assumes that
the ambient noise vibrations consist mainly of Rayleigh waves.
However, with the popularity of the HVSR method application, the
precise physical explanation of the results provided by the HVSR
technique remains somewhat controversial, mainly related to the na-
ture of the ambient vibration wavefield and its sources. Lunedei &
Malischewsky (2015) provided a detailed description of the various
theoretical models developed in the last three decades to explain
the H/V spectral ratio, identifying two main research lines. One
attempts to describe the HVSR curve by taking into account the
complete seismic ambient-vibration wave field and the other line
just studies the Rayleigh wave ellipticity. After all, many studies
have demonstrated that the predominant peak is related to the el-
lipticity of Rayleigh waves around the site fundamental frequency,
f0, when a significant impedance contrast between the soil and the
bedrock is present (Nogoshi & Igarashi 1971; Field & Jacob 1993;
Lachet & Bard 1994; Tokimatsu 1995; Konno & Ohmachi 1998;
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2058 Manzo et al.

Figure 2. Monitoring seismic network of the Ischia island. The blue triangles show the seismic stations used by Nardone et al. (2020b). The green triangles
indicate the stations added for the present study. Red, light-blue and green lines delineate the traces of the geological sections used to validate the 3-D Vs
velocity model. The open white circles show the deep wells located in the southwestern sector of the island.

Table 1. Coordinates of the seismic stations used for the present study. Turquoise background rows indicate the stations shown with green triangles in Fig. 2.

Site Name Coordinates   Site Name Coordinates   

Latitude Longitude Elevation (m)  Latitude Longitude Elevation (m) 

ESI00 40.7434 13.8980 93 IMTC 40.7209 13.8758 209

FO1M 40.7334 13.8551 8 IOCA 40.7468 13.9014 123

ILSM 40.7508 13.8873 20 IPSM 40.7462 13.9439 10

ISF1 40.7210 13.8760 200 T1361 40.7567 13.8789 7

MSIst 40.7366 13.8637 16 T1363 40.7455 13.9135 50

MSPal 40.7404 13.8670 6 T1364 40.7426 13.8905 129

T1367 40.7435 13.8952 81 T1365 40.7014 13.9181 130

IBRN 40.7140 13.9268 150 T1366 40.7373 13.9046 213

IFOR 40.7115 13.8551 234 T1368 40.7108 13.9161 314

IMNT 40.7361 13.9346 180

Bard 1999). According to Nakamura (1989, 2000), instead, the H/V
ratio is related to the transfer function for vertical incidence of
horizontally polarized shear (SH) waves. One of the latest inter-
pretations has been proposed by Sánchez-Sesma et al. (2011) and

Garcia-Jerez et al. (2013). They suppose that the microtremors form
a diffuse field containing all types of body (P and S) and surface
(Love and Rayleigh) waves. For the first research line, two models of
the ambient seismic wave field have been assumed: the distributed
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3-D shear wave velocity model of Ischia Island 2059

Figure 3. Results of the HVSR analysis. The continuous black curves indicate the HVSR curves obtained from a minimum of 4 hr to a maximum of 24 hr of
noise recording; the dashed grey lines indicate the minimum and maximum standard deviation. The grey vertical bands show the fundamental frequency peak
with its standard deviation. The turquoise colour identifies the stations added for this study.

surface sources (DSS) model (Albarello & Lunedei 2010; Lunedei
& Albarello 2015), and the diffuse field assumption (DFA) model
(Sánchez-Sesma et al. 2011). Garcı́a-Jerez et al. (2012) compared

these two models finding that they provide similar results, particu-
larly with respect to the surface wave behaviour. However, Lunedei
& Malischewsky (2015) suggested that further investigations are
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2060 Manzo et al.

Table 2. Input model parameter values used to invert the HVSR curves of each site.

Layer h (m) min–max
Vp (km s–1)
min–max

Vs (km s–1)
min–max ρ (kg m–3) ν min–max

1 80–190 1.1–1.3 0.5–0.6 2000 0.31–0.38
2 175–410 2.2–2.7 1.1–1.3 2200 0.31–0.38
3 390–915 2.8–3.4 1.6–1.9 2400 0.24–0.29
Half-space - 4.8–5.9 2.7–3.4 2600 0.22–0.27

Figure 4. 1-D Vs models and ellipticity functions obtained for the station sites ISF1 (a and b, respectively) and IPSM (c and d, respectively). The continuous
blue and red lines in (a) and (c) indicate the best solution model for the sites ISF1 and IPSM, respectively; the continuous black dotted lines in (b) and (d)
indicate the experimental ellipticity curves for the sites ISF1 and IPSM, respectively, which are compared with the theoretical curves obtained in this study
(continuous red and blue lines in c and d).

required to clarify the differences between DFA and DSS models.
Regarding the second line of research, in recent years two different
techniques have been mainly applied to provide a better estimate
of the Rayleigh wave ellipticity: the H/V time–frequency analysis
(HVTFA, Poggi & Fäh 2010) and the RayDec method (Hobiger

et al. 2009). Further studies have shown that, in addition to the
good agreement with the HVSR empirical curves and the ellipticity
function of the fundamental mode of Rayleigh waves from ambi-
ent noise recordings (Lachet & Bard 1994; Fäh et al. 2001), the
peak frequency is related to thickness and shear wave velocity of
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3-D shear wave velocity model of Ischia Island 2061

Figure 5. Results of the inversion procedure. For each site, Vs model (a), ellipticity function and observed HVSR curve (black dotted lines) (b) are shown. The
red lines represent the solutions showing the minimum misfit.

the sedimentary layer. In contrast, the hypothesized proportional-
ity between peak amplitude and impedance contrast between the
surface layer and the underlying bedrock is still an open ques-
tion within the scientific community. Peak’s shape depends on the

geometry of the subsurface: peaks with narrow bandwidth are
mainly associated with strong impedance contrasts, while, in pres-
ence of lateral variations in the soil properties (e.g. near valley
edges, or in fault areas where lithologically different structures are
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2062 Manzo et al.

Figure 6. 3-D Vs velocity model of the Ischia island. Isolines represent the topography (contour interval is 100 m).

in contact with each other), broad peaks are observed, probably
due to a complex wave field that includes diffracted waves from
local heterogeneities (Bonnefoy et al. 2006). Over time, the HVSR
method has been widely applied in various research fields due to
its ease of use, despite several weaknesses of the technique that
are still a matter of debate (e.g. the understanding of the precise
composition of the microtremor wavefield; see Molnar et al. 2022
and references therein). In volcanic areas, for example, it is also
an effective tool to support the investigation of complex volcanic
settings, even where horizontal layering and isotropic site response
are not fully verified (Torrese et al. 2020). Furthermore, the usage
of time-dependent HVSRs has proven to be a useful tool for explor-
ing the shallow velocity structure of a volcanic region (Almendros
et al. 2004). On the other hand, Panzera et al. (2016) tried to infer
the depths of the main discontinuities of the subsoil structure in a
mud volcanoes area (i.e. Salinelle, Mt Etna, Italy) by combining the
HVSR method with the polarization analysis.

It is well known that the HVSR technique is able to assess the
resonance frequency of the investigated site, but it is not reliable for
the ground motion amplification estimate (Mucciarelli et al. 2001).
Experimental evidence, indeed, shows that the HVSR allows the
retrieval of the fundamental frequency of the sediment but provides
an underestimate of the site amplification (Lachet & Bard 1994;
Dravinski et al. 1996), although, in some cases, the method does
not supply an accurate evaluation of both resonant frequency and
amplification in the presence of weak impedance contrasts (Luzon
et al. 2001; Malischewsky & Scherbaum 2004). Furthermore, it is
not entirely clear whether this technique can be applied not only
to seismic noise but also to earthquakes (Mucciarelli et al. 2003).
For this purpose, Kawase et al. (2011) demonstrated the effective-
ness of a new formulation for the average HVSR spectral ratio of
earthquake motion. The latter, estimated with an adequately large
amount of earthquake data in the Tohoku area (Japan), depends only

on the geological structure and not on the data set used to compute
it (Ducellier et al. 2013). In contrast, the strengths of the methodol-
ogy are well established in the scientific literature. As well known,
the HVSR technique is an approach commonly used to obtain 1-
D shear wave velocity models of shallow geological formations.
In fact, HVSR curves are also used to estimate depth and thick-
ness of the seismic bedrock, as well as the seismic velocity of the
shallower deposits, by 1-D inversion of HVSR curves (Fäh et al.
2003; Maresca et al. 2012; Martorana et al. 2017; Picotti et al.
2017). However, the obtained models can have a large margin of
uncertainty when the data inversion is not adequately constrained by
stratigraphic and/or borehole information, or otherwise (Martorana
et al. 2018). On more, in some specific applications, HVSR curves
jointly with polarization analysis revealed the effect of topogra-
phy (Napolitano et al. 2018). In this work, the inversion results of
HVSR curves evaluated for 19 stations belonging to the monitoring
seismic network of the Ischia island are analysed and discussed to
verify the suitability of the proposed technique in providing a 3-D
velocity model of the island characterized by both wide lithological
variability and high geothermal gradient.

It is worth to note that, although the morphology of the island is
rather complex, especially in the central part that hosts the Mount
Epomeo relief, the effects of topographic amplification were con-
sidered negligible because the analysed seismic stations are located
in hilly areas with slight slope. For our study, velocity values ob-
tained by Nardone et al. (2020b) were used as a constraint in the
inversion procedure applied to each site.

2.2 Data set

Ambient seismic noise signals used in this study have been recorded
by the digital three component seismic stations of the monitoring
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3-D shear wave velocity model of Ischia Island 2063

Figure 7. Horizontal cuts of the 3-D Vs velocity model at four different depths below sea level (b.s.l.). Isolines represent the topography (contour interval is
100 m).

network at Ischia operated by INGV and recently improved (Fig. 2).
In fact, following the Mw 3.9 earthquake occurred on 21 August
2017, some mobile seismic stations were added to the permanent
network (Galluzzo et al. 2019) and acquired data for about three
years (Galluzzo et al. 2017). In particular, the dataset used for our
study consists of seismic noise recorded at 19 station sites (Table 1)
during the time interval ranging from 2018 to 2021. Compared to
the seismic stations used by Nardone et al. (2020b), other seven
stations have been added (turquoise rows in Table 1). They are
mainly located in the western sector of the island (Fig. 2), where
initially a low number of station sites was available. The improve-
ment of the seismic network has allowed a wider azimuthal coverage
for the reconstruction of the main underground physical/structural
discontinuities. Seventeen out of nineteen sites are equipped with
broadband sensors (Lennartz LE3D20s and Guralp CMG 40T) and
have been installed and managed by INGV (Orazi et al. 2018; Gal-
luzzo et al. 2019). Some of these stations record at 125 sample per
second (sps), others at 100 sps. The remaining two sites (MSPal
and MSIst), situated in the NW sector of the island (Fig. 1), rep-
resent the locations of some HVSR passive single-station surveys
(‘Geobox’ triaxial seismograph by Sara Instruments) carried out in
the framework of the 3rd level seismic microzonation in the Munic-
ipality of Forio (http://www.commissarioricostruzioneischia.it/Esit
i-Microzonazione.html).

3 R E S U LT S

3.1 HVSR analysis

Starting from the results by Nardone et al. (2020b) and taking into
account the significant geological-structural characteristics of the
Ischia island, as well as the mutual distances between the stations,
we focused our spectral analysis in the frequency band 0.2–1 Hz. In
particular, the mean velocity model obtained from the joint inver-
sion of the HVSR and surface wave dispersion curves reported in the
above-mentioned study was used as starting model for the inversion
process, which was carried out by assuming that the HVSR curve
of each site is theoretically related to the Rayleigh wave ellipticity
of the fundamental mode (Fäh et al. 2001; Lunedei & Albarello
2010; Foti et al. 2018). Spectral ratios of seismic noise recorded at
the 19 stations sites in Table 1 were calculated using the GEOPSY
package (Wathelet et al. 2004, 2020). The analysis was performed
by using 120 s sliding time windows with a 5 per cent overlap;
selected signals were at first tapered by cosine function, and the am-
plitude spectra were smoothed by the Konno and Ohmachi method
(Konno & Ohmachi 1998). In addition, as a first step in the followed
procedure, the removal of spikes due to phenomena of non-natural
origin, such as instrumental and/or artificial noise, was performed.

The results of the HVSR analysis are shown in Fig. 3, where the
continuous black curves indicate the HVSR curves obtained from
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2064 Manzo et al.

Figure 8. Stratigraphy of the deep wells Pc46, Pc47 and Pc48 shown in Fig. 2 with open white circles (modified from Carlino et al. 2014).

Figure 9. CARG AA’ section (modified from Sbrana & Toccaceli 2011).

a minimum of 4 hr to a maximum of 24 hr of noise recording. The
selection was done by visual inspection excluding signals containing
local disturbances and lack of data due to the records transmission.
The grey vertical bands show the fundamental peak frequency with
its standard deviation. Spectral ratios for frequencies greater than
1 Hz were excluded from the analysis because their shapes showed

significant differences most likely related to very local geological-
structural conditions of the site, which were not taken into account
in this work. As shown in Fig. 3, the frequency peaks for the new
sites (i.e. ESI00, ISF1, T1367, FO1M, MSPal, MSIst and ILSM)
are observed below 0.8 Hz. The obtained results agree with those
shown in Nardone et al. (2020b): moving from the centre of the
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3-D shear wave velocity model of Ischia Island 2065

Figure 10. (a) CARG AA’ Section (modified from Sbrana & Toccaceli 2011). (b) Clip plane of the 3-D Vs model in Fig. 6 along a direction approximately
coincident with the AA’ section. The Vs profiles related to the intercepted seismic stations are also indicated. The continuous black lines show the profiles that
fall exactly along the section, while the dashed black lines mark the projections of the profiles located about 1 km west of the section. The grey dashed line
sketches the in-depth geometry of the corresponding CARG AA’ section.

island towards the coast, the frequency peaks move towards the low
frequencies (from 0.6 Hz for T1366 to 0.37 Hz for IPSM).

3.2 Data inversion

The inversion procedure adopted to obtain the 1-D velocity models
for the 19 analysed sites is based on the Neighbourhood Algo-
rithm implemented in the DINVER tool of the GEOPSY package
(Wathelet et al. 2008). The algorithm provides the best velocity
model by performing a stochastic search in a multiparameter space
to identify the impedance surface and its variations. The calculated
parameters, that is thickness, P-wave velocity, S-wave velocity, den-
sity and Poisson’s ratio (here after identified as h, Vp, Vs, ρ and ν,
respectively), define a sequence of n layers that overlay the half-
space. In particular, we assumed that the S-wave velocity varies in
a very small range (tolerance of 10 per cent) according to the 1-D
model in Nardone et al. (2020b) and modified the layer thicknesses
to obtain the corresponding 1-D Vs models. This is reasonable as the
Rayleigh wave velocities depend strongly on the Vs structure and
weakly on the other parameters (Wathelet et al. 2005). To constrain

the peak of the HVSR curves (which holds significant information
about the depth of the bedrock), we considered both left and right
limb of the HVSR curve as well for the inversion, therefore the
frequency range of the HVSR spans from 0.2 to 1 Hz. According
to the large-scale 1-D model obtained by Nardone et al. (2020b),
we used the starting model parameters shown in Table 2, where
the layer densities are the same reported in Nardone et al. (2020b),
while the velocities are set to vary by 10 per cent with respect to
the average velocity value of the 1-D model. Finally, the variation
range of the layer thicknesses is fixed at 40 per cent. These settings
(wave velocity and thicknesses range) were chosen on the basis
of the morpho-stratigraphic features of the deeper layers found in
literature (Acocella & Funiciello 1999). We note that the model
parameters in Table 2 represent the best-fit solutions of the para-
metric study reported in Nardone et al. (2020b). These authors, in
fact, extensively explored the influence of the initial velocity values
on the inversion process through a join inversion of the Rayleigh
wave dispersion curve and the mean HVSR. This approach signifi-
cantly reduces the problems connected with non-uniqueness of the
solution when the single HVSR inversion is used.
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2066 Manzo et al.

Figure 11. CARG CC’ section (modified from Sbrana & Toccaceli 2011).

The best-fitting curve for each site was obtained for no more
than 13 iterations (the maximum number of iterations was reached
for the IOCA station). For all the sites, the models that show the
best fit solution consist of subsoils composed of three main seismic
layers, characterized by Vs velocities increasing with depth, which
are laid on a half-space. For the sake of brevity, we describe in
detail only the inversion results obtained for the sites ISF1 and
IPSM (Fig. 4), which identified the most representative areas of
the island, that is those defined by the minimum and maximum
depth value of the deepest layer, respectively. The ISF1 Vs profile
(continuous red line in Fig. 4a), characterized by three layers lying
on a half-space at a depth of 700 m below ground level (b.g.l), is
the result of a stochastic search among more than 240 000 possible
models (minimum misfit equal to 0.19). As regards the ellipticity, an
acceptable fit between theoretical and experimental curves is found
(Fig. 4b). For the IPSM site, the best solution model (continuous blue
line in Fig. 4c), obtained by an inversion process that investigated
more than 60 000 possible models in the parameter space (minimum
misfit equal to 0.24), is described by three seismic layers lying on a
half-space at a depth of about 1600 m b.g.l. In addition, an excellent
match between theoretical and experimental ellipticity curves is
observed (Fig. 4d). However, we note that the HVSR inversion
curves related to the whole set of analysed station sites (Fig. 5)
identify the top of the half-space at shallower depths in the central-
southern sector of the island (e.g. ISF1, IMTC, T1366 in Fig. 2,
with higher HVSR frequency peaks), while it is found deeper in
the northern sector (e.g. IPSM, FO1M in Fig. 2, with lower HVSR

frequency peaks). As it can be seen in Fig. 5, the Vs models and
ellipticity curves are shown, respectively, to the left and to the right
of each plot. The best-fitting models (red curves) obtained for all
the sites show low misfit values indicating a good convergence in
the space of the parameters. Generally, for the sites located along
the coast of the island, the top of the half-space appears deeper than
that identified by the sites located in the central part of the island,
due to the rise of Mt Epomeo (Orsi et al. 1991).

3.3 A first 3-D Vs model of the Ischia island

The 1-D models obtained for the analysed seismic stations were
used for reconstructing the first 3-D Vs model of the Ischia island
shown in Fig. 6. It was achieved by interpolating over a grid with
a spacing of 65, 50 and 40 m in the easting, northing and elevation
directions, respectively. We are aware that the retrieved 3-D model
is based on a number of stations that are quite scattered, especially
for the central and eastern sectors, and not sufficient for a detailed
reconstruction of the whole island. However, it can be considered
reliable mostly for the northern and western parts of the island,
where a greater number of seismic stations are available and a good
agreement is observed with the results of previous geological and
geophysical studies, as it will be seen in the next section.

The 3-D Vs model in Fig. 6 shows a sequence of 4 seismic layers
characterized by the following velocity ranges:

1st layer (blue shades): 0.53–0.63 km s–1

2nd layer (green shades): 1.09–1.32 km s–1
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Figure 12. (a) CARG CC’ section (modified from Sbrana & Toccaceli 2011). (b) Clip plane of the 3-D Vs model in Fig. 6 along a direction approximately
coincident with the CC’ section. The Vs profiles related to the intercepted seismic stations are also indicated. The continuous black lines show the profiles that
fall exactly along the section, while the dashed black lines mark the projections of the profiles located about 200 m east of the section. The grey dashed line
sketches the in-depth geometry of the corresponding CARG CC’ section.

3rd layer (yellow shades): 1.61–1.95 km s–1

4th layer (red shades): 2.87–3.40 km s–1.
Fig 7, which highlights the Vs discontinuity surfaces for increas-

ing depths, shows the top of the deepest layer, characterized by the
highest Vs values observed for the stratigraphic sequence, at a depth
of about 500 m b.s.l. in the central part of the island (Fig. 7b) that
extends at greater depths to cover the whole island (Figs 7c and d).

4 VA L I DAT I O N O F T H E 3 - D V s M O D E L

To verify the reliability of our study, we compared the obtained
3-D Vs model of Ischia with the results of previous geological
and geophysical studies. Specifically, we considered two geological
sections, AA’ and CC’ in Fig. 2, realized in the framework of the
Geological CARtography (CARG) Italian project (Sbrana & Toc-
caceli 2011), and a N–S magnetotelluric profile (green line in Fig. 2)
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Figure 13. (a) N–S resistivity section retrieved by magnetotelluric soundings (modified from Di Giuseppe et al. 2017). (b) Clip plane of the 3-D Vs model
in Fig. 6 along a direction approximately coincident with the N–S section. The Vs profiles related to the intercepted seismic stations are also indicated. The
continuous black lines show the profiles that fall exactly along the section, while the dashed black lines mark the projections of the profiles located about 500 m
west of the section.

carried out by Di Giuseppe et al. (2017). In addition, stratigraphic
logs (Fig. 8) from deep wells (open white circles in Fig. 2, Penta
& Conforto 1951; Penta 1963; Agip 1987) were also taken into
account.

The SW–NE CARG section (AA’ in Fig. 9) crosses the Mt
Epomeo resurgent block and intercepts the seismic stations IFOR
and IMTC in its southernmost part, while it is about 1 km west from
the T1366 and T1363 stations located in the northern portion of the
Island (see Fig. 2). Comparing the CARG AA’ section with the 3-D
Vs model, suitably cut along a direction coinciding approximately
with the direction of the AA’ section (Fig. 10b), clear correlations
emerge between the geological and velocity models, which are also
supported by the stratigraphy of the deep well Pc46 (Fig. 8). For a
more straightforward interpretation of the correspondences between
the two models, the 1-D velocity profiles for the seismic stations

located along or near the AA’ profile are also plotted in Fig. 10(b).
The Vs profile corresponding to the IFOR site shows a first seis-
mic layer defined by thickness (∼150 m) and velocity (∼500 m s–1)
values that well correlate with the pyroclastic deposits of Punta
Imperatore lighthouse (PPI, thickness ∼30 m) and Panza Scarrupo
(SUN, thickness ∼120 m) (Fig. 10a), the latter constituted of dif-
ferent types of weakly cemented pyroclastites formed by medium
and thin layers of lapilli and pumiceous bombs (see Fig. 9). Thick-
ness and velocity of the second layer, respectively ∼300 m and
∼1300 m s–1, can be linked to the Punta Imperatore lavas (PIM
deposit in Fig. 10a), that is compact and massive scoriaceous lavas
of trachytic composition (see Fig. 9). Although the CARG section
does not provide information for depths greater than a few tens of
metres below sea level, the Vs model clearly identifies a discontinu-
ity surface that could correspond to the top of the laccolith at a depth
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of ∼1200 m b.g.l (top of the red layer in Fig. 10b). The velocity
profile for the IMTC site agrees well with the stratigraphy of the
adjacent Pc46 well (see Fig. 2), which reaches a maximum depth of
1050 m b.g.l. (Fig. 8) and the AA’ geological section (Fig. 9). The
first seismic layer, in fact, with thickness of ∼60 m and velocity
of ∼550 m s–1, can be associated to the reworked tuffs and allu-
vium deposits provided by the Pc46 stratigraphic log (a1a deposit
in Fig. 9), while the second seismic layer (thickness of ∼130 m and
velocity of ∼1200 m s–1) seems to describe well the Punta del Soc-
corso Unit (PUS deposit in Fig. 10a), that is epiclastic deposits of
debris avalanche formed by tuff blocks and megablocks (see Fig. 9).
The third seismic layer, characterized by thickness of ∼500 m and
velocity of ∼1600 m s–1, correlates well with the sequence of tuffs
shown in the Pc46 stratigraphic column (Fig. 8), corresponding to
the Mt Epomeo Green tuff, Frassitelli tuff and Pizzone tuff (TME,
TFS and PZE deposits, respectively, in Fig. 9). The fourth seismic
layer, identified at a depth of ∼750 m b.g.l, shows very high velocity
values (∼3400 m s–1) likely correlated with the trachytic lava deposit
identified in the stratigraphic sequence of the Pc46 well (Fig. 8).
We attribute the top of this fourth layer to the summit part of the
laccolith that, in this sector of the island, would rise by virtue of the
Mt Epomeo resurgence. Finally, as it concerns the northern part of
the 3-D Vs model, we tentatively correlate the T1366 and T1363 ve-
locity profiles with the northern portion of the CARG AA’ section,
although the two seismic stations do not exactly fall along it. T1366
velocity model is characterized by a first layer defined by thickness
of ∼ 120 m and seismic velocity of ∼600 m s–1 that is ascribable
to altered Green Tuff deposits of the Mt Epomeo eruption (TME
in Fig. 9). As for the IFOR site, there are no stratigraphic informa-
tion for greater depths (see Fig. 9); therefore, thickness (∼110 m)
and velocity (∼1100 km s–1) of the second layer individuated by
the velocity profile (Fig. 10b) can be linked to the TFS and PZE
formations constituted of massive deposits of strongly welded tuffs
(Sbrana & Toccaceli 2011). Whereas it is reasonable to attribute
the last velocity discontinuity identified at depth of ∼800 m b.g.l.
to the laccolith top (Fig. 10b). Finally, as for the T1363 model, a
correlation with the AA’ section is possible only for the second
seismic layer that, based on the observed thickness (∼400 m) and
velocity (∼1300 m s–1) values, can be associated to the TFS and
TME formations (Fig. 9). Furthermore, the high velocity contrast
highlighted at the depth of ∼950 m b.g.l could indicate, according
to the other analysed 1-D models, the deepening of the laccolithic
structure in the northern sector of the island (Fig. 10b). Considering
that the T1363 profile is far from the CARG AA’ section about
1 km, we are not confident in assuming a link between the first
seismic layer of the profile and the shallowest portion of the sec-
tion (Fig. 9). In fact, the parameters that characterize a such layer
(thickness ∼110 m and velocity ∼630 m s–1) can be consistent both
with the RTA and PUZ-BMD lavas (Fig. 9), observed along the
northernmost part of the section, and with the tuffs covered by clays
of marine origin derived from the calderic filling process (VEC and
CPM units in Fig. 9), which more properly describe the shallow
deposits of the area where the measurement stations are located.

Fig. 11 shows the CARG CC’ section (Sbrana & Toccaceli 2011)
sited in the northwestern sector of the Ischia island (see Fig. 2),
which intercepts the seismic stations T1364, T1367, ESI00 and
IOCA. The corresponding velocity section (Fig. 12b), obtained by
cutting the 3-D velocity model along a direction approximately
coincident with the CARG CC’ profile, show a layers’ sequence
whose characteristic parameters agree with the geostratigraphic se-
quence shown in the CC’ section. Indeed, thickness and velocity
values of the first three seismic layers well describe the geological

formations presented in the CARG section, which are constituted
of landslide and backfill deposits (PUS-LMO and VEC-CPM in
Fig. 11), and different tuff formations (PZE-TME in Fig. 11). Dif-
ferently from the velocity section correlated with the CARG AA’
section (see Fig. 10b), which delineate a layers’ morphology rela-
tively homogeneous, the pattern of the second and third discontinu-
ity observed in the velocity model of Fig. 12(b) is more complex,
probably due to local structural heterogeneities. It is worth notic-
ing that the third discontinuity, which we attribute to the top of the
laccolithic formation, is identified at depths comparable with those
retrieved for the seismic section along the AA’ profile (Fig. 10b).

Finally, Fig. 13 compares the N–S magnetotelluric (MT) section
(Fig. 13a) by Di Giuseppe et al. (2017) with the proposed 3-D Vs
model in Fig. 6, which is cut along a direction roughly coinciding
with the MT profile (Fig. 13b). To better interpret the possible corre-
lations between the resistivity and velocity models, the 1-D velocity
profiles for the seismic stations located approximately along or in
proximity to the MT profile (i.e. ILSM, T1364 and IMTC) are also
shown in Fig. 13(b). The latter highlights a very good agreement
with the central part of the resistivity section (Fig. 13a), which
shows a very resistive block (resistivities >4000 �m) compatible
with the characteristic parameters (depth and velocity) of the fourth
seismic layer (see Fig. 13b). This resistive structure, attributed by
Di Giuseppe et al. (2017) to crystalline rocks, supports again the
laccolith intrusion hypothesis. The lack of MT data in the northern-
most part of the section (Fig. 13a) does not allow to compare the
morphology of such high-resistivity body with the corresponding
high-velocity structure (Fig. 13b). In this sector of the island, in
fact, a possible comparison is allowed only for the shallowest seis-
mic layers (see ILSM and T1364 profiles in Fig. 13b), whose depths
are fully consistent with those of the electro-layers identified by the
MT prospecting (Fig. 13a). Regarding the southern part of the MT
section, we do not consider appropriate to compare it with our ve-
locity model because of the inhomogeneous distribution and the low
number of seismic stations in this portion of the island. However,
we underline the good correspondence between the stratigraphy of
the Pc47 well (Fig. 8) and the velocity layers highlighted by the
Vs model in terms of both depth and geological characteristics.
Specifically, we refer to the velocity contrast observed at the depth
of about 250 m b.g.l (Fig. 13b) that likely separates the trachytic
formations of gray and yellow tuff from the thick deposit of green
tuff. The latter, indeed, would be associated with higher velocity
values than those the overlying tuff formations because of a denser
matrix (Villaseñor 2010).

It is worth noting that, due to the resolution of the proposed
Vs model, we do not consider it appropriate to validate the results
observed in the eastern sector of the island with previous literature
studies. The latter, in fact, generally refer to analyses of very shallow
deposits attributable to the recent volcanic activity of Ischia (e.g.
Sbrana et al. 2018).

5 C O N C LU S I O N S

The 3-D shear wave velocity model obtained for the Ischia island
well compares with geological and geophysical literature data, thus
supporting the reliability of our approach, based on HVSR inversion
and, mainly, its versatility in the use of non-synchronous seismic
records. In particular, the proposed model allowed us to correlate
the deepest velocity discontinuity to the emplacement of the crystal-
lized laccolith hypothesized by several authors (e.g. Paoletti et al.
2009; Sbrana et al. 2009; Carlino 2012; Capuano et al. 2015;
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Strollo et al. 2015). The top of the laccolith intrusion (shear wave
velocity greater than 3 km s–1) has been identified between ∼500 m
and 600 m b.s.l. in the central part of the island, while it deepens
up to 1200–1600 m b.s.l. in the northern coastal area. This finding
also agrees with the magnetotelluric observations by Di Giuseppe
et al. (2017). On the contrary, some works (e.g. Paoletti et al. 2017)
identified the top of the trachytic basement at depths shallower than
those observed by our study. This apparent discrepancy is proba-
bly due to the high degree of hydrothermalization and fracturing
of the uppermost part of the laccolytic intrusion as assumed by the
same authors. Furthermore, the Vs values retrieved for the shallow
deposits (in sequence: alluvium, pyroclastites, green and grey tuff
deposits), which range between ∼0.5 and 2.0 km s–1, are consistent
with density values found for the investigated area (Berrino et al.
2008). The obtained 3-D velocity model, although reconstructed
using a non-homogeneous distribution of the seismic station sites,
is a first step towards a 3-D image of the S-wave velocity distribu-
tion for the Ischia island that was not available before. Indeed, some
velocity models are found in the literature (Capuano at al. 2015;
Strollo et al. 2015) obtained with different typologies of seismic
signals (seismic noise, artificial shots) and experimental setup (low
number of seismic stations). The novelty of the proposed 3-D veloc-
ity model with respect to the previous ones consists of a larger areal
coverage and number of seismic stations, and of broad band noise
recording, which allowed to manage high quality data to investi-
gate larger wavelength and deep structures. In fact, several hours
of high-resolution seismic noise acquisition at frequencies lower
than 1 Hz allowed us to obtain robust results and to adopt inversion
algorithms to obtain reliable Vs estimates down to more than 1 km
depth. It is worth noticing that our velocity model provides thick-
nesses and velocities comparable with those obtained by Strollo
et al. (2015). On the contrary, greater differences are observed with
respect to the velocity model proposed by Capuano et al. (2015),
which is based on the estimate of Vp values. Indeed, by deriving the
Vs values from a Vp/Vs ratio = 1.88, we observe that their model
is slower and consists of two seismic layers on a half-space. These
discrepancies are probably due to a different resolution resulting
from the number of seismic stations, the azimuthal coverage and
the type of dataset derived from artificial shots. As previously high-
lighted, we are aware of the strong limitations of our result due to
both non-homogeneous distribution of stations and small number of
measurement points. Notwithstanding, in the sectors uncovered by
the seismic network, our results agree with those from other types of
data. In particular, for the south-western area, the magnetotelluric
profile by Di Giuseppe et al. (2017) and the stratigraphy of wells
support our findings. Furthermore, the Vs velocity model by Strollo
et al. (2015) in correspondence of the Mt Epomeo perfectly matches
our model in terms of both depth and velocity. Despite these critical
issues, we believe that the improvement of the velocity model for a
heterogeneous medium, such as that of the volcanic island of Ischia,
represents an important step for understanding its internal dynamics
as well as for a better localization of its seismicity. In the future, it
could be planned to extend the Ischia seismic network into areas not
covered by seismic stations in order to improve this first 3-D model
of the island.
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