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Abstract  

In volcanic areas, accurate localization of earthquakes requires detailed velocity and, possibly, attenuation models, 

taking into account wide lithological variability and high geothermal gradients. Ischia island (Campania region, Italy) is a 

seismically-active volcano recently affected by a Mw 3.9 event (Casamicciola, August 21, 2017, 1 km depth). Due to the lack 

of a specific velocity model, the earthquakes occurred on the island were localized using the one developed for the nearby 

Campi Flegrei caldera. The aim of this work is the definition of a mean representative 1D shear-wave velocity (Vs) and 

attenuation (Q) model of the shallower crust (up to 2 km depth) of Ischia. Seismic noise array and spectral ratios techniques 

were applied to broad band seismic signals recorded by temporary and permanent networks updated after the August 2017 

earthquake. The values of both shear-wave velocity (Vs) and quality factor (Q) are realistic, with Q values comparable with 

those obtained for Campi Flegrei and Stromboli volcanic areas. By taking into account stratigraphic information from deep 

wells and ultrasonic measurements of velocity on granite and trachytic lava samples, a geological interpretation of the 

resulting velocity model is provided. Such a model can have significant implications for understanding the dynamics of a 

volcano, mainly those leading to seismic activity. 
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Introduction 

Generally, the wide lithological variability and the strong geothermal gradients that characterize highly heterogeneous 

areas, such as volcanic districts, make difficult to apply seismic noise data analysis techniques adopted for the definition of 

1D velocity models (Foti et al., 2017). For this reason, the use of standard methods must be pursued in a weighted manner, 

highlighting the limits when applied to complex geological contexts. In the last two decades, array-processing techniques 

applied to seismic noise recorded by small array (maximum aperture of the array of about one hundred meters) have been 

usedto characterize the surface-wave propagation (La Rocca et al., 2010; Poggi and Fäh, 2010; Galluzzo et al., 2015) or the 

site effects (Picozzi et al., 2009; Maresca et al., 2014; Famiani et al., 2020). In volcanic areas, where lithological 

heterogeneities at the small scale are mostly expected, array techniques have been used to extract information about the 

shallow subsoil structure (i.e. estimation of the S-wave velocity profile) (Nardone and Maresca, 2011; Petrosino et al., 2012; 

Nardone et al., 2017). The wide use of these techniques to study the earth structures or the properties of the wave field suffers 

from limitations at low frequency in relation to the array aperture. 

A seismic array (sometimes called “seismic antenna”) consists of a set of seismic sensors, with common GPS time 

base, located closely enough in space so that arriving seismic waveforms and seismic noise can be correlated between adjacent 

sensors (Havskov and Ottemöller, 2010). The main difference between a seismic array and a local network of seismic stations 

is mainly linked to data analysis techniques, and, as a matter of principle, it’s possible to manage a network of seismic stations 

as an array and vice versa. The high signal coherence, that most array data processing techniques require, determines important 

constraints on array geometry (that is usually regular), spatial extension and data quality (Schweitzer et al., 2012). Generally, 



the greater the aperture of the array, the lower the wave number that can be measured. The distances between the seismometers 

define the position of the side lobes in the transfer function of the array and the large solvable wave number. The minimum 

distance between the sensors therefore defines the resolution for large wave numbers, meaning that the lower the average 

distance, the greater the wave number of a resolvable seismic phase will be (Henstridge 1979; Di Giulio et al., 2006; Wathelet 

et al., 2008). An important hypothesis to consider when arrays based on microtremor survey methods are used, is that all 

sensors of the array must sample the same geology, that is areas where the geology can be approximated by a 1D layered 

earth. 

The present work is based on the use of an array much larger than those used for small scale imaging, in order to 

explore Earth volumes with linear surface dimensions of the order of 8 - 10 km and thickness of 2 km. For this purpose, we 

considered the monitoring seismic network of the volcanic island of Ischia, upgraded after the Mw 3.9 earthquake, as a large 

array (maximum aperture equal to ~ 8.5 km) with a non-regular geometry to obtain the Vs velocity and attenuation profile in 

the first 2 km depth by applying the SPatial AutoCorrelation (SPAC) (Aki, 1957) method to the seismic noise recorded by the 

broad-band network stations. Our choice to use the SPAC/ESAC (Extended SPatial Autocorrelation, Ohori et al., 2002) 

methods in a volcanic contest, where different geological structures linked to the main morpho-structural resurgent block of 

M. Epomeo are present (Sbrana et al., 2018 and reference therein), grounds on the results obtained by Strollo et al. (2015) and 

Vassallo et al. (2018), which support the assumption that the large-scale structure below the island is nearly 1D, if the 

minimum wavelength of the seismic network is considered. Strollo et al. (2015) applied the seismic noise cross-correlation 

technique, accomplished by frequency–time analysis and non-linear inversion of dispersion data. They found 1D velocity 

models in the first 1.5 km depth along 13 paths that cross the island with different orientation, with maximum path distance 

equal to 7.0 km. The velocity models are relatively similar and the differences are included in the 30% of variability. Whilst 

Vassallo et al. (2018), by three small seismic arrays (maximum aperture equal to 400 m) located in the northern sector of the 

island, reconstructed three shear wave velocity profile up to 400 m depth highlighting that the major lithological differences 

were in the first 100 m. 

In addition, the idea to derive both velocity and attenuation model of the Ischia island by a single analysis is based on 

a recent study by Boxberger et al. (2017), who presented a method for calculating the effective attenuation structure at a site 

by adding a few and successive calculation steps to the SPAC description. Still, the anelasticity of a volcanic medium causes 

considerable wave-energy loss during propagation due to seismic scattering and absorption. Simply stated, the quality factor 

Q describes the energy loss of a single wavelength due to the various mechanisms of attenuation at various scales. The intrinsic 

attenuation Qint can depend on rock type (Assefa et al., 1999), state of the material (Del Pezzo et al., 1995), temperature (Roth 

et al., 2000), thermoelasticity (Aki, 1980; Frankel et al., 1990), effects of fluids (Haong-Trong, 1983), and frictional heating 

(Fukuchi et al., 2005). On the other hand, scattering attenuation Qscatt, which is generally considered to be frequency-

dependent (Aki and Chouet, 1975), represents the loss of energy of a direct wave caused by reflection, refraction, and 

conversion into shear energy due to the medium heterogeneity and/or to the occurrence of fractures and cracks. Generally, the 

effective attenuation Qeff can be thought of as the sum of these two components: Qeff
-1=Qint

-1+Qscatt
-1. Therefore, even if the 

attenuation below a site could be considered as an independent parameter from the velocity structure, both parameters can be 

obtained by a single analysis (Boxberger et al., 2017). 

In the Campanian volcanic district, velocity and attenuation models are available for Vesuvius and Campi Flegrei areas, 

but they are lacking for the Ischia island. Since 1999, at least 78 earthquakes have been recorded on Ischia (updated to 21 



February 2018) (D’Auria et al., 2018), which have been localized using the model developed for the Campi Flegrei, on the 

basis of the similar geological and volcanological context of the two volcanoes. Taking into account the complex geological 

context of the island, aim of this work is to provide information on both shear wave velocity structure and effective attenuation 

in the uppermost 2 km depth. This objective is achieved using recordings of seismic noise at the seismic network present on 

the island as a large array (minimum interstation distance of about 1000 m), since we expect that the minimum wavelength 

limit is higher than the estimated lithological heterogeneity thickness. 

Ischia island: structural and volcanic features  

The island of Ischia is the emerged portion of a large active volcanic complex, i.e. the Phlegraean Volcanic District, 

which also includes the island of Procida and the Campi Flegrei caldera (Orsi et al., 2003 and references therein) (see inset in 

Figure 1). Ischia is composed of volcanic rocks, epiclastic deposits and subordinate terrigenous sediments, reflecting a 

complex history of alternating constructive and destructive phases. The volcanic history of the island has been dominated by 

the large caldera-forming Mt. Epomeo Green Tuff eruption (Brown et al., 2008) occurred ca. 55 ka (Vezzoli, 1988). The 

caldera depression was the site of marine sedimentation, with generation of a sequence of tuffite, sandstone and siltstone 

(Figure 1).  

The main morphostructural feature is the Mt. Epomeo resurgent block, delimited by two main trending fault systems 

(Acocella and Funiciello, 1999), which has an asymmetrical profile with the northwestern flank considerably steeper than the 

southeastern one as a result of an asymmetrical uplift. Outside the resurgent block, mainly in the eastern sector of the island 

(Figure 1), a lot of eruptive vents, probably injected during the resurgence process, are visible (Acocella et al., 2001). The 

surface expression of the volcano-tectonic features includes the north-northwest and southwest-facing steep flanks of Mt. 

Epomeo that are the gravitationally least stable slopes of the island. Mass movement deposits, likely generated by rock falls, 

slides, toppling, debris flows and debris avalanches (de Vita et al., 2006), are widespread on the whole island. The cause of 

the resurgence of Mt. Epomeo commonly accepted in the literature is the intrusion of magma into the system with a consequent 

raising of the caldera central part (Rittmann,1930; Rittmann and Gottini, 1980; Orsi and Chiesa, 1988; Orsi et al., 1991; 

Luongo et al., 1995; Tibaldi and Vezzoli, 1998; Molin et al., 2003; Carlino et al., 2006). 

The main information on the buried structural setting of Ischia come from the numerous geophysical studies performed 

on the island. Capuano et al. (2015), using seismic and gravimetric data, have identified the presence of a high velocity and 

density area inside the caldera that well agree with the results of magnetic and self-potential surveys (Paoletti et al., 2009; 

2013), which highlighted a minimum of magnetization in the central-western part of the island, suggesting the presence of a 

large intrusion, with the top ranging from 1.2 to 1.7 km b.s.l., overlaid by a pyroclastic cover. Shape and dimension of this 

structure fit well with the laccolith model with an E–W elongation proposed by Carlino (2012). In particular, the retrieved 

magnetization values suggest that this structure is formed by igneous rocks, very likely trachytes, according to the findings of 

core drilling (Nunziata and Rapolla, 1987). A further confirmation to the hypothesized laccolith emplacement comes from a 

recent magnetotelluric survey by Di Giuseppe et al. (2017) performed along two main profiles through the central-western 

sector of the island. The authors, by interpreting the obtained electrical sections up to 3 km depth, identify the presence of a 

very shallow magmatic intrusion at about 1 km depth, composed of crystalline rocks, which is probably connected to both 

resurgent and volcanic activity.  

 



 

Figure 1: Geological map of Ischia Island. The red dashed line indicates the Mt. Epomeo Green Tuff Caldera (modified after de 
Vita et al., 2010). The white triangles indicate the location of seismic stations. The shaded grey polygon identifies the resurgence 

area and the blue dashed line is the trace of the simplified structural section shown below. 

 

Dataset and analysis  

After the Mw3.9 earthquake, that hit Casamicciola town on August 21, 2017,the permanent monitoring network of the 

Ischia island was improved with other seismic permanent stations (IPSM, IMNT and IBRN in Figure 1 and Table 1, Orazi et 

al., 2018) and seven seismic stations of the mobile network (T136* in Figure 1 and Table 1, Galluzzo et al., 2019). 

All the network stations, equipped with broad-band seismometers, accelerometers and short period sensors, transmit 

the seismic signals in real-time for seismic surveillance purposes. The dataset used in this study consists of seismic noise 

records registered at 12 broad-band stations (Table 1) during the period June-November 2018.  
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Station  
Name 

Coordinates Station  
Name 

Coordinates 

Latitude Longitude Elevation (m) Latitude Longitude Elevation (m) 
IOCA 40.7468 13.9014 123 T1361 40.7567 13.8789 7 
IFOR 40.7115 13.8551 234 T1363 40.7455 13.9135 50 
IMTC 40.7209 13.8758 209 T1364 40.7426 13.8905 129 
IPSM 40.7462 13.9439 10 T1365 40.7014 13.9181 130 
IMNT 40.7361 13.9346 180 T1366 40.7373 13.9046 213 
IBRN 40.7140 13.9268 150 T1368 40.71089 13.91612 314 

 
Table 1: Geographic positions of the permanent and mobile seismic stations installed on Ischia and used for the present analysis 

(see Figure 1). 

 

 
Figure 2: Left side: geometry of the array. The coordinates are in the UTM system.Right side: the four exponential curves 

represent constant wavenumber values: kmin/2 (continuous line), kmin (dot line), kmax/2 (dots line) and kmax (dashed line). 

 

Stations did not acquire the data simultaneously, and the 75% of the stations recorded constantly for more than 20 

hours. Due to the non-continuity of registration of some sites, it was necessary to divide the dataset into four sub-array 

configurations (named yellow, violet, blue and red, respectively, Figure 2), and for each one the theoretical array limits (the 



minimum wavenumber “kmin” and the maximum wavenumber “kmax”), as specified by Wathelet et al. (2008), were 

calculated (Figure 2).  

The resolution limits for all the configurations are quite similar and the yellow one has the minimum and the maximum 

values of both kmin and kmax. As a final point, our array limits, overlying on the yellow configuration the ranges of the 

subsoil layer velocity obtained by Strollo et al. (2015) and Vassallo et al (2018),are to be expected in the 0.15 – 1.2 Hz 

frequency range (following the formulation 𝑣𝑣 = (2𝜋𝜋 ∗ 𝑓𝑓 𝑘𝑘⁄ )). 

 

Array analysis 

In order to obtain the phase velocity of the surface waves, and consequently the subsoil velocity structure, we used the 

SPAC method (Aki, 1957) applied to the recordings of noise. This method allows us to obtain the dispersion curve of surface 

waves estimating the correlation function between pairs of stations, with different azimuths, in different frequency bands. 

Assuming that the wave field is stochastic and stationary both in time and space, and that it is dominated by surface waves as 

well, the method provides a relationship between spatial and temporal spectrum of the ground motion. Aki (1957) showed 

that the relationship between the average of different correlation functions and the autocorrelation function, calculated for 

each pair of vertical signals, which he defined “correlation coefficient”, ρ, has the shape of a Bessel function of zero or first 

order. The method states that the azimuthal average of the correlation coefficients ρ(r, ω) calculated for pairs of vertical 

components of the signal can be expressed as a function of the angular frequency ω and of the station spacing r as: 

𝜌𝜌 (𝑟𝑟, 𝜔𝜔) = 𝐽𝐽0 �
𝑟𝑟𝑟𝑟
𝑐𝑐(𝜔𝜔)

�,      (1) 

where J0 represents the Bessel function of zero order and c(ω) is the Rayleigh wave phase velocity dispersion function. 

Since seismic waves will always lose energy during their travel, Prieto et al. (2009) showed that equation (1), in order to take 

into account attenuation for plane waves, can be modified as 

𝜌𝜌 (𝑟𝑟, 𝜔𝜔) = 𝐽𝐽0 �
𝑟𝑟𝑟𝑟
𝑐𝑐(𝜔𝜔)

�
[−𝛼𝛼(𝜔𝜔)𝑟𝑟]

     (2) 

𝑎𝑎(𝜔𝜔) = 𝜔𝜔2𝑄𝑄𝑟𝑟(𝜔𝜔)𝑐𝑐(𝜔𝜔),      (3) 

where α(ω) represents the frequency-dependent Rayleigh wave attenuation factor and Qr(ω) is the frequency-dependent 

quality factor for Rayleigh waves. The phase velocity c(ω) can be obtained at different frequencies computing the average 

correlation coefficient for couples of signals filtered in narrow frequency bands at fixed distances. Bettig et al. (2001) brought 

some slight modifications to the original formula given by equation (1) to extend the method to irregular arrays. Since our 

array has a non-conventional geometry, we applied the processing proposed by Betting et al., defined as MSPAC method 

(Bettig et al., 2001), to analyse the seismic noise signals. Once the phase velocity and α(ω) are known, Qr(ω) can be estimated 

using equation (3).  

We divided each of the four arrays in semi-circular sub arrays called “Rings”, whose radii are defined by the sensor’s 

spacing, and we calculated the spatial autocorrelation for all the possible pairs of sensors (Bettig et al., 2001; Wathelet et al., 

2004, 2005, 2008). Each Ring is the result of an appropriate balance between the number of sensor pairs per Ring (as large as 

possible) and the thickness of the Ring (as small as possible). Thus, our geometry is composed by 6 Rings (the sub-array of 

the yellow configuration is displayed in Figure 3), ranging from a minimum of about 1000 m to a maximum of about 8500 m 

spacing of the sensors, for a total of maximum 55 sensor pairs. Having fixed time windows and frequency band, the MSPAC 

method calculates the autocorrelation between the station pairs and averages over the azimuthal directions.  



 

 
Figure 3: Azimuth-inter-distance plot for the yellow configuration. Each dot represents one couple of stations. The pairs of colour 

circles show the limits of the chosen rings. In the table are reported the coloured distance intervals of each Ring.  

 

The time windows are set to a period of T = 500s, with a 25% overlap, for each frequency in the range 0.1-1.5 Hz, 

using 100 logarithmically spaced frequency values. 

The correlation coefficients of the 6 Rings calculated for each sub-array configuration were averaged (Figure 4a-f) and, 

according to equation (1), we derived the Rayleigh wave phase velocity values (grey dots in Figure 4g) by the reading of zero 

crossings, maxima and minima of the correlation functions (Aki, 1957). The dispersion values show high variability mostly 

at frequency below 0.6 Hz. As suggested by Foti in 2000, since the number of points in a complex dispersion curve is not 

manageable for the successive inversion process, it is necessary to reduce it by an averaging, smoothing and resampling 

operation. Thus, due to the scatter of the velocity values we decided to interpolate the dispersion values by a polynomial 

fitting (continuous red curve in Figure 4g) and picked the maximum and minimum dispersion values (dotted red curves in 

Figure 4g). Finally, the dispersion curve to invert (black crosses with the relative standard deviation) was obtained by an 

averaging, smoothing and resampling process on the grey dots and the three red picked curves (see Figure 4g). The velocity 

values, as a function of frequency, show a distinctive dispersive behaviour that can be associated with the presence of surface 

waves in the signal (Arai and Tokimatsu, 2005). 

 



 

Figure 4: a-f: Mean correlation coefficients as function of frequency obtained averaging the correlograms of the four 
configurations. Error bars indicate the standard deviation. The red curve represents the zero-th order Bessel function. g: phase 

velocity values (grey dots) derived from the six averaged correlograms. The black crosses with the relative error bars are 
obtained by averaging, smoothing and resampling the grey dots and the three red picked curves. The four dotted shades of blue 

curve are from kmin=2 (the dark one) to kmax (the light one), which are described in Figure 2. 

 



Spectral Analysis  

In order to check the isotropy of noise sources around the Ischia island we have applied the f-k method (Lacoss et al., 

1969; Capon, 1969) to our dataset, because this method provides a representation of the distribution of the seismic energy. 

This is necessary because in a volcanic environment, such as Ischia island, in some place it is possible deviate from the 

isotropic source assumptions (Nakanara, 2012). Thus, we band pass filtered the signals in the 0.1-2 Hz, choosing 100 

logarithmically spaced center frequency (fc). We selected the time-window length as being 500 times the central period (1/fc) 

with a 25% overlap between successive windows. For each fc, the f-k spectrum was computed over a grid and the back-azimuth 

values were selected from the maxima of the spectrum at the corresponding frequency. The distribution of back-azimuth 

values computed for each time window is scattered (Figure 5a and Figure 5b), lacking any dominant direction of propagation. 

There is an isotropic, or weakly heterogeneous, wave field distributed in the 0º-360º degree, reproducing the time-spatial 

stationary of the signal in the analyzed frequency range.  

For Ischia island the seismic energy and the back-azimuth of the sources reflect the action of the ocean waves and 

atmospheric turbulences which are more or less isotropically distributed all around, generating probably the fluctuation of the 

hydrostatic pressure caused by surface waves (generally at frequency > 0.3 Hz) in a shallow sea (Obermann and Hillers, 2019 

and references therein). These sources are almost all around the island except the western sector, where the lowest number is 

related to the lack of seismic sources in the 0.1-0.3 Hz frequency band. This effect is highlighted in the distribution of the 

back-azimuth as a function of the frequency (Figure 5b). Such variability not affects our results since it is outside of our 

frequency range derived from the experimental dispersion curve (Table 2).  

 
Table 2: relation between minimum and maximum frequency, phase velocity and wavelength for the experimental dispersion curve 
reported in Figure 4g. 

Frequency band 
fmin – fmax (Hz) 

Phase velocity 
c(ω) (m/s) 

Wave length 
λ (m) 

0,26 – 1,2 1055 – 2525 880 – 9500 
 

 

 

Figure 5: distribution of propagation azimuths for 0,1 – 2,0 Hz. a) histogram distribution of propagation azimuth. Each bin 
amplitude for the histograms is 15° wide. b) polar plot distribution of the back-azimuth as a function of the frequency. 

 



Taking into account the resolution limits of the geometry of the seismic stations (Figure 2 and Figure 4), we can see 

that the available frequency interval for the analysis ranges from 0.1 Hz to almost 1.2 Hz. For this reason, we decided to 

compute the horizontal to vertical spectral ratios (H/V) in the 0.1-2 Hz frequency band. We used the GEOPSY package 

(Wathelet et al., 2004) selecting at least one hour of noise signals and calculating, on 120s moving time windows with 5% 

overlap, the spectral ratios (Figure 6). The continuous black curves, with the relative error bars, represent the average H/V 

ratio obtained over one hour of noise, while the red curves, with the relative error bars, indicate the mean H/V ratio. The 

stationary results refer to the stability of the H/V ratios throughout the analysis, which means that the H/V ratios performed 

on a time-window should be as similar as possible each other, especially with respect to the amplitude peak frequency. In the 

case of a layered medium with a strong impedance contrast at depth, the peak frequency in the H/V curve is very close to the 

peak frequency of the ellipticity curve for the Rayleigh waves, and it interprets well the resonance frequency for the S-waves. 

In the case of moderate contrasts, the H/V curve does not show any clear resonance peak (Bonnefoy-Claudet et al., 2008). 

All the analyzed stations show the presence of a peak in the 0.3 Hz - 0.7 Hz frequency range. The stations placed near 

the north coast, such as T1361 and IPSM, exhibit the minimum frequency peaks, 0.36 Hz and 0.37 Hz respectively. Whilst 

the stations placed in the central and/or in the southern part of the island, such as IMTC, T1368, T1365 and T1366, show the 

highest frequency peaks (0.6 Hz, 0.63 Hz, 0.59 Hz and 0.62 Hz, respectively). A rising trend of the H/V curve at frequency 

lower than 0.2 Hz (particularly at station IBRN) is clearly visible at all stations. At frequency higher than 1.0 Hz, the shape 

of the spectral ratios shows significant differences, which are most likely related to the different site conditions. 

 

Figure 6: Noise H/V ratios as a function of the frequency. The black curves, together with the error bars, represent the mean H/V 
ratios calculated on one hour of signal. The grey vertical band indicates the maximum in the H/V ratios, or rather the mean 

frequency peak, f0. The red curve is the mean on all the black ones. 



To obtain the mean H/V ratio of all the stations in the same frequency band of the dispersion curve (Figure 3), and to 

study the amplitude peak in the 0.35 – 0.7 Hz frequency range, we made an average of both all H/V ratios and frequency 

peaks (average in Figure 6) not including the high amplitude values at frequency lower than 0.2 Hz and the frequencies higher 

than 1.0 Hz. 

 

Inversion procedure and results 

To invert the dispersion data, we made the basic assumptions that Rayleigh waves are predominant in the vertical plane 

and that the experimental H/V curve can be interpreted as the ellipticity of the Rayleigh waves. Moreover, the frequency of 

the ellipticity peak contains pertinent information about the thickness and the S-wave velocity above the basement. If the 

ellipticity targets are added to a usual dispersion curve inversion, they can improve the final solution (Foti et al., 2017; Di 

Giulio et al., 2020 and reference therein). Therefore, to better constrain the inversion procedure of the dispersion curve in the 

0.2 – 1.1Hz frequency band, the average H/V curve and the resonance frequency (whose value depends on the layer thickness 

and shear-wave velocity, Kramer, 1996) have been used. We have utilized the neighborhood algorithm “Dinver” employed 

by Wathelet et al. (2008), which infers the best velocity model through a stochastic search in a multi-parameter space. One 

point of this space corresponds to one velocity model defined by S- and P-wave velocities, thickness, densities and Poisson’s 

ratios of the soil layers, and synthetic dispersion and ellipticity curves are calculated by inverting the S-wave equation as 

function of the surface waves velocity. For all the performed inversions, we have kept fixed the density of the layers, using 

the values reported in Paoletti et al. (2013) and Capuano et al. (2015), and we have linked all the other parameters to Vs. This 

is reasonable as the Rayleigh wave velocities depend strongly on the VS structure and weakly on the density (Wathelet et al., 

2005). 

In a preliminary study, Galluzzo et al. (2018), using ambient noise records of 10 broad-band seismic stations installed 

on Ischia, obtained a preliminary model composed of two main layers over a half-space with as hear-wave velocity increasing 

with depth. Starting from the results found by Galluzzo et al. (2018), we performed 11 inversion processes. During the 

inversion procedure, the possibility of adding another layer has been explored by modifying the space of the parameters and 

considering the evolution of the misfit as a function of VS and thicknesses. We have chosen to modify only these two 

parameters as they have the greatest influence on the dispersion curve (Wathelet et al., 2005). The models resulting from the 

inversion process show a good fit (minimum misfit = 0.15) between experimental and theoretical curves by using a model 

parameterization composed of three main layers over a half-space with a shear-wave velocity increasing with depth (Figure 7 

and Table 2). 

The evolution of the misfit value as a function of the number of models of the best seven inversion runs is shown in 

Figure 8(top panel). For each independent run, there was convergence to stable best-fit solutions after about 12,000 generated 

models, that is when misfit is lower than 0.3. The lowest misfit corresponding to the best-fit solution is equal to 0.15 (Figure 

8) and is related to RUN7. To appreciate the robustness of this solution, we also projected the misfit function as a function of 

Vs and h (Figure 8 bottom). Each model generated is represented by a dot with a color scale that depends on the misfit value. 

The shape of the convergence of the inversion gives valuable information about the uncertainty of the solution. We observe 

good convergence towards the best-fit solution of both of these parameters. 

 



 
Figure 7: Results of the joint inversion of dispersion and H/V data. a) Observed phase velocities (black dots) and relative error 

bars, phase velocities for the minimum cost model (red line), and phase velocities for the space of stable generated models (color 
band). b) Mean H/V (black dots) and relative error bars, ellipticity function for the fundamental mode of Rayleigh waves for the 
minimum cost model (red line), and ellipticity functions for the space of stable generated models (color band). The grey vertical 
band identifies the mean frequency peak, f0. c) Minimum misfit S-wave velocity model (red line) and space of stable generated 

models (color band). 

 

 
Figure 8:Top: Evolution of the misfit value as a function of the generated models. Data from seven independent runs are plotted. 
Bottom: Projection of all the generated models with minimum misfit lower than 1 (dots), as a function of the misfit and one of the 
inverted parameters. TopVs0 and DVs0 denote Vs and thickness of the first layer, respectively; TopVs1 and HVs1 denote Vs and 



thickness of the second layer, respectively; TopVs2 and HVs2 denote Vs and thickness of the third layer, respectively, and TopVs3 
denotes Vs of the half space. The black dot is the best fit solution. 

 
 

Layer Vs 
(m/s) 

Thickness 
(m) 

Density 
(Kg/m3) 

1 588 135 2000 
2 1203 293 2200 
3 1780 654 2400 

Hs 3098 - 2600 

Table 3: Best-fit Vs model derived from the joint inversion. Hs=Half space. 

 

Discussion and conclusion 

By means of correlation analysis and spectral ratios, and synthesizing this information into a 1D joint inversion, we 

were able to determine the mean structure of velocity and attenuation of Ischia volcanic island. In a such geological contest, 

we were aware of the existence of local lithological heterogeneities that, in principle, advise against the use of the array 

correlation method and could affect the analysis. At Ischia, the major seismic velocity and/or structural differences are smaller 

than the minimum wavelength resolution of the available arrays, an important assumption for the effective medium theory. In 

case of a heterogeneous distribution of attenuation, the SPAC method can reduce the effect by taking the average over many 

pairs of stations with similar separations but different azimuth angles (Nakahara, 2012). This statement is valid if noise sources 

are distributed so as to balance exactly with the heterogeneous attenuation. Thus, we checked the noise sources distributed 

homogeneously and randomly (see Figure 5). 

We verified from previous studies (Strollo et al., 2015; Vassallo et al., 2018) that inhomogeneities are mostly confined 

in the first few hundred meters’ depth and, thus, it is possible to assume that the island of Ischia, on a large scale, can be 

approximated as a medium with 1D geometry. In order to better clarify this assumption and due to the unavailability of specific 

figures in the EGU abstract of Vassallo et al. (2018), we have reported below the 3D geological representation of Ischia 

(Geological Map of Ischia Island, CARG Scale 1:10.000, from Sbrana et al. 2011, Nº 464). The map confirms that the major 

lithological variations are in the first 200 m depth and are related to the shallower gravitationally mass movement deposits, 

which are widespread on the whole island (de Vita et al., 2006), or to local volcanological deposits such as lava domes or lava 

flows of active vents (de Vita et al., 2010). The geometry and the morphology of the principal layers are dominated by the 

faults, dislocating the surfaces along sub-vertical planes. These structural variations, that connect two different lithologies, 

localized in a restricted area around the fault, are not recognizable when we consider wavelength of about 400 m. In these 

cases, we can assume a smoothed geometry of the layers (concerning the variation of the layers’ thicknesses) that can be 

approximated to a 1D structure.  

 



 
Figure 9: 3D geological representation of Ischia – (Geological Map of Ischia Island, CARG Scale 1:10.000, from Sbrana and 

Toccaceli, 2011, Nº 464). For specific description of lithologies refer to Sbrana and Toccaceli, 2011. 

 

Taking into account the involved frequencies range, these observations allowed us to consider the obtained velocity 

model as representative of the whole island. The same assumption has permitted to obtain the Q attenuation model, where Q 

does not differentiate scattering from intrinsic attenuation properties (Boxberger et al., 2017). As suggested by Spica et al. 

(2015), despite the presence of lateral heterogeneities, the 1D velocity profile carries information about the average properties 

of the crust and can be considered as a good approximation of the velocity structure (e.g., Dziewonski and Hales, 1972; 

Ekström et al., 1997).  

Comparing the values retrieved for the S-wave velocities with the known stratigraphic data from deep boreholes, drilled 

up to a depth of 1150 m (Penta and Conforto, 1951; Penta, 1963; AGIP, 1987), we have provided a geological interpretation 

of the resulting velocity model (Figure 10 left). The first seismic layer is interpreted as composed mainly of remobilized 

deposits of the Green Tuff, volcanic rocks, epiclastic deposits and subordinate terrigenous sediments, reflecting a complex 

history of the surface morphological evolution, and also of altered portion of the marine post-calderic filling sequence of 

tuffite, sandstone and siltstone. The second seismic layer has been associated to the Mt. Epomeo Green tuff and to the lithified 

calderic filling sequence of tuffite, sandstone and siltstone. The velocities obtained for these two shallower layers are 

comparable with those obtained by Strollo et al. (2015) and by Vassallo et al. (2018) on Ischia island, and are coherent with 

those found for both loose and lithified facies of the Neapolitan tuffs (Petrosino et al., 2012; Maresca et al. 2014; Costanzo 

and Nunziata, 2019). The third seismic layer (from ∼ 400m to ∼1100m depth) is interpreted as composed predominantly of 

trachytic lava, with partial hydrothermal alteration, and marginally of old pyroclastic rocks (older than 75 Kyr, Vezzoli, 1988). 

Di Napoli et al. (2011)have demonstrated that a hot fluid circulation, with temperature from ∼150° to ∼270° C, occurs in at 

least 2 distinct superimposed reservoirs located at depths ranging from200m to1000 m b.s.l.. The complex hydrothermal 

system that characterizes the Ischia island, consisting of different superimposed reservoirs, is recharged by meteoric and 

seawater in various proportions, where heat and mass budgets are probably sustained by degassing of a magmatic body at 

depth (Chiodini et al., 2004; Di Napoli et al., 2009). We are not able to distinguish in the Vs profile these two layers or the 

most fractured areas through which the hot hydrothermal fluids move, probably because are limited to the fracture zones (Di 

0 m 

500 
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1500  



Napoli et al., 2011). The last seismic layer, corresponding to the half space, is interpreted as composed of the laccolithic 

crystalline rocks (VS∼ 3100 m/s). This hypothesis is supported by velocity values measured in laboratory on samples of lava 

and granite. If no other evidences are available, laboratory experiments can provide complementary information on the 

physical properties of volcanic materials and their behaviour as a function of several parameters, including pressure and 

temperature (Lesage et al., 2017). In 2002,Vanorio et al. measured the acoustics properties of trachytic lava samples from Mt. 

Etna (Sicily, southern Italy) under confining pressure (up to 60 MPa) and found average wave velocities VS equal to ∼ 3000m/s 

for a confining pressure of 20 MPa (pressure estimated for a depth of about 1100 m corresponding to the crystalline laccolith 

top). 

The shallow top of the laccolith (1-2 km depth) was inferred using different constrains, such as geological, geochemical, 

seismic, magnetic, gravimetric and self-potential data (Paoletti et al., 2009; Sbrana et al., 2009; Carlino,2012; Capuano et al., 

2015, Strollo et al., 2015). Due to the high temperature of about 800° C (Carlino et al., 2014), this laccolith is considered 

responsible for rising of deepCO2–rich gases, which dissolve into the overlaying aquifer systems, giving rise to the robust 

geothermal system of the island. Using the temperature-depth curves measured in deep wells, down to about 1 km depth, 

Carlino et al. (2014) have deduced the layer of a well-developed geothermal system. For greater depths, they extrapolated the 

geotherm as a mean value of the deeper linear part of measured temperatures, and found the brittle ductile transition zone at 

about 2 km of depth (orange forward slash band in Figure 10).  

 

 
Figure 10: Left: Schematic lithological sequence. Right: VS plus/minus standard deviation (red) and QS models (blue) derived in 

this study. 

 
The geometry of the top of the laccolith layer, just because of its dome shape (see section in Figure 1) that in the central 

part of the island is hypothesized at depth lower than 1km (Carlino, 2012; Paoletti et al., 2013; Strollo et al., 2015; Di Giuseppe 

et al., 2017), is probably the reason of the higher standard deviations of the dispersion curve, observed at frequencies lower 

than 0.6 Hz. This hypothesis is supported also by the frequencies of the peak (around 0.6 Hz) of the stations located close or 



inside the resurgent block of Mt. Epomeo (IMTC, T1368, T1365 and T1366). In fact, moving from the center of the island to 

the coast, and especially toward the northern coast, we have observed that the frequency peak moves towards the low 

frequency (Figure 6), indicating a deepening of the laccolite top. 

The obtained attenuation values (QS) are reliable and comparable to results published for the nearby Campi Flegrei 

volcanic area, which is part of the same volcanic district comprising the Ischia island. In the case of Campi Flegrei, De Siena 

et al. (2017), using coda wave attenuation imaging, Qc, in the diffusive regime have found high-attenuation anomalies 

spatially correlated with the regions of highest structural complexities and cross faulting. In particular, the value of Qc ∼ 500 

at 3 Hz, the lowest frequency for which Qc has been retrieved by the authors, is comparable with the Qs value obtained for 

the half space by our inversion process (Figure 10). Moreover, the low values of QS obtained for the first two layers are 

coherent and comparable to those found at Stromboli volcano by Petrosino et al. (2012). These authors have interpreted the 

low values as due to poorly consolidated materials and levels of lava, which determine different stages of heterogeneity and 

crack density controlling the attenuation properties. 

Summarizing, the results of the present study provide a quantitative estimate of the parameters that control the 

propagation of waves in a complex volcanic area, in which detailed knowledge of the elastic properties of the subsoil 

represents one of the background information to understand its dynamics. In particular, the definition of reliable velocity and 

attenuation structure allows to better understand both internal variations of the state of the volcano and its relative seismicity. 

They can further allow to better constrain the location of recorded earthquakes. 
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