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Abstract  33 

The joint application of different seismological techniques for seismic noise analysis, and the results of 34 

a volcanological and morphostructural survey, have allowed us to obtain a detailed and well 35 

constrained image of the shallow crustal structure of the Solfatara volcano (Campi Flegrei caldera, 36 

Italy). Horizontal-to-vertical spectral ratios, inversion of surface wave dispersion curves and 37 

polarization analysis provided resonance frequencies and peak amplitudes, shear-wave velocity profiles 38 

and polarization pattern of coherent ambient noise. These results, combined in a unique framework, 39 

indicate that the volcanic edifice is characterized by lateral and vertical discontinuities and 40 

heterogeneities in terms of shear-wave velocity, lithological contrasts and structural setting. The 41 

interpretation of the seismological results, with the volcanological and morphostructural constraints, 42 

supports the hypothesis that the volcano has been characterized by a complex and intense activity, with 43 

the alternation of constructive and destructive phases, during which magmatic and phreatomagmatic 44 

explosions built a complex tuff-cone, later reworked by atmospheric agents and altered by 45 

hydrothermal activity. The differences in the velocity structure between the central and eastern parts of 46 

the crater have been interpreted as resulting from a possible eastward migration of the eruptive vent 47 

along the deformational features affecting the area, and to the presence of viscous lava and lithified tuff 48 

bodies within the feeding conduits, which are buried under a covering of reworked materials of variable 49 

thickness. The observed fault and fracture systems, partially inherited from regional structural setting 50 

and exhumed during volcanism and ground deformation episodes also seems to strongly control wave 51 

propagation, affecting the noise polarization properties. 52 

 53 

1. Introduction 54 

Seismic noise represents an attractive tool to investigate the shallow crustal properties due to the speed 55 

and ease of data acquisition and the relative simplicity of analysis. Much information can be extracted 56 
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by applying both single- and multi-channel techniques to microtremor. Single-station methods, such as 57 

Horizontal-to-Vertical (H/V) spectral ratio [Nakamura, 1989], have been extensively employed in 58 

seismic hazard studies to determine the fundamental resonance frequency and the amplification of a 59 

given site [Alfaro et al., 2001; Parolai et al., 2004; Maresca et al., 2006]. Although there is still a 60 

debate about the correct interpretation of the H/V ratio, especially regarding the correlation between the 61 

peak amplitude and the actual site amplification [Luzon et al., 2001; Malischewsky and Scherbaum, 62 

2004], many efforts have recently been made to prove the effectiveness of the method through 63 

numerical simulations [Bonnefoy-Claudette et al., 2006]. Moreover, standard criteria for a correct noise 64 

acquisition and rules for the assessment of the reliability of the results have been defined (SESAME 65 

European Project, Deliverable D23.12, available from http://sesame-fp5.obs.ujf-grenoble.fr).   66 

When multiple seismometers are available, array techniques can be used to determine the surface wave 67 

dispersion curves and the 1-D path integrated shear-wave (S) velocity profile from their inversion. 68 

Even in the presence of a complicated medium, 1-D dispersion carries information about the average 69 

properties of the earth’s crust and its inversion is a good approximation of the velocity structure 70 

[Dziewonski and Hales, 1972; Ekström et al., 1997; Ritzwoller and Levshin, 1998]. In addition, detailed 71 

2-D and 3-D images of the crust can be obtained combining several 1-D velocity profiles [Picozzi et 72 

al., 2009; Stehly et al., 2009]. 73 

Frequency-Wavenumber  (f-k) [Lacoss et al., 1969] and Spatial Autocorrelation (SPAC) [Aki, 1957, 74 

1965] techniques have become very popular for the analysis of ambient vibrations. The initial limits of 75 

the SPAC method related to the circular geometry have been overcome by adapting the method to non-76 

circular configurations [Bettig et al., 2001]. All these techniques have been successfully applied, 77 

demonstrating that the inversion of dispersion curves from microtremor data can provide fine 78 

resolution of the shallow S-wave velocity model [Bozdag and Kocauglu, 2005; Di Giulio et al.,  2006; 79 

Maresca et al., 2006]. Subsurface structure down to a scalelength of the order of 500 m has been 80 

http://sesame-fp5.obs.ujf-grenoble.fr/
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retrieved for several volcanoes, such as Masaya [Métaxian et al., 1997], Stromboli [Chouet et al., 1998, 81 

Petrosino et al., 1999, 2002], Vesuvius [Saccorotti et al., 2001], Kilauea [Saccorotti et al., 2003] and 82 

Arenal [Mora et al., 2006]. High-resolution seismic images of the shallow crust are extremely 83 

important in volcanic areas, because the heterogeneous subsurface structure represents a complex 84 

propagation medium for seismic waves and clearly influences the wavefield. Some authors have shown 85 

that unconsolidated, alternating layers of ash, pumice and lithified rocks generates stronger scattering 86 

than in ordinary crust [Wegler and Luhr, 2001; Wegler, 2003; Parsiegla and Wegler, 2008]. Moreover, 87 

recent studies based on numerical simulations have demonstrated how different shallow crustal models 88 

significantly change the shape of the seismograms of volcanic earthquakes, thus affecting the accuracy 89 

of the location and the polarization pattern, and causing bias in the source inversion [Cesca et al., 2008; 90 

Bean et al., 2009; Lokmer and Bean, 2010]. Therefore accurate knowledge of the velocity structure is 91 

crucial for a correct separation of the observed signal into source and path/site effects, improving the 92 

definitions of the mechanisms that trigger and govern volcanic activity.  93 

An intriguing observation has been recently made by Rigano et al. [2008], who demonstrated that 94 

further information about the medium structure is provided by microtremor. These authors, focusing on 95 

ambient noise polarization at Mt. Etna, found that its direction was somewhat controlled by the 96 

presence of faults, and it was never parallel to the fault strike. Although an influence of faults on the 97 

polarization of earthquake ground motion has been found by many authors and been explained in term 98 

of a waveguide mechanism [Li et al., 1994; Rovelli et al., 2002; Ben-Zion et al., 2003], the systematic 99 

tendency of seismic noise to be polarized has been observed for the first time at Mt. Etna and the 100 

mechanism responsible for this characteristic is still not clear. Rigano et al. [2008] suggest, as possible 101 

hypotheses to be further investigated, that the noise polarization is caused by anisotropy or by the 102 

resonance of seismic waves in the fault zone.  103 

In this paper we combine spectral ratio, surface wave dispersion inversion and polarization techniques 104 



 4 

in a unique framework with the aim of extracting a coherent and robust estimate of the fine crustal 105 

structure in the first 200 meters below the Solfatara volcano. In particular, the H/V spectral ratio 106 

technique has provided the resonance frequency and the peak amplitude values for 68 sampled sites; 107 

the S-wave velocity profiles in 5 different areas of the crater have been retrieved from the inversion of 108 

surface wave dispersion curves estimated by f-k and SPAC methods; the polarization pattern of seismic 109 

noise evidences possible correlations with the orientation of the structural features of the volcano. In 110 

addition we present results from a detailed volcanological and morphostructural survey aimed at 111 

constraining the geophysical interpretation. The seismological techniques, together with the geological 112 

information mainly derived from the volcanological and morphostructural survey, have allowed us to 113 

obtain a realistic 3-D image of the shallow crustal structure in this area. 114 

 115 

2. Geological Framework  116 

2.1. The Campi Flegrei Caldera  117 

The Solfatara volcano is located in the central part of the repeatedly collapsed Campi Flegrei caldera 118 

(CFc), and is one of the youngest volcanoes formed within this active volcanic field [Rosi and Sbrana, 119 

1987; Orsi et al., 1996; Isaia et al., 2009]. Resurgence affected the central part of the caldera, causing 120 

the uplift of a number of differentially displaced blocks, the most uplifted of which is the La Starza 121 

marine terrace that has been raised up about 90 m in the past 10 ka [Di Vito et al., 1999]. Resurgence 122 

and volcanism in the past 15 ka are strictly related; indeed intense volcanism was preceded and 123 

accompanied by intense phases of ground deformation. At least 72 mainly explosive eruptions occurred 124 

after the youngest caldera collapse; the last one, Monte Nuovo (1538 AD) was preceded by significant 125 

ground uplift, mainly concentrated in the vent area [Di Vito et al., 1987].  126 

Ground uplift and subsidence events of the caldera floor, known in the geological literature as 127 

bradyseism [Orsi et al., 1999 and references therein], occurred repeatedly up today, with a maximum 128 
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deformation area located around the town of Pozzuoli. Different approaches aimed at reconstructing the 129 

processes governing the recent caldera dynamics have revealed that these unrest episodes were related 130 

to a complex interaction between the deep magmatic source and the shallow hydrothermal system [Orsi 131 

et al., 1999; Chiodini et al., 2001; Battaglia et al., 2006; Zollo et al., 2008; D’Auria et al., 2011; 132 

Falanga and Petrosino, 2012]. 133 

The deformation pattern of both caldera floor and resurgent block of different sectors of the CFc is 134 

controlled by the NW-SE and NE-SW trending regional structures [Orsi et al., 1996; de Vita et al., 135 

1999; Di Vito et al., 1999] that are partially reactivated during each bradyseismic crisis [Orsi et al., 136 

1999]. Detailed structural analyses indicate the particular role of the NW-SE trending faults and 137 

fissures in the deformation and volcanism of the Solfatara area [Vilardo et al., 2010]. These structures 138 

also control the seismic activity that generally accompanies the uplift phases, and which has been 139 

interpreted as the response to stress field changes induced by ground deformation [De Natale et al., 140 

1987; Bianco et al., 2004; Saccorotti et al., 2007; Cusano et al., 2008].  141 

The regional stress field in the Solfatara area, which also controls the volcanism of the CFc, is mainly 142 

due to the anticlockwise rotation of the Italian peninsula. This rotation is related to the opening of the 143 

Tyrrhenian basin, which occurred through the activation of Plio-Quaternary extensional processes that 144 

affected the Tyrrhenian margin of the Apennine chain.  The onset of volcanism at about 0.7 Ma [Amato 145 

and Montone, 1997 and references therein], reflects a recent extensional pulse, which caused the 146 

activation of  NW-SE trending normal faults that have downthrown south-westward this margin, and 147 

NE-SW trending normal to strike slip faults, which have been interpreted as transverse structures 148 

[Liotta, 1991; Faccenna et al., 1994]. A horst-and-graben type structural pattern in the region was 149 

generated in relation to this tectonism, and the Campanian plain – in which the CFc is located -  150 

represents the largest of these grabens. Within this regional stress field the conditions for magma to 151 

form and rise to surface were established. At a regional scale volcanism occurred along a NW-SE 152 
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trending belt, parallel to the margin of the chain; however the main volcanic vents are located at the 153 

intersection between NW-SE and NE-SW trending fault systems, within transverse depressions, and are 154 

dominated by caldera-forming eruptions [de Vita et al., 2005 and references therein]. This kind of 155 

stress field is characterized by a NE-SW to ENE-WSW trending 3 (horizontal minimum stress), 156 

perpendicular to the main extensional structures, a NW-SE to NNW-SSE trending 2 (horizontal 157 

maximum stress), perpendicular to the main transfer structures, and a vertical 1  [Amato and Montone, 158 

1997].  159 

 160 

2.2. The Solfatara Volcano  161 

The Solfatara volcano [Di Vito et al., 1999; Isaia et al., 2009] is a tuff cone located at 100 m above sea 162 

level, about 2 km NE of the town of Pozzuoli (Figure 1). It was formed at 3,815±55 a b.p. during the 163 

third epoch of volcanic activity of  the CFc [Di Vito et al., 1999]. Its crater is a 0.5 x 0.6 km sub-164 

rectangular structure, the geometry of which is mainly due to the control exerted by N40-50W and 165 

N50E trending fault systems. These systems crosscut the area (Figure 1) and have been active many 166 

times, before and after the formation of the crater, likely reactivating pre-existing regional structures 167 

during the main volcano-tectonic events that affected the CFc [Orsi et al., 1996, 1999; de Vita et al., 168 

1999]. The morphology of the Solfatara volcano has been interpreted as formed by a multivent activity, 169 

which generated a complex sequence that includes the S. Maria delle Grazie Tephra, Mt. Olibano 170 

Lavas and Tephra, the Accademia Lava Dome and the Solfatara Tephra [Isaia et al., 2009]. Multivent 171 

activity, often characterized by vent migration along structurally-controlled fissures, is a quite common 172 

feature in the CFc, as it has been reported also for other recent events [Rosi and Sbrana, 1987; de Vita 173 

et al., 1999; Isaia et al., 2004; 2009; Orsi et al., 2009; Tonarini et al., 2009; Di Vito et al., 2010].  174 

Although soil diffuse degassing occurs throughout the entire area of the Solfatara crater [Chiodini et 175 

al., 2001], fumarolic activity is mainly concentrated in its south-eastern part (Bocca Grande and Bocca 176 
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Nuova area) at the intersection between the N50W and the N50E trending fractures that border the 177 

north-eastern and south-eastern part of the crater, respectively, and in the north-eastern area (Stufe) 178 

along the main NW-SE trending fault, cutting the crater. The hydrothermally altered zone also extends 179 

outside the crater, along the prolongation of these structures, in areas in which the intersection of 180 

fractures belonging to the same systems is clearly evident (Figure 1). The central part of the Solfatara 181 

crater is occupied by the Fangaia mud pool, at which the water-table emerges and a continuous rising 182 

of hydrothermal fluids generates diffuse bubbling. In this area a 0.7 m wide, N50E trending extensional 183 

fracture, opened during the 1982-84 bradyseismic crisis [Acocella et al., 1999]. Soil temperature 184 

distribution [Chiodini et al., 2001] also shows the direct control exerted by the structures on the heat 185 

flux, as demonstrated by the alignment of the highest temperature values along the direction of the 186 

main fracture systems, in the north-eastern and south-eastern parts of the crater, as well as in the 187 

Fangaia area [Granieri et al., 2010]. On the contrary, the north-western sector of the crater is relatively 188 

inactive with respect to the heat flux and fumarolic activity.  189 

Geophysical and hydrogeological investigations at the Solfatara volcano [Bruno et al., 2007] provide 190 

images of the shallow and intermediate subsurface of the crater. These authors, using electromagnetic 191 

and electrical data, recognized two electrical zones: an outcropping resistive layer (A) overlying a 192 

conductive one (B). The latter has an irregular top, crops out in the mud pool area and is up to 20-50 m 193 

deep in the northeastern side of the crater. According to Bruno et al. [2007] layer A represents a clayey, 194 

non-saturated zone, and layer B corresponds to a hydrothermal aquifer recharged through condensation 195 

of geothermal fluids. 196 

At a deeper level, evidence of a gas or fluid reservoir beneath the Solfatara area comes from the recent 197 

seismic attenuation imaging of Campi Flegrei by De Siena et al. [2010] who recognize a vertically 198 

extending, high attenuation structure. This result is compatible with that of Battaglia et al. [2008] who 199 
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observed a high VP/VS anomaly in the southwestern part of the Solfatara, as expected for a strongly 200 

fractured medium permeated by fluids. 201 

 202 

3. Data Acquisition and Analysis 203 

In the following subsections we present the results of the volcanological, structural and seismic surveys 204 

that we carried out at the Solfatara, and we propose a multidisciplinary approach in which the 205 

geological and geophysical measurements integrate to image at a high level of detail the shallow crustal 206 

structure of such a complex volcano.  207 

 208 

3.1. Volcanological and Structural Survey  209 

The volcanological and structural field survey of the Solfatara volcanic edifice carried out in the 210 

present work was preceded by a photo aerial analysis and interpretation. It aimed at an optimal 211 

description of the pyroclastic sequence associated with the activity of the Solfatara vent area, and at a 212 

detailed reconstruction of the crater morphology, structure and deformational history. The 213 

reconstructed sequence of the Solfatara Tephra (Table 1) includes a basal breccia, which directly lies 214 

above the Mt. Olibano lava dome, and a phreatomagmatic sequence of stratified fine- and coarse-ash 215 

surge-beds. The Solfatara Tephra also includes two surfaces of angular unconformity, which subdivide 216 

into three portions the entire sequence. The first surface (Angular Unconformity 1 –Table 1) separates 217 

the basal breccia from the overlying stratified succession, which is in turn separated into a lowermost, 218 

thicker part, and an upper, thinner portion by the second surface (Angular Unconformity 2 – Table 1). 219 

 The morphostructural survey highlighted the main morphological features of the area and the mutual 220 

relationships among the different fracture systems. The south-eastern part of the crater wall is carved 221 

into the Mt. Olibano lava dome, which was extruded slightly before the Solfatara activity, whereas its 222 

easternmost part is partially deformed by a minor, sub-rounded, rim structure nested within the main 223 
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crater (Figure 1). The area is affected by dominant NW-SE trending faults and fractures which crosscut 224 

the Solfatara area and its external parts, downthrowing to NE (i.e. toward the Agnano plain)  the marine 225 

deposits of the La Starza marine terrace. Both internal and external slopes of the volcano show 226 

rectilinear parts (residual fault scarps), triangular facets and aligned drainage lines (lineation of the 227 

north-eastern outer slopes). This fault system is intersected by the NE-SW system also well evidenced 228 

by rectilinear valleys and slopes, such as the south-eastern inner slope of the Solfatara crater, and the 229 

valleys crosscutting both the Solfatara volcano and La Starza marine terrace (Figure 1). Also the 230 

fracture that opened in the crater floor during the last large bradyseismic event (1982-1984) had this 231 

same orientation. Finally the faults and fractures trending around NS and EW are well visible along the 232 

outer slopes of the volcano, whereas in the crater floor area they are likely masked by the reworked 233 

deposits filling the crater. At a smaller scale the survey suggests that the geometry of the Solfatara 234 

crater is only partially inherited from pre-existing fault and fracture systems and their morphological 235 

evolution.  236 

Finally, a meso-structural survey has been carried out in selected sites both inside and outside the 237 

Solfatara crater, in order to highlight the mutual relationships among the different fracture systems, and 238 

their frequency and possible connection with the main fault systems. 239 

With the aim of subdividing the study area into homogeneous domains relative to the main 240 

morphostructural features (bedding attitude, shape of the slopes, main faults, lithological contrasts), we 241 

measured a total of 330 attitudes of fault planes and fractures in 7 sites, in different lithotypes at 242 

variable stratigraphic height (Figure 1). The collected data have been statistically analyzed to obtain 243 

information about their spatial distribution through the identification of fracture families (principal 244 

trends of fractures), which have been defined for each domain by plotting contoured stereo-net pole-245 

frequency and normalized azimuth-frequency (rose) diagrams. A unimodal Gaussian curve-fitting 246 

routine is then used for determining peaks in directional data (DAISY software by Salvini et al., 247 
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[1999]), from which the statistical parameters are derived. We report these results in Figure 2 for each 248 

measurement site. 249 

Almost all the measured features are subvertical, with angles of dip ranging between 70° and 90°. We 250 

recognized four main fracture families both inside and outside the Solfatara crater, showing a relatively 251 

small dispersal of the strike angle around the direction of the two main fault systems that border the 252 

crater. N50W±25° and N50E±20° trending fractures form two pairs of conjugate systems, compatible 253 

with the geometry of the main faults responsible for the quadrangular shape of the Solfatara crater 254 

morphology. Although no kinematic indicators have been detected with the present survey, a normal 255 

stress field, characterized by a subvertical σ1, subhorizontal NW-SE and NE-SW trending σ2 and σ3, 256 

and R=( σ2- σ3)/( σ1-σ3)=0.18, as hypothesized by Chiodini et al. [2001], is consistent with our data.  257 

Two subordinate N-S and E-W trending systems of fractures, on average characterized by slightly 258 

lower angle of dip, ranging between 60° and 80°, have been measured along the high-angle inner 259 

slopes of the Solfatara crater, which  are affected by gravitational instability phenomena, evidenced by 260 

rock falls and localized translational and rotational sliding of parts of the inward-dipping, stratified, 261 

pyroclastic succession. These fractures have been here interpreted as surface deformations, produced to 262 

accommodate the movement along the NW-SE and NE-SW fault systems, during the gravitational 263 

readjustment of the inner-crater slopes. 264 

 265 

3.2. Seismic Array Deployment 266 

The seismic survey was carried out in April 2007, using Lennartz MarsLite seismic stations equipped 267 

with three-component 1-Hz Mark LE3Dlite seismometers for the acquisition of seismic noise. We 268 

installed a total of 5 seismic arrays labelled A, B, C, D and E, sampling different areas of the crater 269 

(Figure 1). Arrays consisted of 4 sensors, set up with a circular geometry in which a sensor was placed 270 

at the center and the remaining three at fixed radius and evenly spaced (120°) around the 271 
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circumference. Each day we deployed a single array whose configuration was changed by increasing 272 

the radius. Arrays A, B and D were designed with radii of 5, 10, 25, 50 and 100 m. Arrays C and E had 273 

radii of 5, 10 and 25 m. About 1-hour of seismic noise was recorded for each circular configuration 274 

with fixed radius and a total of 68 sites were sampled by each sensor. More details about acquisition 275 

and data format can be found in Petrosino et al. [2008]. Arrays A, D and E were located approximately 276 

in the central part of the crater, array B was deployed in the area of the Fangaia, while array C was 277 

placed to the north, near the crater rim and the fumarole area (Figure 1) . For each array configuration 278 

we calculated the "array transfer function" [Rost and Thomas, 2002] that represents the frequency-279 

wavenumber spectrum in response to a vertical incident impulse. The array resolution in wavelength 280 

that is directly related to the geometry of the array (inter-station distance and aperture) was estimated 281 

from the array transfer function [Di Giulio et al., 2006; Wathelet et al., 2008]. The values of minimum 282 

(kmin/2) and maximum (kmax) resolvable wavelength  are reported in Table 2 for each array 283 

configuration.  284 

 285 

3.3. Background properties of seismic noise  286 

We performed a preliminary study of seismic noise aimed at its spectral and temporal characterization, 287 

in order to verify if this signal is suitable for the H/V ratio and surface wave dispersion analyses, and to 288 

choose the proper parameters for the application of these techniques.  289 

 290 

a) Nature of the Noise Source and Spectral Characteristics 291 

Seismic noise at the Solfatara volcano has a predominant anthropogenic nature, as one can easily 292 

deduce by the time pattern of the root mean squared (RMS) noise amplitude filtered in the 1-20 Hz 293 

frequency band which clearly shows a 24h periodicity (Figure 3). RMS is calculated over a 1-hour long 294 

time window; daytime noise amplitude is about 3-4 times greater than that in the night-time. The data 295 
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used for the RMS analysis were recorded at SFT station (Figure 1), a permanent installation in the 296 

Solfatara crater of the Istituto Nazionale di Geofisica e Vulcanologia (INGV), equipped with a 3-297 

component 1-Hz Mark LE3Dlite sensor. The analysed samples are relative to an entire week, from 298 

Monday to Sunday, in the period 2-8 April 2007. Similar results are obtained by changing the filter 299 

frequency band (1-15 and 1-10 Hz). Spectra of noise samples continuously recorded at SFT station 300 

show frequency peaks irregularly spread in the 2-20 Hz band. The same evidence was in found 301 

analyzing 1-hour-long noise samples recorded by 5 representative stations of the temporary arrays 302 

deployed within the Solfatara crater (see Figures 5-9 in Petrosino et al. [2008]).  303 

 304 

b) Stationarity of  Seismic Noise 305 

Stationarity of the time series is a fundamental pre-requisite for the application of the present 306 

techniques. A check of this assumption is mandatory, as the analysis carried out on time series with a 307 

limited time duration. A first element to be addressed is the presence inside the Solfatara crater of many 308 

visitors during the day-time, producing transients and disturbances in the seismic recordings. In this 309 

condition it is particularly important to verify the stability of the H/V ratio in time, or, equivalently, to 310 

check that 1-hour-long recordings for each station can be considered a statistically representative 311 

sample of the entire process.  312 

In order to check that hourly and daily cyclic variations of noise amplitude and frequency content, and 313 

the presence of transients do not affect the stability of the H/V ratio, we used data continuously 314 

recorded by the permanent station SFT. We calculated the H/V ratio over noise samples lasting 1 hour, 315 

acquired during the week when the seismic survey took place. Each 3-component recording was 316 

bandpass filtered in the 1-20 Hz frequency band and an STA/LTA algorithm (with a short-term 317 

average, STA, of 1s and a long-term average, LTA, of 30s) was applied in order to reject the most 318 

energetic transients and disturbances. Time-windows of 40s with an overlap of 30% were selected. The 319 
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Fourier spectra of the NS and EW components were geometrically averaged  to obtain the horizontal 320 

component Fourier spectrum and the spectral ratios between the horizontal and vertical components 321 

smoothed by a Konno-Omachi function [Konno and Omachi, 1998] were calculated. Finally, the 322 

arithmetic mean of all the H/V ratios over each hourly recording was calculated. Several tests were also 323 

performed by changing the bandpass filter (1-15 Hz, 1-10 Hz), the window length (40-80s), the overlap 324 

(20-40%) and the Konno-Omachi smoothing factor (40-60). All these tests yield similar and stable 325 

results. We verified that number and length of the selected time windows ensure the reliability of the 326 

H/V curve according to the criteria defined in the SESAME European Project Deliverable D23.12 327 

(available from http://sesame-fp5.obs.ujf-grenoble.fr). Moreover, we also checked that the obtained 328 

H/V peak verifies the amplitude and stability conditions indicated in the above-cited report, for an 329 

unambiguous and correct identification of the resonance frequency.  330 

In Figure 4 we show the 168 H/V spectral ratios relative to the period 2-8 April 2007 calculated for the 331 

SFT site: the fundamental frequency at about 4.4 Hz and the average peak amplitude of about 12 are 332 

stable for all the analysed period. Slightly variations of these quantities occur within the standard 333 

deviation interval, which corresponds to errors on the order of 5-10% for the frequency values and of 334 

about 10% for the peak amplitudes.  335 

 336 

3.4. Horizontal-to-Vertical Analysis of Array Data 337 

The H/V spectral ratios were calculated for all the recording points sampled by the 5 arrays by using 338 

the procedure and the parameters previously described for the permanent station SFT. As we have 339 

already stated, the seismic noise recordings at the Solfatara crater often contain many transients due to 340 

the presence of the numerous tourists that visit the volcano daily. Therefore a careful check of the 341 

influence of non-stationary noise on the H/V ratios was performed by using both the raw seismograms 342 

and an STA/LTA algorithm to reject disturbances. The comparison of the obtained results show no 343 

http://sesame-fp5.obs.ujf-grenoble.fr/
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differences in the resonance frequencies and peak amplitudes calculated in both the ways. This is in 344 

agreement with the observations and the numerical simulations published by Parolai and Galiana-345 

Merino [2006]  which show that transients have no (or little) effect on the H/V ratio. The reliability of 346 

the obtained H/V spectral curves and the significance of the retrieved resonance frequencies and peak 347 

amplitudes were checked according to the criteria of the SESAME European Project Deliverable 348 

D23.12 (available from http://sesame-fp5.obs.ujf-grenoble.fr): all the H/V ratios calculated for the array 349 

stations passed the tests. The associated errors are on the order of  5-10% for the frequency values and 350 

of about 5-15% for the peak amplitude values. A map (Figure 5) of the resonance frequencies and peak 351 

amplitudes was obtained by applying an inverse-distance-to-a-power gridding method that interpolates 352 

the H/V data such that the influence of one point relative to another declines with distance from the 353 

grid node. In the interpolation procedure we assumed the validity of the H/V ratio over a circle of 354 

radius of 30 m. Frequency values relative to the different sampled sites range from 3.6 to 7 Hz. The 355 

central and southern parts of the crater, corresponding to the arrays A, B, D and E are characterized by 356 

similar values of resonance frequencies (in the 4-5 Hz band), except for the station DR51 located near 357 

the inner crater slopes and station BR43 close to the Fangaia mud pool, that show higher values of 358 

frequency (6.2 and 7 Hz, respectively). Higher frequencies compared to the average value (from 5.4 up 359 

to 7 Hz) are also observed in the northern part, beneath most of the sensors of array C located near the 360 

inner crater slopes.  361 

As regards the H/V peak amplitudes, we observe that the Fangaia area, corresponding to array B,  362 

shows low values ranging from 2.5 to 5, with exception of stations BR42 and BR52 that fall outside the 363 

mud pool area and have slightly higher amplitudes. The part of the crater to the north of the Fangaia, 364 

exhibits higher peak amplitudes, with values ranging from 7 to 15. The area where array D is set up 365 

shows a highly heterogeneous behaviour: the H/V amplitudes at the northern stations (DR53, DR43 366 

and DR33) are comparable with those that characterize the central and northern part of the crater, while 367 

http://sesame-fp5.obs.ujf-grenoble.fr/
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high peak values (up to 24) are observed in correspondence of the central stations (DR11, DR21, 368 

DR32, DR31). Moreover, for the eastern station DR51 we obtain a low peak amplitude, comparable to 369 

those of the Fangaia area.  370 

 371 

3.5. Dispersion Curves Estimates 372 

We assumed that the vertical motion component of noise wavefield (in the frequency range we 373 

considered) at the Solfatara is dominated by Rayleigh waves. This is justified by the observation that 374 

the origin of high frequency seismic noise is mainly related to anthropogenic activity (as shown in 375 

Section 3.3) and therefore the sources are mostly located at the surface [Bonnefoy-Claudet, 2004]. 376 

Under this hypothesis, we used three different methods to estimate the dispersion curves of Rayleigh 377 

waves propagating through the array: the Frequency–Wavenumber (f-k) technique [Lacoss et al., 378 

1969], the Spatial Autocorrelation (SPAC) technique [Aki, 1957] and its modification (MSPAC) 379 

proposed by  Bettig et al. [2001]. 380 

 381 

a) Frequency-Wavenumber Analysis 382 

In the f-k method the power spectral density is calculated as: 383 

P(k, )=e
H
(k)R( ) e(k)                             (1) 384 

where k=(kx, ky) is the wavenumber vector,  is the angular frequency, R( ) is the cross-spectral 385 

matrix,  e(k) is the steering vector containing the phase shift and e
H
(k)  is its Hermitian conjugate. The 386 

maximum of the spectral estimator at a given frequency is searched in the wavenumber plane (kx, ky) 387 

and the corresponding wavenumber vector is used to calculate the horizontal slowness (the inverse of 388 

the apparent velocity): 389 

s( )=|k|/                                                       (2) 390 

In order to apply the f-k technique we bandpass filtered the 1-hour long recordings (vertical 391 
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component) in the 1-15 Hz range, choosing values of center frequency, fc, with the step of 0.1 Hz and 392 

bandwidth defined as 0.9fc - 1.1fc. The time window was selected equal to 30 times the central period 393 

of the analysed band, and the overlap between successive windows was set to 30%. For each frequency 394 

band, the f-k spectrum was computed over a grid with size equal to kmax and step less than kmin/4 395 

(Table 2). The maximum corresponds to the best slowness value. A histogram of the slowness obtained 396 

for all the selected time-windows at a fixed frequency was constructed in order to calculated the mean 397 

value and its associated statistical error [Ohrnberger et al., 2004]. 398 

The phase velocity dispersion curve of the fundamental mode of Rayleigh waves was obtained for each 399 

array by plotting the velocity values as a function of frequency and selecting the part of the curve 400 

bounded by the resolution limits defined through kmin and kmax (Table 2). Actually, each array 401 

configuration with fixed radius defines the dispersion pattern in a limited frequency band: the smaller 402 

the radius, the higher the frequency range for which the dispersion branch is valid. Therefore, the total 403 

dispersion over the whole frequency band of 1-15 Hz was finally obtained by joining the 5 dispersion 404 

curves (or 3 in case of array C and E) estimated for each configuration with fixed radius (Figure 6). The 405 

phase velocity ranges from 100 m/s at high frequency to about 1000 m/s at frequency of 2 Hz. Phase 406 

velocity values are well retrieved from 15 Hz down to 4.5-5 Hz (which roughly corresponds to the 407 

average H/V peak estimated from Nakamura’s technique [Nakamura, 1989]), while below 5 Hz 408 

velocity data are more scattered. This could be due to the increasing loss of coherency with the 409 

increasing array aperture (particularly evident for radii equal to 50 and 100 m). Moreover some authors 410 

have pointed out the difficulty to obtain the part of the dispersion curve just below the resonance 411 

frequency of a site [Di Giulio et al., 2006; Wathelet et al., 2008 and references therein]. Comparing the 412 

dispersion curves for the 5 arrays one can note that at least for frequencies greater than 5 Hz, the array 413 

C (the northern one) is characterized by higher velocities with respect to those of the arrays A, D and E 414 

located in the central part of the crater. On the other hand, the array B deployed in the Fangaia area 415 
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shows intermediate values. Below 5 Hz, these differences in the phase velocity values are no longer 416 

appreciable.  417 

 418 

b) SPAC and MSPAC Analyses 419 

For an array of receivers in a circular configuration, Aki [1957] demonstrated that the phase velocity, 420 

for signals on the vertical component and filtered in a narrow frequency band around the ω0, can be 421 

obtained by fitting a zeroth-order Bessel function, to the azimuthal average of the spatial correlation 422 

coefficients, ),( 0r , according to: 423 

                                                                                                                         424 

 425                                                                  (3)                          

with r the radius of the array, J0 the zeroth-order Bessel function and c(ω0) the phase velocity. 426 

Extension of Aki’s SPAC method toa  non-circular array [Bettig et al., 2001] consists in averaging, for 427 

each individual target frequency, the correlation coefficients evaluated at subsets of M station pairs 428 

whose distances range between r-dr and r+dr. A generic configuration can be then reviewed as a 429 

family of concentric rings. In such a frame, equation (1) becomes: 430 

                                                                                      

 (4) 

 433 

where J1 is the first-order Bessel function. 434 

We applied both the classical and modified SPAC (MSPAC) methods, using the same parameters to 435 

calculate the average correlation coefficients. Since the final results are similar and the errors 436 

associated to the MSPAC dispersion curves are significantly smaller, we decided to illustrate only 437 

MSPAC analysis. 438 

Considering all the possible station pairs, we arranged a set of 2 rings, each containing 3 station pairs 439 
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for every array configuration. As for the f-k analysis, we filtered the vertical component of 1-hour-long 440 

signals in the band 1-15 Hz. For each ring, we used 60-s-long time windows with an overlap of 30%, to 441 

calculate the average correlation coefficient. The obtained series, containing 100 samples linearly 442 

spaced over 1-15 Hz frequency band, were used to fit equation (4). The Rayleigh wave fundamental 443 

mode dispersion curves, c(ω0), were obtained by picking the maxima of the semblance function, 444 

calculated in the fitting procedure, in the slowness-frequency plane. The frequency range of the 445 

dispersion curves for each configuration is determined by the resolution limits kmin and kmax (Table 446 

2). The error associated with the dispersion at a given frequency value is calculated by the spreading of 447 

the semblance maxima corresponding to that frequency. The total dispersion curve for each array is 448 

finally obtained with the same procedure used in f-k method (Figure 7). The dispersion curves retrieved 449 

from MSPAC and f-k methods are comparable. Therefore all the general observations made for f-k 450 

curves hold, although the dispersion patterns obtained by the MSPAC technique are less scattered 451 

below 5 Hz. Since the MSPAC curves are affected by smaller errors, they were chosen to be inverted 452 

for the S-wave velocity model.  453 

 454 

3.6. Dispersion Curve Inversion 455 

For each array we inverted the dispersion curves obtained from MSPAC analysis, jointly with the 456 

corresponding average H/V resonance frequency, whose value depends on the layer thickness and the 457 

shear-wave velocity [Kramer, 1996] and therefore can be used as a constraint in the inversion 458 

procedure. In order to obtain the 1-D S-wave velocity profiles we used the neighbourhood algorithm 459 

[Sambridge, 1999] as implemented by Wathelet et al. [2004, 2005, 2008]. This algorithm performs a 460 

stochastic search over the parameter space, defined by S- and P-wave velocities, top depths, densities 461 

and Poisson’s ratios of the subsurface layers. The goodness of results is evaluated through minimizing 462 

misfit function, defined as:  463 
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(5)                464 

where xdi and xci are the experimental and theoretical velocity, respectively, at frequency fi, σi is the 465 

uncertainty of the considered frequency sample, nF is the number of frequency samples at frequency fi. 466 

The inversion of dispersion data is a non-unique problem, i.e. several velocity profiles can be retrieved 467 

from the same dispersion curve by using different parameterizations, in particular the number of layers 468 

and the half space depth. To overcome this difficulty we evaluated the misfit value over a wide range 469 

of parameterizations and for each one we performed a set of 5 inversions to check the robustness of the 470 

results [Di Giulio et al., 2012]. For each array and each parameterization we obtained a set of 5 best 471 

models with associated 5 minimum misfit values. Then, to select the most likely velocity profile, we 472 

analyzed the behaviour of the minimum misfit as the parameterization varies, taking into account that: 473 

a) the minimum misfit as a function of the number of layers reaches a minimum in correspondence of 474 

the more realistic number of layers [Renalier et al., 2010; Di Giulio et al., 2012];  b) the half space 475 

depth increases with the number of layers and starts to scatter around the actual depth [Renalier et al., 476 

2010].  We illustrate these behaviours in Figure 8; on the left, the minimum misfit shows a clear 477 

minimum in correspondence of 2 layers for the array A and C, 3 for array B and  1 for array E; on the 478 

right, the corresponding half space depth can be easily identified. The behaviour of the array D is 479 

ambiguous. Although an absolute minimum for the minimum misfit can be recognized, none of the 480 

parameterizations inside the range 2-4 number of layers dominates (green triangles in Figure 8, on the 481 

left). The final profile ensembles for each array were obtained in correspondence of the previous 482 

minima and they are plotted in Figure 9, where the most likely S-wave profiles are shown in the central 483 

panels. On the left we show the theoretical dispersion curves for the Rayleigh fundamental mode and 484 

the experimental ones, with the respective error bars. A good agreement is obtained for the array A, B, 485 
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C and E. The mismatch occurred for the array D is to be attributed to a poorly constrained depth for the 486 

second layer. The right panel of the Figure 9 reports the theoretical ellipticity curves, calculated for the 487 

velocity profiles, that fit the H/V peaks inside the standard deviations (grey vertical bars).          488 

Since our final goal is to retrieve a shallow 3-D S-wave velocity model for the Solfatara crater by 489 

combining the results obtained from the inversion procedure, we estimated the statistical level of 490 

significance associated to each depth and velocity of the 5 1-D profiles by using a Monte Carlo 491 

algorithm. We generated 100 random dispersion curves inside the error bars for each array and inverted 492 

them following the same procedure previously described. This procedure constitutes a test which 493 

quantifies how well the inversion algorithm reconstructs synthetic models when the dispersion curves 494 

are perturbed. The obtained mean velocity profiles and their associated standard deviations are shown 495 

Figure 9 (black continuous and dashed lines, respectively, in the central panels) superimposed to the 496 

velocity profile ensembles A first consideration on these results is that the mean profiles coincide with 497 

the best 1-D profiles, confirming the goodness of the inversion procedure and the Gaussian structure of 498 

the errors. The errors on the velocity in the first 12 meters of depth, calculated with MonteCarlo 499 

method are at most of the order of 10 percent of the estimate. This evidence suggests that the procedure 500 

utilized is sensitive to the crustal heterogeneity (vertical and horizontal) close to the surface. 501 

Conversely, resolution decreases as depth increases. Finally, the D array shows a low precision (53%) 502 

in the determination of the subsurface structure under the hypothesis of parallel-plane layers (with 503 

constant velocity) at intermediate depths. Although poorly constrained, this velocity structure is 504 

indicative of the average properties of the medium beneath the array D.  505 

In order to obtain a 3-D velocity model corresponding to the volume below the 5 arrays, we applied a 506 

inverse-distance-to-a-power gridding method to the 5 mean 1-D velocity profiles. The velocity data are 507 

weighted during the interpolation process, such that the influence of one point relative to another 508 

declines with distance from the grid node coincident with the array centers. For the generation of the 509 
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grids we used circular domains with the same geometrical dimension of the corresponding array, 510 

leaving the zone without data as blank. We performed the following resolution tests to ensure that the 511 

algorithm does not introduce artificial patterns in the velocity spatial distribution. 1) All the volume is 512 

set at a uniform velocity. 2) In turn, one model underneath one array, is left unchanged and the 513 

remaining volume is set at a uniform velocity. 3) In turn, one model underneath one array, is slightly 514 

varied and the other four models remain unchanged. All the tests do not show spurious patterns. It has 515 

to be said that our 3-D model preserves the good original vertical resolution of the 1-D profiles, while 516 

the position of the horizontal velocity discontinuities are only constrained by the array aperture since 517 

the 1-D models do not carry information about their horizontal extent.  518 

In Figure 10 we show the S-wave velocity horizontal slices at the different depths. A wide spatial 519 

variability of the velocity between 0 m (station plane) and 12 m depth is retrieved (Figure 10 a-e). In 520 

the range 0-5.0 m (Figure 10a) we can distinguish the velocity variation from 120 m/s for the eastern 521 

part of the crater (array A and D) to 200 m/s for the western part. Then an increase of the S-wave 522 

velocity starts in the southern area at depths between 5.0 and 5.5 m (Figure 10b), involving also the 523 

northern sector in correspondence of depths 5.5-7.2 m (Figure 10c), where a maximum velocity of 400 524 

m/s is reached  beneath the array C. The lower velocity area remains confined in the central part of the 525 

crater. Between 7.2 and 12 m (Figure 10d) the velocity in the eastern area increases up to 650 m/s. At 526 

these depths the volume results divided in a higher velocity part (to the east, corresponding to the 527 

fumaroles below the array D) and a lower one (corresponding to the western edge below the array E), 528 

with a transition central zone. From 12 to 17 m (Figure 10e) the velocity increases up to 1300 m/s in 529 

the western area. Figure 10f shows the volume between 17-28 m with an increase up to 900 m/s of the 530 

velocity below the array B. Depths 28-40 m are represented in the panel g of Figure 10, where the 531 

higher velocity area in the north-western sector (up to 1400 m/s below the array C) bounds the centre of 532 

the crater, characterized by lower velocities (500 m/s) beneath the array A. The next two panels (h and 533 



 22 

i) represent the volume, explored only by arrays A, B and D, below 40 m depth which is the limit of 534 

resolution for the array E and C [Midzi, 2001]. The 60-150 m depths (Figure 10h) are characterized by 535 

a higher velocity in the centre and north-east area, with values between 1000 and 1900 m/s, while 536 

lower velocity corresponds to the array D (about 650 m/s). The final slice (below 150 m) that 537 

represents the velocity values just above the limit of detection (about 200 m) for the array A, B and D, 538 

shows a higher velocity (1700-1900 m/s) area in correspondence of the array A and B, and a lower 539 

velocity region (1000 m/s) below the array D.  540 

 541 

3.7. Polarization Analysis 542 

We investigated the polarization properties of  seismic noise by applying the covariance matrix method 543 

[Jurkevics, 1988] to the three-component seismograms. Through a diagonalization procedure, the 544 

following parameters are estimated: 545 

1) the rectilinearity, defined as RL= 1- ( 2 + 3 /2 1), with 1 > 2 > 3  the eigenvalues of the 546 

covariance matrix. RL takes values between 0 (pure spherical motion) and 1 (pure rectilinear motion); 547 

2) the azimuth of the polarization vector. It is the angle between the projection on the horizontal plane 548 

of the polarization vector and north, measured clockwise; and 549 

3) the incidence angle between the polarization vector and the vertical axis. 550 

The samples of seismic noise were filtered by applying a bandpass a-causal Butterworth filter in 551 

different frequency ranges (1-10, 5-10, 5-15 Hz); polarization parameters were estimated using 1-s-552 

long sliding window with overlap of 50%. Similar polarization patterns were found independently of 553 

the frequency band, therefore we discuss the results of the analysis in the 1-10 Hz range.  554 

We selected the stations for which the distribution of RL has a 70% of values equal or greater than 0.5,  555 

because in this case the angular parameters are associated with surface and body waves, while for RL 556 

less than 0.5 they lose their significance. The incidence angles from the polarization analysis are in the 557 
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range 80°-90°, confirming the shallow propagation of the noise wavefield. Moreover, narrow azimuthal 558 

distributions of the polarization vector are shown in the rose diagrams of Figure 11. The  representation 559 

in terms of the vectorial field (Figure 11) was obtained using the mean value of the azimuth for each 560 

site and applying an inverse-distance-to-a-power gridding method. The interpolation was limited to a 561 

circle of radius of 30 m around each station. The magnitude of the vectors was set proportional to the 562 

inverse of the standard deviation of the azimuth mean value. Results of the analysis evidence the 563 

tendency of ambient noise to be polarized. In the central and northern part of the crater, going from the 564 

west to the east, the horizontal polarization vector is first oriented NW-SE, then it seems to switch to a 565 

roughly N-S direction, and finally it assumes a E-W orientation. In particular, the array D is affected by 566 

the greatest inter-station variability of the azimuth of the polarization vector. In the Fangaia area, the 567 

azimuth retrieved for stations BR43, BR00 and BR52 shows a preferred orientation along the NW-SE 568 

direction, while station BR33 has a NE-SW polarization. However, this anomalous wave propagation 569 

occurs locally, beneath the station located just above the edge of the mud pool.  570 

 571 

4. Discussion 572 

In the present paper we combine the results obtained from seismic noise analysis with those from a 573 

volcanological and morphostructural study of the Solfatara volcano, in order to reconstruct the 574 

formation and evolution processes of the volcano and to model its shallow crustal structure. Figure 12 575 

is an interpretative cross-section, based on the results of the volcanological, morphostructural and 576 

seismological investigations. 577 

The volcanological features described in Section 3.1. suggest that the eruption that generated the 578 

Solfatara volcano was a complex and likely long-lasting event, during which a former crater (Crater 1; 579 

Figures 1 and 12) was formed during the early phreatomagmatic and magmatic explosions, which 580 

occurred in the area of the preexisting Mt. Olibano lava dome, generating the breccia deposits and the 581 
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lower part of the overlying pyroclastic sequence. The upper part of the sequence, which lies above the 582 

uppermost angular unconformity, was generated by a series of phreatomagmatic explosions in the latest 583 

stages of the Solfatara eruption, likely after a pause in the activity. Its thickness and grain-size 584 

variations suggest a provenance from a smaller, ring-shaped vent area (Crater 2; Figures 1 and 12), 585 

nested within the previous main crater. This eastward vent migration is likely controlled by the 586 

intersection of the NW-SE and NE-SW trending fault systems that crosscut the Solfatara area, as 587 

evidenced by the structural survey. The Solfatara area, located along the north-eastern boundary of the 588 

La Starza resurgent block, is largely deformed by these two fault systems, and by the subordinate N-S 589 

and E-W trending systems of fractures, that we interpreted as surface deformations, produced to 590 

accommodate the movement along the main NW-SE and NE-SW fault systems, during the 591 

gravitational readjustment of the differentially deformed blocks. Both internal and external slopes of 592 

the volcano show rectilinear parts and triangular facets related to the deformation that occurred during 593 

and after the eruption along these features. This deformation has also been evident during recent 594 

bradyseismic events, when the opening of a NE-SW trending fracture occurred in the area of the 595 

Fangaia mud pool [Acocella et al., 1999; Orsi et al., 1999; Vilardo et al., 2010].  596 

The intense volcanic and deformation activity has generated a complex volcanic edifice characterized 597 

by high vertical and horizontal heterogeneity, due to the overlapping of nested craters (Figure 12), 598 

which have been variably filled by heterogeneous reworked deposits, produced by the morphologic 599 

evolution of the inner slopes of the Solfatara edifice. These deposits are thickest in the central part of 600 

the main crater and progressively thin outward, draping the inner flanks of the edifice. The last 601 

observation fits quite well with the results of H/V analysis that shows higher resonance frequency 602 

values in the north-eastern part of the crater, approaching the internal crater slopes, when compared to 603 

the central area. Moreover, the detected shear-wave velocities for the shallower layers are typical of 604 

loose and unconsolidated pyroclastic deposits [Nunziata et al., 1999]. 605 
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Another interesting observation concerns the low peak amplitude values obtained from the H/V 606 

analysis in the Fangaia area, here interpreted as due to the presence of deposits saturated by 607 

hydrothermal fluids. This interpretation is supported by the results of electrical resistivity profiles 608 

[Bruno et al., 2007]. Indeed, as observed by some authors [Yang and Sato, 2000; Yang, 2006], ground 609 

motion amplification (and thus the amplitude ratios) is significantly affected by the saturation 610 

conditions of the medium.  611 

Immediately below the shallow deposits, the shear-wave velocity modeling again shows the presence 612 

of both vertical and horizontal discontinuities. In particular, the eastern sector corresponding to Crater 2 613 

(Figures 1 and 12), is characterized by high velocity values, which are typical of lithified tuffs 614 

[Nunziata et al., 1999]. The observed values and the contrasts with the surrounding areas corroborates 615 

the hypothesis of the presence at shallow depth of a small volcanic edifice, likely a tuff-cone, formed 616 

during the phreatomagmatic activity of Crater 2, and emplaced above the sediments filling the Crater 1 617 

(Figure 12). The lateral and vertical lithological and structural discontinuities, due to the superposition 618 

of the products related to this multivent activity would be ultimately the cause of the observed spatial 619 

variability in the H/V peak amplitudes. In addition the high heterogeneity of this sector of the crater 620 

possibly affects the phase velocity array measurements [Bodin and Maupin, 2008], making inadequate, 621 

at intermediate depths, the parallel-plane layers modeling and thus producing a less constrained 622 

velocity structure.  623 

At a greater depth, a complex high-velocity body has been observed in the north-western sector of 624 

Crater 1 (Figures 10 and 12). The recorded horizontal and vertical velocity variations suggest the 625 

presence of lithified bodies surrounded by soft sediments, which can be interpreted as lava bodies, 626 

emplaced inside Crater 1 and later overlain by the soft and likely reworked sediments that fill the 627 

crater.  628 

The deepest volume explored by the seismic arrays is characterized by the highest velocity values in 629 
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the central part of the Solfatara volcano, and by slightly lower values towards east, in the Fumarole 630 

sector. This is also in agreement with the presence of lava bodies within the larger and older Crater 1, 631 

and tuffs within Crater 2. Velocity values increase with depth, likely due to a generalized improvement 632 

in the mechanical characteristics of the rocks.  633 

The results of the morphostructural analysis of the Solfatara volcano evidence the interplay between 634 

two conjugate N50W and N50E trending main fracture systems that define the geometry of the inner-635 

crater slopes, and two N-S and E-W trending subordinate systems, induced by the gravitational 636 

readjustment of the slopes. This complex structural pattern could control the direction of the 637 

polarization vector of seismic noise, as suggested by Rigano et al. [2008]. In fact a clear relationship 638 

between the direction of the polarization vector and fault trend arises in the Fangaia area (Figures 1 and 639 

11). Here the average azimuth shows a preferred orientation along a NW-SE direction, which is 640 

approximately orthogonal to the trend of the main feature affecting this sector of the crater. Normal 641 

polarization pattern could be consistent with the near-surface anisotropy or with a resonance 642 

mechanism of seismic waves in the fault [Rigano et al., 2008]. In the northern part of the Solfatara 643 

crater, along an E-W profile the orientation of the horizontal polarization vector varies from roughly 644 

orthogonal to parallel to the direction of the fractures. In this latter case the observed parallel pattern 645 

could be interpreted in terms of fault-trapped surface waves and channeled in the waveguide [Rovelli et 646 

al., 2002; Lewis et al., 2005]. However, due to the complex interplay among the variable fracture 647 

systems in this part of the crater, their contribution to the noise polarization cannot be discriminated. 648 

Moreover, the results could also be affected by the high degree of heterogeneity characterizing the local 649 

lithology, and by the presence of the buried rim of Crater 2.  650 

 651 

5. Conclusions  652 

The Solfatara volcano has represented a good test-site to reconstruct the shallow crustal structure from 653 
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the application of different seismological techniques for the analysis of seismic noise, combined with 654 

the results of volcanological and morphostructural investigations. In a sort of continuous feed-back 655 

process, the surface geology of this area has been used to provide physical constraints needed for the 656 

correct interpretation of spectral ratio resonance frequencies and peak amplitudes, S-wave velocity 657 

model and polarization pattern, which in turn has led to constraints on the subsurface structure of the 658 

volcano and its geological evolution.  659 

At the Solfatara volcano, seismic noise has provided a great deal of information about the medium 660 

properties whose knowledge is thus essential for seismologists, when a proper separation into source, 661 

path and site effects is needed for a correct interpretation of volcanic earthquake source. This is 662 

particularly important at this volcano, where long-period seismic events associated to the activity 663 

hydrothermal system occur in the top 500 m [Cusano et al., 2008].  664 

The S-wave velocity structure inferred in the present study provides a detailed 3-D model for the 665 

Solfatara subsurface down to a depth of about 200 m. Previous models calculate 1-D S-wave velocity 666 

profiles from active seismic data, with a maximum resolution down to a depth of 32 m [Bruno et al., 667 

2007], or they represent an average 1-D profile for an area including not only the Solfatara volcano but 668 

also the town of Pozzuoli [Petrosino et al., 2006], hence with a lower spatial resolution compared to 669 

the present results. Moreover our study confirms that, as observed by Rigano et al. [2008], polarization 670 

of seismic noise is sensitive to the presence of faults and could be indicative of the orientation of the 671 

fracture systems. In the future, this interesting result could be further improved by replacing single 672 

stations with very small arrays, in order to perform array-averaged polarization measurements. 673 

The joint interpretation of the S-wave velocity model, together with the results of the polarization 674 

analysis and the volcanological and morphostructural observations, contributes not only to imaging the 675 

shallow crustal structure of the volcano at a small scale,  but also to put some constraints on its 676 

geological evolution. A new evolutionary model of the Solfatara volcano in which the volcano has been 677 
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characterized by a long-lasting multivent activity, due to vent migration along structurally-controlled 678 

fissures. The geometry of at least two tuff-cone craters, later intruded by viscous lava domes and filled 679 

by tephra and reworked sediments, is clearly shown by both the geological and seismological survey 680 

carried out with this study.  681 

The outcomes presented in our paper improve the knowledge of the Solfatara volcano, thus 682 

contributing to evaluate and assess volcanic hazard in a densely populated area like the Campi Flegrei 683 

volcanic complex, and to support further geophysical and volcanological researches. These outcomes 684 

should encourage new surveys at active volcanoes and to adopt such a multidisciplinary approach.  685 
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Figure captions 966 

Fig. 1 a) Structural sketch map of the Solfatara volcano and surroundings, with seismic array geometry, 967 

vents and structural analysis site locations, and W-E cross-section profile; b) detail of the array 968 

geometry, and location of SFT seismic station; c) location of the study area in the Campi Flegrei 969 

caldera (after Orsi et al. [1996]). 970 

 971 

Fig. 2  Contoured stereo-net pole-frequency (Schmidt projections, lower hemisphere) and normalized 972 

azimuth-frequency (rose) diagrams of the meso-structural data sampled in (a) sites 1, 2, 3 and 4 and (b) 973 

sites 5, 6 and 7 at the Solfatara volcano and surroundings (using DAISY software by Salvini et al. 974 

[1999]). See the text for a discussion of the detected fracture attitudes. 975 

 976 

Fig. 3 RMS of the seismic noise recorded at SFT station (vertical component) in the period 2-8 April 977 

2007. Data were filtered in the 1-20 Hz frequency band. Each point is the average over 1-hour long 978 

time window.  979 

 980 

Fig. 4 168 H/V spectral ratios calculated for 1-hour recordings of seismic noise at SFT station over the 981 

whole period 2-8 April 2007.  982 

 983 

Fig. 5 Maps of the resonance frequency (left) and peak amplitude (right) calculated from the 984 

application of Nakamura’s technique [Nakamura, 1989] to ambient noise recorded at the Solfatara 985 

volcano. The limits of the plots correspond to the white box drawn in Figure 1; the geographical 986 

coordinates are expressed in meters in the UTM system. Black triangles indicate the array seismic 987 

stations. 988 

 989 
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Fig. 6 Phase velocity dispersion curves for the 5 arrays obtained from the application of the f-k method.  990 

 991 

Fig. 7 Phase velocity dispersion curves for the 5 arrays obtained from the application of the modified 992 

SPAC technique.  993 

 994 

Fig. 8 Statistical analysis to test the parameterization influence on the inversion procedure: minimum 995 

misfit versus number of layers over half space (on left) and half space depth (on the right). A common 996 

legend at left-bottom illustrates the correspondence between the symbols and the arrays.    997 

 998 

Fig. 9 Inversion results the arrays A, B, C, D and E. Left: theoretical dispersion curves of Rayleigh 999 

waves calculated from the inversion procedure. Color tonality is proportional to the misfit according to 1000 

the common palette showed at the bottom of the figure and black lines represent the experimental 1001 

curves with the error bars. Centre: 1-D S-wave velocity profiles obtained from the inversion of the 1002 

experimental dispersion curves; black lines indicate the mean model (continuous) and the standard 1003 

deviation (dashed) calculated from Monte Carlo algorithm. The profiles for arrays C and E are 1004 

represented down to a depth of 40 m according to the corresponding resolution depth. Right: theoretical 1005 

ellipticity curves of Rayleigh waves computed for all the velocity models. The grey vertical bars 1006 

highlight the experimental H/V peaks and the corresponding error used to constrain the inversions. 1007 

 1008 

Fig. 10 3-D S-wave velocity model for the Solfatara volcano. Horizontal slices show the S-wave 1009 

velocity isolines (labels in m/s) at the depth indicated in the upper left corner. The S-wave velocity 1010 

values are represented according to the color bar at the bottom of the figure. The limits of the plots 1011 

correspond to the white box drawn in Figure 1;  geographical coordinates are expressed in meters in the 1012 

UTM system. Black triangles and white labels indicate the array seismic stations. The velocity values 1013 
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for arrays C and D do not appear in the panel h and i since these arrays have no resolution below 40 m. 1014 

The arrays A, B and D resolve to a maximum depth of 200 m.   1015 

 1016 

Fig. 11 Rose diagrams of the azimuth of horizontal polarization of ambient noise. Stations for which 1017 

the percentage of rectilinearity (RL) is equal or greater is at least 70% are represented. The blue arrows 1018 

indicate the vector field interpolated from a gridding procedure. The limits of the plot correspond to the 1019 

white box drawn in Figure 1; geographical coordinates are expressed in meters in the UTM system. 1020 

 1021 

Fig. 12 Interpretative W-E geological cross-section of the Solfatara volcano (see text for explanation). 1022 

At the bottom, the corresponding S-wave velocity model from arrays E, A and D, represented along the 1023 

same W-E profile is shown.  1024 

 1025 

 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

 1033 

 1034 

 1035 

 1036 

 1037 
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Lithostratigraphic 
Unit 

Lithology Section 1 Section 3 Section 4 Section 6 

Tephra of vent 2  Fine-ash surge beds 
with minor pumice 
fallout layers and 
lenses, and lithic 
blocks. The beds are 
undulated to plane-
parallel. This deposit 
is coarser and thicker 
in the eastern and 
northern parts of the 
crater. It thins radially 
from vent 2 and 
drapes 
unconformably parts 
of the inner walls of 
crater 1. 

Thickness =  
0-13 m. 
The 
thickness 
variation is 
due to 
pinch-out 
of the 
surge 
sequence 
against the 
inner walls 
of crater 1. 

Thickness =  
2-14 m. 
The 
thickness 
variation is 
due to 
pinch-out 
of the 
surge 
sequence 
against the 
inner walls 
of crater 1 
and to 
partial 
draping of 
crater 1 
rim. 

Thickness = 
3 m. 

Thickness = 
1.7 m. 

Angular unconformity 2 

Tephra of vent 1 Coarse- to fine-ash 
surge beds and minor 
scattered or aligned 
coarse pumice 
fragments and lithic 
blocks. The beds are 
massive to plane 
parallel, and 
yellowish to green in 
color. They contain 
abundant 
accretionary lapilli. 
This deposit is 
exposed along all the 
inner crater slopes. 

Thickness ≥ 
15 m, base 
not 
exposed. 

Thickness =  
7 m. 

Thickness =  
6 m. 

Thickness =  
3.9 m. 

Angular unconformity 1 

Basal Breccia Very coarse breccia 
deposit with a fine 
grained ash matrix. It 
is composed by 
variably altered lithic 
fragments (tuff and 
lava)  and scoria 
bombs. It is exposed 
along the eastern 
inner crater walls. 

Not 
exposed 

Thickness =  
8 m. 

Thickness = 
ca. 2 m. 

Thickness ≥ 
4 m, base 
not 
exposed. 
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 1038 

Table 1 1039 

Description of the main lithological and stratigraphical characteristics of the Solfatara Tephra, from 1040 

base upwards. See the text for discussion. Sections numbers are the same of the structural analysis, 1041 

reported in Figure 1. 1042 

 1043 

 1044 

 1045 

 1046 

Array Radius (m) kmin/2 (rad/m) kmax (rad/m) 

5 0.257 0.648 

10 0.138 0.38 

25 0.055 0.157 

50 0.024   0.112 

100 0.013 0.057 

 1047 

Table 2 1048 

Values of minimum (kmin/2) and maximum (kmax) resolvable wavelength for the different array 1049 

configurations. 1050 

 1051 

 1052 

 1053 



Structural analysis site Rim of crater 1 Rim of crater 2
Faults and fracturesArray

Vents older than Solfatara
Solfatara vents

21

1A B C D E

6000 m

W E

1
2

3
4

5

6

7

SFT
°

Mt. Olibano

Solfatara

La Starza

a

b

c



SFT - 1

SFT - 2

SFT - 3

SFT - 4



SFT - 5 lava

SFT - 5 tuff

SFT - 6

SFT - 7
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