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Abstract To improve the knowledge of the shallowest subsurface of Campi Flegrei caldera, a 3-D P wave
attenuation tomography of the area was performed. We analyzed about 18,000 active seismic traces, which
provided a data set of 11,873 Δt* measurements, e.g., the differential travel times to quality factor ratios.
These were inverted through an adapted tomographic inversion procedure. The 3-D tomographic images
reveal an average QP about 70, interpreted as water-saturated volcanic and marine sediments. An arc-like,
low-QP structure at 0.5–1 km depths was interpreted as a densely fractured, fluid-saturated rock volume, well
matching the buried rim of Campi Flegrei caldera. The spatial distribution of high- and low-QP bodies in the
inner caldera is correlated with low-Vp values and may reflect either the differences in the percentage of fluid
saturation of sediments or the presence of vapor state fluids beneath fumarole manifestations.

1. Introduction

In the past, several tomographic studies were performed in volcanic areas to determine 3-D P and S wave
velocity structures [e.g., Benz et al., 1996; Judenherc and Zollo, 2004; Rowlands et al., 2005; Brenguier et al.,
2006; Sherburn et al., 2006; Battaglia et al., 2008]. This geological context, however, is characterized by strong
lateral contrasts, associated to unconsolidated volcanoclastic deposits, multifractured media, presence of
fluids, melt, and aquifers. Then, the only knowledge of elastic properties may be not sufficient for a complete
understanding of volcanic dynamics. Indeed, body wave quality factor Q, describing the anelasticity of the
medium, is more sensitive than elastic parameters to physical properties like temperature, porosity, perme-
ability, and level of rock saturation [Sanders et al., 1995]. Therefore, for volcanic areas, it is very useful to associ-
ate 3-D attenuation tomography to common elastic imaging as highlighted by several studies performed
throughout the world [Prudencio et al., 2013; De Siena et al., 2014; Prudencio et al., 2015a; Prudencio et al.,
2015b; Prudencio et al., 2015c].

The purpose of this work is to add information, derived from QP images, integrating the knowledge on Campi
Flegrei (CF hereinafter) subsurface in terms of rock rheology and physical properties. The primary aim is to
detail presence of fluids in the shallowest subsurface of offshore CF caldera.

CF is a resurgent caldera located 15 km west of Naples, southern Italy. Its present shape is greatly affected by
two large explosive eruptions occurring 39 kyr and 15 kyr ago [Deino et al., 2004; De Vivo et al., 2001]. Two
main bradyseismic crises were recorded in the last 50 years (1970–1972 and 1982–1984) consisting in ground
deformations, which led to a cumulative uplift of 3.5m in Pozzuoli town [Orsi et al., 1999]. Recently, many
geophysical studies were performed to characterize the deep system of CF caldera. Tomographic studies
[Zollo et al., 2003; Judenherc and Zollo, 2004; Chiarabba and Moretti, 2006; Battaglia et al., 2008; Dello Iacono
et al., 2009] mainly imaged an annular positive Vp anomaly at about 0.6–2 km depths. It well matched positive
density anomaly found by Capuano and Achauer [2003] and Capuano et al. [2013], and it was interpreted as
the buried rim of CF caldera, composed of an intercalation of consolidated lavas and tuffs. Vanorio et al.
[2005], Chiarabba and Moretti [2006], and Dello Iacono et al. [2009] also highlighted a high Vp/Vs ratio in
the shallower part of caldera due to water-saturated volcanic deposits. Velocity studies provided an image
of the whole caldera up to 5–6 km depth; otherwise, less information are available on the intrinsic attenuation
structure of CF: de Lorenzo et al. [2001] and De Siena et al. [2010] focused mainly on the northern part of CF
caldera retrieving both high-QP and low-QP anomalies. The correlation of these attenuation images with high
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temperature zones and Vp and Vp/Vs images permitted to identify thermal effects and hydrothermal basins
otherwise ignored by simple Vp and Vs tomographic analyses.

In this studyweuseactive seismicdata to retrievea3-DQP tomographyofCF.A refinedprocedureofdifferential
t*measurements (hereinafterΔt*) is adopted through thespectral ratiomethod. Then, anadapted tomographic
inversion technique is applied to retrieve the 3-D QP image of CF caldera. Final results are interpreted by
correlating attenuation images with previous results from different geophysical imaging techniques.

2. Data and Methods
2.1. Data Analysis

Thedatabaseused for thisworkwas acquiredduringanactive seismic campaign (SEismic Reflection/Refraction
Acquisition Project for Imaging complex volcanic Structures (SERAPIS) experiment) performed in September
2001 in an area of 50 × 50 km2 including the Bays of Naples and Pozzuoli (Figure 1).

The experiment consisted in 5000 shots recorded at a network of 72 ocean bottom receivers (OBSs) and 84
land seismographs. The OBSs were equipped with 4.5 Hz three-component sensors. Signals were recorded
with a time sampling of 0.004 s. The original processing of SERAPIS data set provided more than 85,000
manually picked P wave first arrivals [Judenherc and Zollo, 2004; Capuano et al., 2006]. Since we aim to study
the anelastic properties of subsurface of Pozzuoli Bay, signals referring to shots and receivers in that subarea
are selected. Therefore, we collected totally 41,768 P wave phase picks, available from previous analyses.

Following Teng [1968], the procedure of retrieving a three-dimensional QP image requires two steps: the
Δt* measurement and the spatial inversion of the selected Δt* data set. First, the spectral ratio method
[Teng, 1968] is applied to our data set. To take into account path effects on seismic signals, a refined proce-
dure of the technique is applied. The displacement spectrum Aij(f) of the ith event observed at the jth station
at distance x from the source is

Ai;j fð Þ ¼ Si fð ÞCj fð ÞG f ; xð ÞI fð Þexp �πt� i;j f
� �

; (1)

where the function Si(f) represents the source term and site effects are described by Cj(f). The effects of Earth’s
velocity structure on seismic signals (elastic Green’s function) are represented by G(f, x); the instrumental
response is represented by the factor I(f). The anelastic attenuation effect, to which we are interested, is
described by the term exp(�πt*f), where the t* operator is

t�i;j ¼ ∫
ray

ds
v sð ÞQ sð Þ: (2)

Figure 1. Geographical location of investigated area with respect to Italy. Blue triangles: seismic stations; black dots: posi-
tions of shots in Pozzuoli Bay; red dashed lines: traces of the tomographic sections shown in Figure 3.
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The term ds is a raypath element, whereas Q(s) and v(s) represent the quality factor and the velocity along the
ray, respectively. The relation between Q(s) and t* is linear as the raypath depends only on the known velocity
structure. We assume here a frequency-independent Q.

Usually, the amplitude variations due to elastic properties of the medium are explained by a simple exponen-
tial form |r|� ν: r is the distance from the source and ν is the geometrical-spreading law exponent. This
assumption is equivalent to consider the term G(f, x) frequency independent. Therefore, let us consider a
common-shot configuration and two receivers, having the same instrumental response curve, at different
distances from the source. By assuming the factor C(f) independent of frequency [Kanamori, 1967a;
Kanamori, 1967b] and by taking the natural logarithm of the ratio of spectral amplitudes at two receivers
(equation (1)), we deduce the expression

ln
A2 fð Þ
A1 fð Þ ¼ ln

G t2ð ÞC2

G t1ð ÞC1
� π t�2 � t�1

� �
f (3)

“with a linear slope c equals toπ t�2 � t�1
� �

f” [Matheney and Nowack, 1995]. The Δt* is measured by linear fitting
the spectral ratio in the least squares sense: the linear trend being a quality control of the fit. Δt* value
contains the information about the difference of wave attenuation along two different seismic rays arriving
at two stations from the same source.

Appropriate synthetic tests suggest that, in our experimental configuration, the approximation of a frequency-
independentgeometrical-spreading termmayprovide inaccurateΔt*measurements (seeTextS1andFigureS1
in the supporting information). Therefore, to obtain more reliable Δt* measurements, a procedure proposed
by Sams and Goldberg [1990] and Xie [2010] is tested and applied. It is based on the computation of a
“reduced amplitude spectrum,” from which the contributions of the fine velocity structure of the Earth on
signal amplitudes, represented by the term G(f, x), are removed through a “deconvolution procedure.” The
elastic Green’s function in a heterogeneous medium may be approximately estimated by adopting a
reference velocity and density structure, which are taken as 1-D structures.

For data analysis, first we compute displacement amplitude spectra of the real data by using a 0.248 s wide
time window, containing the P wave onset, and a 5% cosine taper. Synthetic tests validated the choice of the
time window, where a conservative criterion is considered: spurious converted arrivals should be avoided as
they contaminate P wave first arrival spectrum (see Figure S2). Next, a three-point-wide averaging moving
window is used to smooth the amplitude spectra to mitigate also the possible site effects on them. The same
processing is applied to a presignal noise window having the same duration so that, for each seismogram, the
signal-to-noise ratio (SNR) could be computed. All signals having an average SNR less than 5 are discarded.

Then, for each source-receiver couple of the SERAPIS experiment, the termG(f, x) in a complete elasticmedium
is computed via an exactmodeling codeAXITRA for stratifiedmediawhile neglecting the effect of the attenua-
tion [Coutant, 1989]. Axitra implements the discretewave-number Bouchon’s [1979] integration in conjunction
with reflectivity method [Kennett, 1983]. The elastic properties are represented by a depth-averaged P wave
velocity model inferred from the 3-D velocity model of Battaglia et al. [2008] and by a density profile inferred
from density values of rock samples reported in Zamora et al. [1994] and from gravity surveys [Berrino et al.,
2008]. Next, each real displacement spectrum is deconvolved by the corresponding theoretical elastic
Green’s function obtaining the reduced amplitude spectra, where the influence of the propagation ismitigated.

Finally, spectral ratios of reduced amplitude spectra are computed in a common-source gather configuration.
For each shot, to minimize the attenuation effect, we choose the closest receiver to the source as reference
station that is the receiver with respect to which spectral ratio is computed. In order to take into account the
noise influence in Δt* measurements, spectral ratios are computed only for those frequencies for which both
spectral amplitudes have a SNR greater than 5. In that way, less than 5% of amplitude values are discarded in
the frequency range of 10–20Hz, whereas more than 10% are discarded for frequencies greater than 30Hz.
Then, from 30Hz on, the noise contribution starts to become significant with respect to signal amplitudes,
leading to a too small number of selected amplitudes for proper estimation of Δt*.

Before the fitting procedure, the retrieved spectral ratios are smoothed with a three-point-wide averaging
moving window to obtain a more linear trend over a defined frequency range. Later, spectral ratios are fitted
in the frequency range of 6–25Hz (Figure 2a). The lower-frequency limit is chosen to discard spectral ampli-
tudes affected by smoothing procedure. The higher-frequency limit is based on the previous consideration
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on SNR threshold. This time series procedure provides a preliminary Δt* database, which is further analyzed
through an additional selection:

1. All spectral ratios having a linear correlation coefficient |R|> 0.95 are selected.
2. The variance of residuals between the selected spectral ratios and their best fit lines is computed.
3. The average value of variance of residuals is computed.
4. Only spectral ratios (and their Δt* estimates) having a variance of residuals value lower than the average

one are selected.

This selection criterion provides a final Δt* database of 14,450 measurements (Figure 2b).

2.2. Tomographic Method

Getting spatial distribution of QP factor from Δt* measurements is performed by a tomographic approach based
on an algorithm using an iterative, linearized, damped inversion technique [Latorre et al., 2004]. A modified ver-
sion of the attenuation tomography code by Amoroso et al. [2014] wasmodified for our purposes. A tomographic
grid of regularly spaced nodes describes the subsurface. The inversion code solves amixed determined system of
equations [Menke, 1984] to minimize the misfit between observed and theoretical Δt* values.

The geographical configuration of shots and receivers in Pozzuoli Bay allows us to study an area of
13× 13 km2. First, seismic rays are traced in a depth-averaged Vp model inferred from Battaglia et al. [2008]
velocity model. The maximum depth of the tomographic grid is fixed to 1.5 km to reduce the number of
underdetermined parameters in the inversion. Therefore, seismic rays deepening below 1.4 km are discarded,
reducing the database to a total of 11,873 Δt*. By comparing both resolution matrix (resolution diagonal ele-
ment and spread function SF [Michelini and McEvilly, 1991]) and derivative weight sum (DWS) [Toomey and
Foulger, 1989] computed in a 1.5 km and 3 km deep tomographic grids, it emerges that resolutions in the first
kilometer are comparable (Figures S3, S5, S6, and S7). DWS measures the ray density at inversion nodes. SF is
calculated by compressing each row of the resolution matrix into a parameter describing how peaked the
resolution is for that node: the lower the SF the more peaked is the resolution. Moreover, ad hoc checker-
board tests (Text S3 and Figure S4) show a very high recovery performance of the synthetic anomalies in
the shallowest layers up to 1 km.

Optimal spacing of the inversion grid is obtained through several inversions by using different grid parame-
terizations: 1× 1× 0.5 km3, 0.5× 0.5× 0.5 km3, 0.5× 0.5× 0.25 km3, and 0.25× 0.25× 0.25 km3. As a starting
model during these inversions, different homogeneous QP structures are used [Martinez-Arevalo et al.,
2005; Chiarabba et al., 2009; Bisrat et al., 2013]. Values of QP ranging from 30 to 150, with a step of 10, are
tested [Hansen et al., 2004; Lin, 2014]. The one producing the greatest reduction of Δt* residuals at the first
iteration is selected for further iterations: the initial uniform value QP is found to be 70 (Figure S8). The best
discretization is chosen based on the corrected Akaike information criterion (AICc) [Cavanaugh, 1997], which

Figure 2. Spectral ratio fitting and retrieved Δt* database. (a) Example of a computed spectral ratio (dashed line). The solid
line is the spectral ratio best fit line, in the frequency range of 6–25 Hz. (b) Final Δt* distribution consisting in 14,450 data
computed by fitting spectral ratios in the frequency range of 6–25 Hz. The green points are the Δt*mean values computed
in ΔR ranges of 500m. The green error bars are the data dispersion around the Δt* mean value. The quantity ΔR, for each
Δt*, represents the difference between the distances between the source and the two receivers, respectively.
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is a statistical comparison [Akaike, 1974] between models characterized by a different number of parameters
used. TheminimumAICc value, representing thebest compromisebetween reductionof datamisfit andmodel
simplicity, is obtainedwith the 1× 1× 0.5 km3 grid spacing. This is the parameterization adopted for the tomo-
graphic inversion. The computation and comparison of resolution matrix relative to parameterizations
1× 1× 0.5 km3 and 0.5× 0.5× 0.5 km3 confirm the goodness of our choice (Figures S5 and S6).

To ensure numerical stability and to control the model roughness a solution in the sense of damped least
squares is searched [Menke, 1984]; the following function is minimized:

ϕ mð Þ ¼ d � Gmð ÞT d � Gmð Þ þ ε2 m�m0ð ÞT m�m0ð Þ þ LmTDTDm: (4)

The term m0 represents the vector of initial model parameters, whereas the term D represents the second
derivative smoothing operator. In equation (4), two weighting, regularization, dimensionless factors ε2 and
L (damping and smoothing parameter, respectively) are present. The smoothing degree in the different direc-
tions is defined through parameters Lx, Ly, and Lz. The smoothing of the solution is achieved by constraining
the Laplacian of the attenuation field to be zero [Benz et al., 1996]. To determine the best combination of
regularization parameters in the inversion problem a recursive procedure fully described in the supporting
information (Text S3 and Figure S9) is followed [Rawlinson et al., 2006]. Finally, ε2 = 0.7, Lx= Ly=0.1, and
Lz= 0.35 are selected.

Furthermore, we explore the negligible effect of the choice of the initial attenuation model on the final result.
Two hundred starting layered QP attenuation models are randomly generated within two extreme attenua-
tion models [Vanorio et al., 2005]. For each initial model, an inversion is run. The final average attenuation
image is computed as well as the normalized standard deviation (σ/QP) for each model parameter (Figure
S10). We observe the average QP model showing the same features retrieved starting from a homogeneous
QP= 70 model that is the chosen starting model (Figure 3). Only very small differences in the absolute quality
factor values are found. Moreover, σ/QP values are, on average, less than 20% except for a very small number
of grid nodes, mainly located in the poorly resolved areas of the tomographic grid.

3. Results

The inversion of Δt* measurements is stopped at the fifth iteration as the model is not significantly modified
afterward: it provides a QPmodel reducing the variance of Δt* residuals to a value of 14% relative to a starting
value of 2.7 × 10�4 s.

Figure 3a shows the plane view of the retrieved 3-D QP model, which describes a medium characterized by
relatively low-QP, high-attenuation layers. On average, QP values less than 50 are widely present. The lowest
retrieved values are QP= 30, in the shallowest part of the model. Several higher-QP anomalous bodies are
recovered in the studied area, both at shallow and at greater depths. The maximum retrieved QP value is 230.

At 250m depth, the continuous 3-D attenuation model shows two high-QP bodies (QP~200). A W-E structure
is present in the central part of the Pozzuoli Bay, almost connecting Capo Miseno with Nisida Island. A
subcircular anomalous high-QP body (maximum QP~200) is recovered south of Capo Miseno.

The z= 500m plot shows four isolated, lower attenuation, small bodies (QP≈ 150). These are located (1) in the
northeastern part of the Pozzuoli Bay, (2) in a region close to Capo Miseno, and (3) in the southern part of CF
caldera. The low-attenuating bodies enclose an arc-like low-QP structure (QP≈ 40).

The 750m depthmap shows a continuousW-E structure havingmaximumQP values equal to 140, connecting
northofCapoMisenoandNisida Island. In the southernpart of thebay lowerQPbodies,with values around100,
are present. As in the previous depth slice, the described intermediate-QP bodies surround an arc-like
attenuating structure from Capo Miseno to Nisida Bank.

At 1 km depth, a high-QP structure extends in the east direction towardNisida Island.Moreover, in the southern
part of the bay a continuous annular-like anomaly with QP values ranging from 90 to 130 is present. Finally, at
1.25 km and 1.4 km depth, isolated intermediate values, QP anomalies are found.

We also plot the QP variations in three W-E sections (A-A′, B-B′, and C-C′) crossing the tomographic model
from north to south at y= 5 km, y= 7.5 km, and y=9 km, respectively (Figure 3b). Section A-A′ mainly shows
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a bowl-shape structure anomaly (QP= 90–140) enclosing a low-QP body (QP=40) reaching a maximum depth
of about 1 km. In section B-B′,QP range from 50 to 120 and the highest values are recovered at shallow depths,
at 4 km distance. Profile C-C′ shows the highest-QP values with respect to other sections. A low-attenuation
body (QP= 200), between 6 and 8 km in the horizontal direction, and between 250m and 600–700m depth,
is imaged. At 1 km depth a subcircular structure, associated with an elongated one, is present.

Figure 3. The 3-D QP image of the shallowest subsurface of CF caldera. (a) Plane view of the 3-D QP model at different
depths. The gray regions represent the areas not covered by rays. The dark gray dots in the z = 0.25 km plot correspond
to the fumaroles as reported in De Bonitatibus et al. [1970]. In the same plot, the gray dashed lines represent the traces of
faults as reported in Orsi et al. [2004] and Acocella [2010]. In the z = 0.5 km, z = 0.75 km, and z = 1 km plots, the black crosses
identify the high-scattering zones by Tramelli et al. [2006]. Dashed black lines: contour of high-Vp anomaly retrieved by
Dello Iacono et al. [2009]. Solid black lines in plots z = 0.75 km, z = 1 km, and z = 1.25 km: high-Vp anomaly by Battaglia et al.
[2008]. Solid blue contour in z = 1 km plot: low-Vp/Vs anomaly by Chiarabba and Moretti [2006]. (b) Section view of the 3-D
QP model. The traces of the sections are reported in Figure 1.
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TheQP parameter uncertainty is estimated bymapping randomdeviates on data in the model parameter space
[Vasco and Johnson, 1998]. Two hundred different databases are inverted by starting from a homogeneous
QP=70 attenuation model and by using the same parameterization and previously determined regularization
parameters. Each database is obtained by adding to the measured Δt* quantities a uniform random error in the
range of the estimated data uncertainties. Then, the average attenuation model and the normalized standard
deviation, σ/QP, were computed (Figure S11). The errors on parameters are lower than 5%, confirming that
the QP absolute values retrieved by the tomographic inversion do not depend on data uncertainties. We assess
the reliability of the tomographic image through resolution matrix and proper checkerboard tests that we
already introduced in the previous paragraph and fully described in Text S2 and Figures S3a, S4a, S5a, and
S6a. Resolution study confirms the accuracy of results, allowing to assert that the main features retrieved and
interpreted by us are included in the most resolved area of the tomographic grid.

4. Discussion and Conclusions

The results of this study add important elements to understand the properties of the shallowest subsurface of
Campi Flegrei caldera, down to 1–1.25 km depth. Indeed, to our best knowledge, no previous QP mappings
are available in the same geographic area achieving a similar resolution. To gain insight into the volcanic
structure of CF we compare our results with those provided by previous studies in the area: P and S wave
tomographies [Zollo et al., 2003; Chiarabba and Moretti, 2006; Battaglia et al., 2008; Dello Iacono et al.,
2009], gravimetric images [Capuano et al., 2013], scattering analyses [Tramelli et al., 2006], and seismic reflec-
tion profiles [Pescatore et al., 1984]. Moreover, we consider previous laboratory studies [Ito et al., 1979;Winkler
and Nur, 1979] to confirm interpretations given to retrieved results.

First, in this study we recover an average Pwave quality factor equal to 60–70: it is approximately the value of
the starting attenuation model used for the 3-D tomographic inversion, although we showed that it does not
affect the final solution. Previous attenuation studies of active volcanic and geothermal areas throughout the
world [e.g., Ward and Young, 1980; Sudo, 1991; Zucca et al., 1994; Shapiro et al., 2000] retrieved similar QP

values. Moreover, low-QP bodies (30–80) at 0.25 km depth and spatially correlated with low-Vp values are
in agreement with those provided by Clawson et al. [1989] in Yellowstone National Park and by De Gori
et al. [2005] at Mount Etna: they interpreted low-QP, low-Vp correlation as caldera filled by sediments and
loose volcanic materials. Johnston et al. [1979] and Amalokwu et al. [2014], via ultrasonic laboratory measure-
ments, retrieved similar QP values on sandstone samples. On these grounds, we interpret the low-QP values
retrieved in the shallowest subsurface of the offshore region of CF caldera as water-saturated volcanic and
marine sediments [Dello Iacono et al., 2009]. After all, Sacchi et al. [2014] retrieved in core samples in
Pozzuoli Bay mud, sandy silt, and volcaniclast-composed sediments.

A prominent feature revealed by our results and visible from 0.5 km to 1.25 km depths is an arc-like, high-
attenuating structure extending from Capo Miseno to the south of Nisida Island (QP values around 40–50).
This structure matches well the high-Vp anomaly retrieved first by Zollo et al. [2003] and furtherly confirmed
by Battaglia et al. [2008] and Dello Iacono et al. [2009] and highlighted by solid and dashed black contour in
Figure 3a, respectively. Capuano et al. [2013] found a positive gravity anomaly in the same area. These anoma-
lies are interpreted as the buried rim of the CF caldera, composed of an intercalation of consolidated tuffs and
trachytic lavas. Moreover, ultrasound surveys revealed fumaroles close to Capo Miseno [De Bonitatibus et al.,
1970]. In the same range of depths, Tramelli et al. [2006] imaged ahigh-scattering zonepartially superimposing
to the high-Vp anomaly. They found also a correspondence between high-scattering zones, fumaroles, and
low-QP regions in the area of Solfatara crater, interpreting it as densely fractured, porous, and fluid-filled rocks.
De Gori et al. [2005] explained the correlation of low-QP and high-Vp at Mount Etna as fractured hot fluid-
saturated rocks. For these reasons, we suggest that the described feature in this attenuation model is due to
a densely fractured rock volume, partially saturated in fluids [Winkler and Nur, 1979]; the latter are probably
linked to the fumaroles located in correspondence of the buried rim of CF caldera.

In correspondence of the southern shallower high-QP bodies (z=0.25–0.5 km), there are submerged
monogenic volcanic edifices (Miseno Bank and Pentapalummo Bank) belonging to the precalderic activity
of CF [Barberi et al., 1991]. The location of this belt of submarine volcanoes well matches high magnetic
anomalies [Napoleone et al., 1984; Siniscalchi et al., 2002; Aiello et al., 2005]. Seismic profiles acquired by
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Pescatore et al. [1984] in Pozzuoli Bay unveiled an acoustically dull body in the zone of Pentapalummo Bank,
whose margins are composed of volcanic deposits overlaying a massive volcanic body. Napoleone et al.
[1984], furthermore, interpreted the high magnetic anomalies in the zone of submarine volcanic belts as
linked to the presence of a buried igneous body. Therefore, a possible interpretation of these shallow
high-QP bodies is the combination of consolidated volcanic materials and magma-cooled material.

Finally, in the inner part of CF caldera, a heterogeneous distribution of high-QP and low-QP bodies is
correlated at each depth with low-Vp values. In the same range of depths, Dello Iacono et al. [2009] found
an average high Vp/Vs ratio (3.7� 0.9), interpreting it as the signature of fully saturated sediments.
Moreover, in the inner caldera, faults and fumaroles partially overlapping to attenuation anomalies were
recognized by De Bonitatibus et al. [1970], Orsi et al. [2004], and Acocella [2010]. We therefore suggest that
the heterogeneity in the anelastic features may reflect the different saturation conditions of volcanic
sediments, which were only partially mapped in this geographic area by Vanorio et al. [2005], Chiarabba
and Moretti [2006], and Battaglia et al. [2008]. In particular, followingWinker and Nur [1979], high-QP anoma-
lies may be interpreted as fully saturated sediments, whereas low-QP bodies may describe partially saturated
sediments. The anticorrelation of high-QP bodies with low-Vp values in a zone very rich in fumaroles and faults
may also be explained as the effect of fluids standing in vapor state, as justified by Ito et al. [1979]. This inter-
pretation could be particularly valid for the high-QP body found at 1 km depth close to Capo Miseno and also
visible in the section C-C′ at a distance of 3 km along the profile. Actually, this attenuation anomaly partially
overlaps a low Vp/Vs ratio retrieved by Chiarabba and Moretti [2006] at the same depth and highlighted by
blue solid contour. This low Vp/Vs ratio is mainly representative of gas saturation instead of presence of fluids.
The possible role of faults recognized in this area is that of preferential ways of degassing.

Our work, through a three-dimensional QP model, outlines the rheological properties of the buried rim of CF
caldera previously detected by seismic velocity tomography. The anelastic model allows us to describe the
rim as a fluid-filled, densely fractured rock volume. Moreover, the heterogeneities in the distribution of QP

anomalies in the inner caldera are interpreted as the possible effect of the different conditions of saturation
of the sediments.
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