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SUMMARY
We propose a new quantitative approach for the joint interpretation of velocity and attenuation
tomography images, performed through the lateral separation of scattering and intrinsic attenuation. The horizontal P-wave scattering attenuation structure below Campi Flegrei Caldera
(CFC) is imaged using the autocorrelation functions (ACF) of P-wave vertical velocity fluctuations. Cluster analysis (CA) is then applied to interpret the images derived from ACF and
the available P-wave total attenuation images at 2000 m quantitatively. The analysis allows
the separation of intrinsic and scattering attenuation on a 2-D plane, adding new geophysical
constraints to the present knowledge about this volcanic area. The final result is a new, quantitative image of the past and present tectonic and volcanological state of CFC. P-wave intrinsic
dissipation dominates in an area approximately located under the volcanic centre of Solfatara,
as expected in a region with a large presence of fluids and gas. A north–south scattering
attenuation region is mainly located below the zone of maximum uplift in the 1982–1984
bradiseismic crisis, in the sea side of the Pozzuoli bay, but also extending below Mt Nuovo.
This evidence favours the interpretation in terms of a hard but fractured body, contoured by
strong S-wave scatterers, corresponding to the Caldera rim: the region is possibly a section of
the residual magma body, associated with the 1538 eruption of Mt Nuovo.
Key words: Probability distributions; Seismic attenuation; Seismic tomography; Statistical
seismology.

1 I N T RO D U C T I O N
Traveltime tomography is the easiest way to obtain images of the
Earth velocity structure, and hence deduce the physical properties
of the propagation medium (Aki & Richards 1980). When velocity
images are combined with total attenuation tomography images,
new and sometimes critical features of the Earth medium are highlighted (Schurr et al. 2003; De Gori et al. 2005; Eberhart-Phillips
et al. 2008). On the other hand, the joint interpretation of velocity
and attenuation images is often biased by the difficulty of separating intrinsic and scattering attenuation (Sato & Fehler 1998; Del
Pezzo et al. 2006). Although scattering S-wave tomography is able
to highlight the presence and intensity of strong scatterers into the
medium (Frederiksen & Revenaugh 2004; Tramelli et al. 2006),
separate estimates of intrinsic and scattering P-wave attenuation at
local scale are difficult to achieve from seismological data. Recordings of both local earthquakes and active shots are dominated by a
mixture of shear and surface waves (Del Pezzo et al. 2006). Moreover, P-wave codas are as short as a few seconds, due to the small
distances between sources and receivers. Consequently, the possibility of applying ordinary techniques, usually developed for S
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waves, such as fitting the P-coda energy envelope with theoretical
multiple scattering models (Del Pezzo 2008) is precluded.
It is well known that the tectonic zones with the highest heterogeneity are volcanic areas. This is due to their peculiar topography
and subsurface structure, made of unconsolidated, alternating layers
of ash, pumice and volcanic rocks. The P-wave scattering properties
of heterogeneous geological structures like volcanoes can be investigated inferring the attenuation properties from the distribution of
the velocity fluctuations (Sato & Fehler 1998). At a scale lower than
hundreds of metres, velocity fluctuations tend to be random, and
can be described through the space autocorrelation function (ACF)
and the corresponding power spectral density function (PSDF—the
Fourier transform of the ACF; Chernov 1960; Aki & Chouet 1975;
Sato & Fehler 1998). The ACFs provide a statistical measure of both
the spatial scale and the magnitude of the heterogeneity characterizing the medium, whereas the PSDFs are mainly used to describe its
spectral characteristics (Line et al. 1998). Different kinds of ACFs
(Gaussian, exponential, von Kàrmàn) can be used to describe velocity fluctuations (e.g. Roth 1997). Anyway, the exponential and
von Kàrmàn distribution better describe random depth-dependent
velocity fluctuations in a stratified or volcanic medium (Holliger
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et al. 1996; Shiomi et al. 1997; Shapiro & Hubral 1999). Sato &
Fehler (1998) report a study of the normalized ACFs from velocity
tomograms for the Jemez volcanic field, obtaining the correlation
lengths in the vertical and horizontal directions. As a result of the
strong stratification of the volcanic medium, vertical correlation
lengths result shorter: velocity changes with depth result stronger,
and can shade the presence of a horizontal velocity anomaly under
the volcanic cone. ACFs can also be estimated from arrival-time
data. Examples of traveltime fluctuations measured from active
data are described by Roth (1997) and Line et al. (1998), who
estimated the ACF parameters from seismic profiles. Traveltimes
provide an unbiased approach, being unaffected by the smoothing
effects introduced by damping factors and by the resolution problems generally affecting tomography procedures. On the other hand,
traveltimes uncertainties in heterogeneous areas, if recorded from
passive sources, are usually large, sometimes up to 20–30 per cent
of the measured traveltimes. Moreover, although the ACFs obtained
from traveltimes fluctuations can only image 2-D vertical profiles,
velocity fluctuations provide an image of the lateral variations of
scattering at a given depth.
We propose a quantitative approach to jointly interpret velocity
and attenuation tomography images. We derive the velocity fluctuations directly from the P-wave velocity images obtained by Battaglia
et al. (2008) below the Campi Flegrei Caldera (CFC), close to the
city of Naples (Southern Italy). ACFs are calculated from the velocity fluctuations in the vertical direction to a depth of 4000 m starting
from the surface. We derive the correlation length, a, and the mean
square fractional fluctuations, ε 2 , from the best fit of the experimental data with an exponential ACF. The inverse quality factor for
P waves, Q −1
PSc (Aki & Richards 1980; Sato & Fehler 1998) is
deduced using the traveltime corrected Born approximation, and
attributed to a depth of 2000 m. This method provides a 2-D scattering attenuation tomography of CFC; space-dependent intrinsic
and scattering attenuation can be finally separated applying CA to
the correlation lengths and Q −1
PSc (obtained in this paper) and to the
corresponding P-wave inverse total-Q, Q −1
PT , recently obtained by
De Siena et al. (2010).

2 T H E S T RU C T U R E O F T H E C A M P I
FLEGREI CALDERA
The closeness to a densely inhabited area, with the high volcanic
risk associated, makes CFC one of the most studied Calderas in the
world. Geological, geophysical and volcanological data collected
in the CFC produced a wide scientific bibliography. A summary of
the most important geological and geophysical features of this area
can be found in Zollo et al. (2008) and references therein: here we
report only a brief outline. The Campi Flegrei Caldera is 6–7 km
across; it formed about 15 ka BP during the Neapolitan Yellow Tuff
eruption. Gravity (Berrino 1994), stratigraphical, volcanological,
structural and petrological surveys (de Vita et al. 1999; Orsi et al.
2004), geochemistry (Caliro et al. 2007), active seismics (Zollo et al.
2008), active and passive velocity and attenuation tomography (De
Lorenzo et al. 2001; Battaglia et al. 2008; De Siena et al. 2010)
and borehole data (Orsi et al. 1996) indicate that the upper crust
consists of volcanic rocks (mainly tuffs and lava layers) to a depth
of 3000 m. Fig. 1(b) shows the main surface geological features
and the local seismicity. The interpretation of both velocity and
attenuation images are qualitatively sketched in Fig. 1(a), redrawn
from De Siena et al. (2010) adding information from geochemistry.
Basement rocks extending to 7500 m depth beneath the Caldera
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Figure 1. (a) Schematic cartoon of the geological structure of Campi Flegrei, deduced by velocity and attenuation tomography (Battaglia et al. 2008;
De Siena et al. 2010). In the legend, dark colours refer to the interpretation
deduced by tomography, whereas light colours summarize geochemical and
geological interpretation. The melt zone at 7500 m depth has been deduced
by a reflection study using explosive sources. The high-Q, violet body located in the western part of the sketch is characterized by high scattering
attenuation, as described in the text. (b) Map of the area showing the main
geological and geophysical signatures. Crosses mark the epicentre location
of the local earthquakes. Blue arrows point to the zones characterized by important geological signatures, whose names are indicated in pink. Solfatara
is a mud lake with visible residual volcanic activity (fumaroles, hot springs).
Agnano is the crater formed during an important eruption occurred 10 000
yr ago. Mt Nuovo is the volcanic centre formed during the last eruption
(1531 A.D.). The city of Pozzuoli is close to the area of maximum uplift
during the 1983–1984 Bradiseismic crisis.

underlie a thermo-metamorphic layer at 3000–3500 m depth. A
magma sill is laterally extended in the depth range 7500 data set
and 8500 m beneath the whole Caldera (Zollo et al. 2008). The history of the ancient, peculiar activity of Campi Flegrei is reported
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Figure 2. Map of the area (6 km × 5 km) selected for the analysis. Colour panels represent the ACFs measured for the W–E and S–N profiles marked with
heavy black lines in the map. The colour scale corresponds to the ACF value. Isolines on the colour plot indicate the ACF isovalue. Coordinates are in UTM.
The isoline marked with 0 corresponds to the correlation lag at which ACF crosses the lag-axis. An example of ACF is shown in the left part of the figure: the
arrows show the correlation length, measured as the lag corresponding to the half-width of the ACF.

by Scandone et al. (2010) and references therein. The last eruption
of this volcano (1538) was preceded and then followed during the
time up to the present by many strong ground uplift episodes, called
Bradiseism. The last episode occurred in 1982–1984, with a maximum uplift of more than 1.7 m in the centre of the Caldera, close to
the city of Pozzuoli. Between the main uplift episodes the ground
subsides relative to the sea level, even if a small Bradiseism (some
centimetres) can still interrupt the subsidence. Any uplift (strong
or minor) is always accompanied by seismic activity, consisting in
volcano-tectonic earthquakes and in long-period local events. Several thousands of volcano-tectonic events (maximum magnitude of
4.2) accompanied the 1982–1984 uplift episode. This swarm constitutes the data set used in many tomography studies, as that of
Battaglia et al. (2008) on which the present paper is based.

We select the velocities on the base of the error and smoothing
associated to them by the inversion. Seismic velocity estimates are
provided at the vertexes of a 500 m step, 3-D grid: a 8 × 7 ×
4 km cubic grid centred approximately at 2000 m depth, 1000 m
southeast of the city of Pozzuoli is our starting data set. In this
volume, the velocities are affected by an average 10 per cent error.
The second selection is performed looking at the synthetic tests
of Battaglia et al. (2008) (their figs 9, 10 and 12): we exclude a
subvolume (recognized by Battaglia et al. 2008), where smoothing
effects generated by the inversion process might be predominant,
reducing the effective resolution. Our final data set is limited to a
volume of 6 × 5 × 4 km, centred under the city of Pozzuoli (Fig. 2).

4 M E T H O D , D ATA A N A LY S I S
A N D R E S U LT S
3 D ATA S E L E C T I O N
Our starting data set consists of the 3-D distribution of P-wave
velocity obtained by Battaglia et al. (2008) in an Earth volume of
18 × 18 × 9 km starting 0.5 km above sea level. In this work, they
invert traveltime data from both active and passive sources simultaneously for the velocity model and the earthquake locations with
an iterative, linearized perturbation technique. The passive data set
is composed of 4472 P and 3268 S traveltimes, recorded during
the 1984 bradiseismic crisis. traveltimes from active sources are
measured from the recordings of 1528 shots at 70 sea-bottom receivers and 84 land stations during the SERAPIS experiment (Zollo
et al. 2003) in 2001 September. In the joint inversion, both data
sets contribute to the determination of VP . The proper merging of
the two data types provides overall high-resolution velocity models, which allow to reliably retrieve velocity anomalies over a large
part of the area at a maximum resolution of 500 m in the centre
of the Caldera. The average frequency of the data used in this tomography is 12 Hz whereas the average velocity is 6 km s−1 for
the volumes we consider, which gives an average wavenumber of
k = 12 km−1 .

Inhomogeneities in a random medium can be described by their
ACF or, equivalently, by their PSDF (Chernov 1960; Aki & Chouet
1975). Correlation length, a, and mean square fractional fluctuations, ε2 , of the random field can be obtained from the ACF. These
quantities provide a better understanding of the physical state of the
low-depth crust than absolute velocity; moreover a P-wave lateral
map of scattering attenuation can be obtained from them. In the
following analysis, we will assume an exponential ACF to model
depth-dependent random fluctuations of velocity in the volcanic
area of CFC. Velocity fluctuations are obtained after the removal
of a given trend. Removing the deterministic component, or detrending, is an important processing step in statistical analysis (Hu
et al. 1996); anyway, the question of how and even whether de-trend
space and time series has been the topic of some debate (Holliger
et al. 1996; Dolan et al. 1998; Goff & Holliger 1999). In a laterally
heterogeneous volcanic medium, characterized by an extremely various lithology, different depth-dependent velocity trends could be
recognized even for lateral distances of a few hundred metres (Del
Pezzo 2008). In the following, we will extract the velocity–depth
functionality using simplicity constraints (Lilliefors 1967). The aim

C 2011 The Authors, GJI, 184, 1304–1310
C 2011 RAS
Geophysical Journal International 

Scattering image Campi Flegrei
of the de-trend is to obtain random fluctuations: CA is not be applied
to the points where fluctuations are not random.
We denote with V (x, y, z) the 3-D velocity model obtained
through tomography, where x, y, z are the node of a 500 m step grid.
For any couple of points (x ∗ , y ∗ ) we consider the corresponding
V (x ∗ , y ∗ , z) = V ∗ (z). We assume that the average depth-dependent
V ∗ (z) can be fitted by a Nth order polynomial V ∗ (z) = a ∗0 + a ∗1 z +
a ∗2 z 2 + . . . + a ∗N z N . In the above relationships, the symbol ‘∗ ’ stands
for ‘any’ point located at surface in the area under study. We use
the Schwartz (or Bayesian) information criterion (BIC— Schwartz
1978) to determine the order of the polynomial to be removed from
the velocity measures. The BIC is an asymptotic measure that must
be minimized to select a particular parameter model among a class.
It is given by
BIC =

φ2
+ κ ln(n),
σe2

(1)

where φ 2 is the residual sum of squares from the model, σ 2e the error
variance for normally distributed errors, κ is the number of model
parameters and n the number of observations. For each polynomial
order, we calculated BIC at any grid point, and then average BICvalues over the grid points. We obtain that a first-order polynomial
(k = 2) minimizes the BIC. The best-fit coefficient for the polynomial are computed and used to de-trend the velocity model in the
area
v˜∗ (z) = V ∗ (z) − a0∗ − a1∗ z,

(2)

where v˜∗ (z) are the velocity fluctuation distribution with depth for
any surface grid point (x ∗ , y ∗ ). We apply the Lillie test (Lilliefors
1967) at a 5 per cent significance level to check both the randomness
of the velocity fluctuations and the correctness of the de-trending
process. The result is that v˜∗ (z) is a random distribution for more
than 90 per cent of the (x ∗ , y ∗ ) couples.
The exponential ACF is used to model the random fluctuations
(Shapiro & Hubral 1999)
R(z) = ε2 ex p(−z/a),

(3)

where R(0) = ε2 and z is the positive defined depth. We numerically
calculate the normalized ACF, R(z), defined by
R(z) = ṽ ∗ (z)ṽ ∗ (z + z) ,

(4)

where the brackets indicate spatial average and z is the correlation
space-lag, positive for the increasing depth. Following the theory of
elastic random fluctuations, we can write the relationship between
2
Q −1
PSc , ε and a in the time-corrected Born approximation, assuming
an exponential ACF:


2ε2 a 3 k 3 4 − νc2


(k)
=
Q −1
,
(5)
P Sc
1 + νc2 a 2 k 2 (1 + 4a 2 k 2 )
where k is the wavenumber. The factor ν 2c is the cut-off wavenumber
(e.g. Sato & Fehler 1998, p. 125), introduced to neglect the contribution of large forward scattering to correct the Born approximation
at high frequencies (Wu 1982). For RMS fractional fluctuations
below 20 per cent, various studies (Sato 1982; Frankel & Clayton
1986; Sato & Fehler 1998) propose a value of ν 2c = 1/4. This value
corresponds to neglecting scattering energy within a cone of angle 30◦ in the forward direction to calculate attenuation. Using this
approximation, eq. (5) becomes
Q −1
P Sc (k) =

C

2(1 +

15ε2 a 3 k 3
.
+ 4a 2 k 2 )

a 2 k 2 /4)(1
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The spatial distribution of the ACF values is shown for two perpendicular profiles intersecting near the city of Pozzuoli in Fig. 2(a).
For each point of the profiles, the ACF is measured (Fig. 2b) and
represented through a colourscale. The correlation length a and ε2
are estimated by the half width and maximum of the ACF (Roth
1997), respectively (Fig. 2, left panel). The space averaged correlation length is a = 0.9 ± 0.1 km, as deduced by fitting a to an
exponential distribution. The values of ε2 measured at any couple of space coordinates constitute a sequence of independent and
identically distributed random variables; its limit distribution is a
generalized extreme value (GEV) distribution (Coles 2001). First,
we first calculate the shape parameter, governing the cue of the generalized extreme value distribution, by fitting the distribution of ε 2
measured at each of the final 109 couples (x ∗ , y ∗ ) to the theoretical
GEV distribution. The best-fit gives a shape parameter of 0.4 ± 0.2
and a space-averaged value of ε2 of 0.06 ± 0.02 (Fig. 3). Using
eq. (5) we finally calculate the space-averaged inverse scattering
quality factor for P waves, Q −1
PSc  = 0.0012 ± 0.0004.

5 C O M PA R I S O N W I T H O T H E R
M E A S U R E S T H RO U G H C LU S T E R
A N A LY S I S
The Q −1
PSc  obtained with the methods described in the previous
section is the first measure of scattering attenuation for P waves in
this area. ACFs are computed on a number of points dependent on
the actual resolution. In a volcanic heterogeneous area and at high
2
frequencies, Q −1
PSc  is mainly dependent on ε (Sato & Fehler 1998):
−1
we expect the lateral variations of Q PSc to be a good indicator of the
lateral variation of scattering attenuation. K-means cluster analysis
(Hartigan 1975) with Euclidean distance (CA) is applied to the
−1
patterns of correlation length, a (Fig. 4a), Q −1
PSc (Fig. 4b) and Q PT
(Fig. 4c), this last obtained at 2000 m depth by De Siena et al.
(2010), having common resolution of (500 m).
The optimal number of clusters (three) has been determined using
the Elbow Method (Hartigan 1975, Fig. 5) and the BIC criterion
(Schwartz 1978). The results from CA are reported in Fig. 6. The
orange cluster is generally characterized by high correlation length
values, low Q −1
PSc values and high total attenuation. The blue cluster
is more clearly characterized by low a values, high Q −1
PSc values and
low total attenuation. Finally, the Green Cluster has intermediate
values of these parameters.

6 D I S C U S S I O N O F T H E R E S U LT S
The Eastern part of the tomograms is mainly characterized by the
−1
orange cluster, with different a values, low Q −1
PSc and high Q PT ; its
centre is located below the Solfatara volcanic crater. The attenuation mechanism in the Eastern part of CFC is dominated by intrinsic
dissipation. This result is expected where the presence of high temperature fluids and/or gasses is evident at surface (e.g. Caliro et al.
2007). Temperatures measured at boreholes reach 300 ◦ C at 1800 m
depth, below Solfatara-Pisciarelli (see Fig. 1 for the map location
of this site). Gas emissions show that this temperatures are due to
the presence of an hydrothermal system whose base is located at a
depth of about 1700 m (Vanorio et al. 2005). At this depth, the system is composed by pure water boiling at a temperature close to the
critical point (Caliro et al. 2007), which causes strong attenuation
of both P and S waves (De Siena et al. 2010). Some dis-uniformity
in the composition is likely to exist beneath the other parts of Campi
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Figure 3. The fit of the probability density function (PDF) of the mean squared fractional fluctuations with a generalized maximum value PDF.

Figure 4. The spatial distribution of the correlation length (a), the P-wave inverse scattering (b) and total (c) quality factor at 2000 m depth, the latter obtained
by De Siena et al. (2010). Coordinates are in UTM. Black crosses mark the position of strong S-wave scatterers (Tramelli et al. 2006). White blocks are not
considered in the final analysis.

Figure 5. The percent of variance reduction versus the number of clusters. The number of cluster chosen is 3.
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ferent geophysical fields (Hansen et al. 2004; De Gori et al. 2005; De
Siena et al. 2010). The depth-dependent correlation lengths and inverse scattering quality factors deduced using ACFs vary from place
to place towards the seismotectonic and volcanological settings of
the region under study. The application of CA to this quantities,
derived from velocity tomography, and to the inverse total quality
factor, provides a quantitative, unsupervised image of the medium,
giving a new insight into the past and present state of CFC.

Figure 6. Result of the cluster analysis. Coordinates are in UTM. The
colour of the three clusters (blue, green and orange) are represented with the
corresponding physical parameters.

Flegrei at this depth, with the possible presence of deep brines, rich
in H3 BO3 (R. Moretti, personal communication).
The green cluster is not characterized by particular values of a,
−1
Q −1
PSc and Q PT . By using the Elbow Criterium (Fig. 5), we set a
reasonable limit to the information that the images can provide: the
volumes characterized by the green cluster are the ones where a
particular pattern could not be recognized and whose interpretation
is therefore difficult.
The central part of the tomogram is mainly characterized by the
blue cluster, extending from north towards south, and corresponding
−1
to high a, high Q −1
PSc and low Q PT . To complete the interpretation for
this particular area, we use the results of Tramelli et al. (2006), which
obtained a scattering image of Campi Flegrei applying Nishigami’s
technique (Nishigami 1991) to S-wave codas of local earthquakes.
The position of the strong S-to-S scatterers is marked by the black
crosses on the three panels of Fig. 4. The strong scatterers are mainly
−1
located in correspondence with the zones of high Q −1
PT and low Q PSc
(Fig. 4b-c). Strong scatterers are not present in the north, central
and southwestern part of CFC, where the pattern associated with
the blue cluster is dominant (Fig. 6). This area is extended below
the zone of Mofete-Monte Nuovo (where the last eruption in Campi
Flegrei occurred) and centred below the area of maximum uplift
during the volcanic crisis of 1982–1984. Most of this area is located
in the sea side of the Pozzuoli bay. In the attenuation images, it
mainly corresponds to the vertically elongated high-Q purple body
in the western part of Fig. 1(a). This body is laterally extended
towards east, approximately below the point of maximum uplift
in the last bradiseismic crisis, and towards south, to the unique
high attenuation anomaly present below 3000 m (De Siena et al.
2010). This result suggests the presence of a hard but fractured
body, possibly the residual magma body associated with the 1538
eruption of Mt Nuovo. On the basis of stratigraphic data, integrated
with geological, geochronological and geophysical constraints, Orsi
et al. (1996) suggest that the conditions for magma to rise to surface
at CFC are established only in the northeastern sector and in the area
west of Mt Nuovo. In the central sector of CFC, the deformation
must have occurred in a stress regime that has not allowed the
establishment of such conditions. The presence of a zone of melt
underneath the hard but fractured body could be important to model
the dynamics of the 1982–1984 and following uplifts.

7 C O N C LU S I O N S
In volcanoes, velocity and attenuation patterns are highly discontinuous both laterally and in depth (Del Pezzo 2008). The interpretation
of velocity and attenuation tomograms is often qualitative and hard
to justify, at least without relying on observations coming from dif
C
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