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Imaging methods able to discriminate type and content of fluids in volcanic areas and
to track their migration with time are fundamental to get a picture of the volcanic
structure and to constrain its shallow dynamics. In this study we provide an image of
the Solfatara crater, located in the Campi Flegrei caldera, a volcanic area of Southern
Italy, through a statistical description of the scatterers. We analyze active seismic data
recorded in a 3D geometry during the first Repeated Induced Earthquake and Noise
(RICEN) experiment, held in September 2013. After extraction of seismic sections, we
evaluate the coherent and incoherent intensities, averaging over sources, and receivers
sharing the same source-station distance. We thus compute the ratio between the two
intensities for the direct surface wave, which is sensitive to the scattering mean free
path in the area. We find that the intensity ratio in all the analyzed frequency bands
exponentially decreases with distance, allowing for the computation of the scattering
mean free path as a function of the frequency. We report that the scattering mean free
path exhibits a small increase between 7.5 and 10 Hz from 50 to 60 m, and then it
decreases down to about 10 m, at a frequency of 21.5 Hz. We thus model the scattering
mean free path computing the backscattered field from a single scatterer of cylindrical
shape in a homogeneous medium and we determine the model parameters through a
fit with the mean free path inferred from data. We find that the best fit model is obtained
for a size of the scatterer of about 10 m, with a small increase of the Rayleigh wave
velocity inside the scatterer. The scatterers are here interpreted as regions richer in water
with respect to the background and eventually due to the condensed steam running
below the investigated area. The connection between the scattering mean free path
and the type, and content of fluids retrieved here is of fundamental importance to image
the volcanic structure. In addition, monitoring of this quantity with time can track fluid
migration eventually related to magma injection and the unrest state of a volcano toward
an eruption.

Keywords: volcano seismology, scattering, surface waves, Campi Flegrei caldera, mean free path, wave
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INTRODUCTION

Imaging techniques applied to volcanoes allow to obtain static
images of the structure and to track changes with time that can
be a signature of the unrest status of the volcano. Specifically,
methods applied to shallow part of the volcanoes can provide
information about the upper hydrothermal system, fluid type and
concentration, fluid migration, and possible magma pathways,
thus improving eruption scenarios for volcanic hazard evaluation
and eruption forecast. In this study we apply an imaging
technique based on seismic wave scattering to the Solfatara
volcano, located in the Campi Flegrei caldera a volcanic region
located in Southern Italy, nearby the city of Naples. The Campi
Flegrei is composed of more than 60 vents of different size, which
erupted several times over the volcanic history of the caldera. The
two largest eruptions were the Campanian Ignimbrite (39 ka)
and the Neapolitan Yellow Tuff (15 ka) while the last one was
the Monte Nuovo eruption (1538) (Di Vito et al., 1999; Deino
et al., 2004; Pappalardo and Mastrolorenzo, 2012). The central
part of the caldera (the Pozzuoli bay) was affected by a strong
bradyseismic activity that recursively uplifted and lowered the
ground. Usually, the bradyseism has also been accompanied
by seismic activity. During the 1982–1984 episode, more than
10,000 seismic events were detected, with an earthquake of
magnitude larger than 4.0 (Aster and Meyer, 1988; Aster et al.,
1992; De Siena et al., 2017). After the 1982–1984 bradyseismic
episode, no relevant seismicity has been recorded, indicating
a possible change in the state of the caldera (Di Luccio
et al., 2015). At present, the area is experiencing uplift and
a change in the chemical composition of emitted gases and
of degassing pattern was detected from geochemical analysis
(Chiodini et al., 2012, 2016).

Different studies were performed in the area with the aim
of providing velocity and attenuation images of the large-scale
structure using data from active seismic surveys, such as the
offshore SERAPIS experiment (Zollo et al., 2003) and from
earthquakes (Judenherc and Zollo, 2004; Vanorio et al., 2005;
Zollo and Judenherc, 2005; Battaglia et al., 2008; Zollo et al.,
2008; Serlenga et al., 2016). These analyses pointed out the
presence of two main discontinuities beneath the caldera. The
deeper one, at about 8 km depth, is believed to be the top of
a magma layer that was likely the source of the largest past
eruptions, while the shallower one, at about 3 km, is interpreted
as the separation between the hydrothermal system and the older
rocks derived from magma solidification. The region below this
interface can behave as a shallow magma chamber before the
eruptions (D’Auria et al., 2015; Trasatti et al., 2015).

The shallow hydrothermal system of the Campi Flegrei is due
to the interaction of meteoric water and magmatic fluids coming
from depth. This results in an intense and almost continuous
fumarolic activity localized in two areas of the Campi Flegrei
Caldera: Solfatara and Pisciarelli. Specifically, the Solfatara crater
is believed to be at the top of a hydrothermal plume (Chiodini
et al., 2001; De Siena et al., 2010) whose base is fed by the
primary hot fluid reservoir at about 2 km depth (De Siena
et al., 2018; Siniscalchi et al., 2019). The crater is characterized
by two areas of strong gas emission, e.g., Bocca Grande and

Bocca Nuova (Chiodini et al., 2005; Chiodini, 2009) and several
fumaroles, releasing the gas rising along faults (Bianco et al.,
2004). Because of the connection between the hydrothermal
system and the meteoric water, seasonal variations are also
expected in this area.

The structure of the Solfatara is strongly heterogeneous.
Delineating the morphology of the interfaces and interpreting
the complex interaction between the diverse components of
the hydrothermal system require a multidisciplinary approach
(Bruno et al., 2007). Several active and passive seismic (Bruno
et al., 2007; Letort et al., 2012; Serra et al., 2016; Amoroso et al.,
2018), geoelectric (Byrdina et al., 2014; Gresse et al., 2018), and
magnetotelluric surveys (Siniscalchi et al., 2015) were performed
to constrain the subsoil stratification. From analysis of refracted
waves (Bruno et al., 2007), ambient noise (Letort et al., 2012;
Petrosino et al., 2012), and surface waves (Letort et al., 2012;
Serra et al., 2016) a description of the shallow structure of the
Solfatara was provided, with a very thin shallow low-velocity
layer (2–4 m thick) above a sequence of interfaces with strong
velocity contrasts. These layers correspond to poorly consolidated
clays and tephra (Isaia et al., 2009). They are responsible for the
low S wave and Rayleigh wave velocities (Petrosino et al., 2012;
Serra et al., 2016). Below this low velocity layer, the evidence
of a geological boundary with a strong velocity contrast was
also suggested by a sharp variation of the temperature profile
(Letort et al., 2012). Finally, 3D analysis of P (De Landro
et al., 2017, 2019) and surface waves (Serra et al., 2016), and
inspection of 2D profiles (Bruno et al., 2017; Gammaldi et al.,
2018) pointed out a separation of the central part of the crater
in two domains, with the NE sector having higher velocities
than the SW one. As suggested by geoelectric measurements
(Byrdina et al., 2014; Gresse et al., 2018), which are more sensitive
to the presence of liquid/gas phases, this separation can be
ascribed to a different concentration of water, which is more
abundant in the SW domain. At larger depths several near-
vertical normal faults individuated in the reflection profiles likely
represent the pathways for ascending gas. Finally, the basement
of the Solfatara crater can be found at about 400 m depth
(Bruno et al., 2017).

Waves propagating in a strongly heterogeneous medium, such
as the Solfatara, lose their coherence owing to the interaction
with velocity anomalies and obstacles (scatterers) at different
scales. Therefore, classical imaging methods based either on
the arrival time or on the waveform of ballistic waves might
provide too smooth images as compared to the real geological
structure. Techniques based on single or multiple scattering
approaches can instead provide insights into the small-scale
properties of the medium and constrain mechanical properties
or fluid type/concentration (e.g., Campillo and Margerin, 2010).
Standard scattering techniques are based on the modeling of the
decay of the seismic coda generated by earthquakes occurring
beneath the volcanic edifice or by shots during active seismic
surveys (e.g., Prudencio et al., 2013; De Siena et al., 2017)
and may constrain fluid accumulation at depth (Prudencio
et al., 2015). These techniques have been also applied to the
whole Campi Flegrei caldera, using the seismicity occurring
during the last strong bradiseismic activity. They adopt either
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a single scatterer model (Tramelli et al., 2006), or 2D space-
weighted functions (De Siena et al., 2017) or 3D kernels from
the radiative transfer equation (Akande et al., 2019), to detect
the rim of the caldera and reveal the source of the unrest
episodes, likely related to magma intrusion at about 4 km
depth (Amoruso et al., 2014; De Siena et al., 2017). In several
cases, such methods do not allow to localize and characterize
single scatterers, but they rather provide a statistical description
of the medium in terms of some relevant parameters such
as the scattering mean free path ls and the transport mean
free path l∗.

The scattering mean free path, defined as the average
distance traveled by a wave between two scattering events,
can be estimated using a regular dense array to reconstruct a
plane wave and to measure its decay across the receiver grid
(Gouédard et al., 2011). Although straightforward, this approach
hides some drawbacks, such as the a priori knowledge of the
anelastic attenuation (Sato et al., 2012). The scattering mean
free path can be also computed through the evaluation of the
ratio between the coherent and incoherent intensities, estimated
on a single phase propagating across a set of stations (Roux
and De Rosny, 2001; Gouédard et al., 2011; Chaput et al.,
2015). The use of the intensity ratio allows us to rule out the
effect of the absorption, due to both anelasticity and scattering
(Roux and De Rosny, 2001). In this case, ls can be better
constrained when illuminating the scatterers under different
experimental configurations, this condition being obtained either
fixing the source and moving the scatterers (Roux and De Rosny,
2001) or fixing the scatterers and moving the source position
(Snieder and Vrijlandt, 2005). However, when dealing with sharp
changes in the scattering properties of the medium, the setup
of appropriate boundary conditions is required to characterize
the scattering mean-free path and the transport mean free path
(De Siena et al., 2013).

In order to detect and track changes in the elastic properties
of the shallow structure of the Solfatara down to depths of 15–
30 m, using diverse imaging techniques, the “RICEN” experiment
was organized in the framework of the European “Mediterranean
Supersite Volcanoes” (MED-SUV1) project. For the survey, three
campaigns of active and passive seismic experiments were carried
out in September 2013, May 2014, and November 2014. For each
campaign, more than 25,000 seismograms and several days of
continuous ambient noise were recorded. In the present study,
we provide for the first time an estimation of the scattering
mean free path at the Solfatara, making use of the large dataset
acquired during the RICEN campaigns. The paper is organized
as follows: the data acquisition and processing are described in
the section “Data and Processing”; in the section “Scattering
Mean Free Path Estimation,” we provide an estimate of ls
by inspection of the data, organized in seismic sections; in
section “Inversion of the Scattering Mean Free Path,” we infer
statistical properties of the scatterers distribution. Finally, in
section “Discussion,” we provide an appraisal of the results
to constrain the mechanical behavior of the Solfatara area
at shallow depths.

1http://www.med-suv.eu

DATA AND PROCESSING

The present study is limited to analysis of active seismic data
acquired in September 2013, during the first phase of RICEN
(Serra et al., 2016), with the goal of defining the background
scattering properties of the area. The experiment covered an
area of 90 × 115 m, by a regular grid of 240 vertical sensors.
The receivers were arranged in a grid composed of 10 lines
of 24 sensors, with in-line inter-station distance of 5 m, and
cross-line distance (distance between two contiguous lines) of
10 m. For the acquisition, the GS-11D 4.5 Hz vertical-component
geophones were employed. We used the Vibroseis truck as a
seismic source, and the source geometry was composed of about
100 shot-points on a staggered grid with respect to the receiver
grid, for which both the in-line and cross-line distances were
10 m. The location of the survey area and the experimental setup
are shown in Figure 1.

The acquisition system was fully automatized, and
synchronization provided by a radio-signal sent from the
source to the control center of the instrumentation. Moreover,
three successive transmissions were performed at each source
location and received signals were stacked in order to increase
the signal to noise ratio. The source was a vertical force with
a time function of 15 s lasting linear sweep with the dominant
frequency linearly increasing with time from 5 to 125 Hz.

The acquired velocigrams at each station are the convolution
of the Green’s function of the medium by the source time
function and the instrumental response. To study the properties
of the medium, removal of both instrumental, and source
effects is required.

Since the geophones have their high-pass cutoff-frequency at
4.5 Hz, while the source cut-off is at 5 Hz, we can assume a
flat instrumental response in the frequency domain excited by
the source. Therefore, to transform data into physical units, we
just accounted for the ADC conversion and the transduction
factors (Serra et al., 2016). The standard procedure to remove the
source time function from seismic records is the deconvolution.
When this procedure is applied in the frequency domain through
a spectral ratio, instabilities may arise from small values of the
spectral amplitude of the source time function and a water-level
regularization is additionally required (Brittle et al., 2001).

However, because of the specific shape of the source sweep,
an estimation of the Green’s function can be obtained by cross-
correlation of the recorded signals by the relative sweep.

Specifically, the acquired velocigram v(x, t) is the convolution
of the source time function S(x, t) by the medium Green’s
function G(x, t; Eξ):

v(x, t) = S(Eξ, t) ∗ G(x, t; Eξ) (1)

where x is the receiver position, Eξ the source location and
the symbol ∗ denotes time convolution. The auto-correlation
of a linearly swept frequency-modulated sinusoidal signal is
the Klauder wavelet K(t), which has an almost flat amplitude
spectrum in the domain 5–125 Hz (Sheriff, 1990):

S(Eξ, t)× S(Eξ, t) = K(Eξ, t) (2)
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FIGURE 1 | Location of the Solfatara volcano where the experiment has been performed. In the inset the experimental setup, with stations (blue triangles) and shots
(red circles) positions. The green, red, and cyan squares represent the subgrids used to evaluate the scattering mean free path ls.
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where the symbol × denotes the time correlation. Thus, cross-
correlating the Eq. 1 with the sweep allows us to retrieve the
Green’s function filtered by the function K(t):

v̄(x, t) = S(Eξ, t)× v (x, t) = K(Eξ, t) ∗ G(x, t; Eξ) (3)

Although the response of the Klauder wavelet is flat in the
frequency range excited by the source, it is a zero-phase filter.
Hence to preserve the causality in the data, a minimum phase
filter was added (Robinson and Saggaf, 2001). The resulting
seismogram is thus the Green’s function of the medium in
velocity G∗(x, t; Eξ) in the frequency band excited by the source.

Because problems in the sweep recording may arise from
radio transmission and at the interface between transmission
and acquisition, the sweep functions were checked both in time
and frequency domains. If some specific source time function
did not show the expected shape either in time or in frequency,
it was replaced by the average value of all the sweep functions
(Serra et al., 2016).

Finally, the Green’s functions were normalized by their
maximum to remove site effects, owing to the different coupling
of the geophones with the ground. In fact, because of the strong
variability of ground conditions at very shallow depths, going
from stiff to unconsolidated soils, the local site effect strongly
controls the amplitude of waves at the receiver. Normalization
also removes at the first order the effect of geometrical spreading
and intrinsic attenuation in the largest amplitude wave, which is
the Rayleigh wave, while preserving its phase. As a consequence
of the normalization, it is worth to note that in the scattering
analysis performed in this study we only account for delays in
the wave arrivals, and we neglect changes in the amplitude due to
the interaction of the Rayleigh wave with the scatterers.

In Figure 2, we represent the Green’s functions G∗(x, t; Eξ),
recorded for a single shot. Here we can identify the signature of P
and Rayleigh waves as well as significant amount of energy in the
coda (right panel).

SCATTERING MEAN FREE PATH
ESTIMATION

For the computation of the scattering mean free path, we
evaluated the ratio between the coherent and incoherent
intensities on the direct Rayleigh wave, which is the largest
amplitude wave in our experiment, following the approach of
Roux and De Rosny (2001). In the case of a 1D layered medium
with scatterers, the incoherent intensity It , defined as the average
intensity of the velocity field, exponentially decays as the source-
receiver distance increases:

It = G∗2n (t, r)dn = I0 e−r/la g(r) (4)

Here, G∗ is the Green’s function as defined above, I0 is the
intensity of the velocity field at the source, r is the source–receiver
distance, g(r) is the geometrical spreading, which is specific to
the wave that we are considering and la is the absorption mean
free path that accounts for both dissipation in the medium and
inelastic effects due to the scatterers. The average is performed

over receivers for the same source–receiver distance and then
over all the sources, these averages being referred in the formula
to the subscripts d and n, respectively.

The coherent intensity Ic, defined as the intensity of the
averaged velocity field, can be expressed as:

Ic = G∗n (t, r)
2
dn = I0e−r/la e−r/lsg(r) (5)

where ls is the scattering mean free path that provides an estimate
of the elastic scattering behavior of the medium.

These relationships hold when the number of sources n is
large enough that the average is independent of the specific
location and of the size of the scatterers for a homogeneous
or a horizontally layered medium. In this case, the average
elastic properties are also independent of the absolute location of
sources and receivers, when the source-receiver distance is fixed.
Therefore, the stack of traces having the same source–receiver
distance but coming from different positions in the grid rules out
local-scale coupling effects.

At the Solfatara we do not expect a prevalently 1D propagation
medium (De Landro et al., 2017; Gresse et al., 2018). Indeed,
the scattered waves are both associated with the presence of
scatterers in the media as well as with 2D/3D structural effects.
Furthermore, since the source-receiver grid is rectangular, a
binning of the data is required to gather data from almost the
same source-receiver distance. From the analysis of Serra et al.
(2016), we collected data in distance bins with size of 1 m.

The ratio of the two intensities only depends on the scattering
mean free path:

H(r) =
Ic
It
= e−r/ls (6)

For the more generic case of a finite number of source positions
the above equation writes:

HN (r) = e−
r
ls +

1
N

(
1− e−

r
ls

)
(7)

N represents the number of independent realizations and may
depend on the scatterer distribution, on the source location and
on the investigated frequency range (Roux and De Rosny, 2001;
Chaput et al., 2015). Using a characteristic average wave velocity c
and defining the scattering mean free time τs =

ls
c as the average

time between two scattering events, we can represent the intensity
ratio as a function of time:

HN (t) = e−
t
τs +

1
N

(
1− e−

t
τs

)
(8)

In the left panels of Figure 3, we represented the function HN (t)
in a seismic section as a function of the distance, for data filtered
in the band 7–10 Hz, the smallest frequency band analyzed in
this study. The four panels (A, C, E, G) correspond to a stack
performed in four different subgrids, with size of 40 × 40 m2,
60× 60 m2, 80 × 80m2 and 90 × 115m2 (the whole network),
respectively; these subgrids are also indicated in Figure 1. In
the panels we observe that the largest amplitude of HN (t)
corresponds to surface waves and it significantly decreases along
the section as the distance increases. Along these sections, we
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FIGURE 2 | Normalized trace envelopes recorded for a fixed source as a function of the offset. In the zoom on the left (first 3 s) the P and Rayleigh phase arrivals are
marked by green and blue lines respectively.

estimated the group velocity value from the best fit line crossing
the maxima of the intensity ratio measured at distances r ≤ 50m.

In the panels (B-D-F-H) of Figure 3, we show the intensity
ratio for Rayleigh wave as a function of distance for the same
subgrids represented in left panels. In these plots, we expect
that the points will follow the relation of Eq. 7, and thus
we model the intensity ratio curves as a function of distance
using a least-squares parametric fitting with the model of Eq. 7.
For the smallest grid, we do not recover any particular trend.
Referring to the fit of Figure 3B, the estimated scattering mean
free path in the lowest frequency band is unconstrained since
the dispersion of the points leads to a relative uncertainty of
∼70%. For the second and the third grids of Figures 3D,F, the
estimate of the scattering mean free path in the same frequency
band is of ∼120 m and ∼70 m, respectively, with a relative
uncertainty of ∼65% and ∼20%. For these cases, the values
of the scattering mean free path is larger than the maximum
source-station distance and thus the model does not catch the
asymptotic part of the intensity ratio as a function of the distance.
The exponential behavior clearly appears only when the data
are averaged over the whole grid, indicating that the scattering
behavior can be analyzed only when we average over space scales
comparable with the grid size (Figure 3H). For this grid and
for the lowest frequency band, we found a scattering mean free
path ls = (43 ± 3)m.

We thus analyzed different frequencies bands, with their
central frequency ranging from 8.5 to 21.5 Hz, averaging the
intensity ratio over the whole grid. The frequency bands are
selected maintaining constant the ratio between the central
frequency and the bandwidth. In Figure 4, we plot the

intensity ratio as a function of distance in the frequency bands
11.9–17.1 Hz and 17.7–25.3 Hz. As the frequency increases, we
better recognize the exponential trend in the data, with the final
plateau level clearly identified. The change in the decay rate
owes to the sensitivity of surface waves to scatterers of smaller
size as the frequency increases. For each frequency band, we
estimate the average value of the Rayleigh wave group velocity
from the best fit line crossing the maxima of the intensity
ratio as a function of distance. In Figure 5A, we represent
the values of the group velocity as a function of frequency.
These values range between 56 and 70 m/s and they are close
to the constant, frequency independent value of Vg = 65 m/s,
retrieved by Serra et al. (2016).

Finally, in Figure 5B we show the evolution of ls as a function
of frequency. The red and blue points represent ls considering
for the Rayleigh wave group velocity the specific frequency-
dependent value Vg retrieved from the best-fit procedure and
assuming the constant value Vg = 65 m/s, respectively. The two
curves are almost superimposed, indicating that a constant value
for the group velocity can be assumed in the interpretation of the
scattering mean free path.

We find a scattering mean free path decreasing from 50 m
at 8 Hz to 10 m at 25 Hz, with a small hump between 8.5
and 9.5 Hz, where the mean free path reaches its maximum of
60 m. We investigate in detail the initial small increase of ls.
A finer sampling in this frequency interval effectively confirms
the small hump in this range, as evidenced by the black dots in
the Figure 5B.

From the exponential modeling of the intensity ratio as a
function of time via a least-squares fit, we can also estimate
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FIGURE 3 | Ratio between coherent and incoherent intensities for different subgrids: panels (A,C,E,G) are computed for the 40× 40 m2, 60× 60 m2, 80× 80 m2,
and 90× 115 m2 grid sizes, respectively in the frequency band 7–10 Hz. Panels (B,D,F,H) show the fit with an exponential curve across the points extracted from
the corresponding left panels, using a velocity of Vg = 65 m/s. The time scale in Figure is milliseconds (ms).
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FIGURE 4 | Exponential fits evaluated in two different frequency bands for the whole grid. Results for frequency bands ranging from 11.9 to 17.1 Hz and from 17.7
to 25.3 Hz are shown in panels (A) and (B), respectively.

the number of independent realizations. We find a small N
(N ∼1.2–1.3) despite the large number of source and receivers
involved in the experiment. Such small values are also retrieved
in other active seismic experiments, where the ls is at maximum
one order of magnitude smaller than the size of the survey
(Gouédard et al., 2011).

INVERSION OF THE SCATTERING MEAN
FREE PATH

The scattering mean free path dependence on frequency may
provide information about the statistical properties of the
scatterers, such as their density, velocity and average size. The
scattering mean free path ls can be analytically related to the
scattering cross-section σ by the relationship:

ltheos =
1
nσ

(9)

where n is the number of scatterers by surface unit. To
interpret the retrieved dependence of ls on frequency, we model
the scattering cross-section for a single scatterer of size a.
Since we investigate the scattering of the Rayleigh wave that
propagates along the free surface, we assume a cylindrical
anomaly embedded in a homogeneous medium. We additionally
consider an acoustic interaction with the scatterer, assuming
limited conversion between P and S waves.

The computation of the scattering cross section is dependent
on the scatterer model through the parameter σθ:

σ =

∫ 2π

0
σθdθ (10)

where σθ is the differential scattering cross-section.
As a first trial, we model the interaction of the surface

wave with an impenetrable cylindrical anomaly having rigid
boundaries. For the forward model, we compute the differential

scattering cross section using the formulation from Ingard and
Morse (1968, p. 400). The intensity of the scattered wavefield
has been computed with a truncation of the series of the Bessel
functions to the order 30, in order to guarantee a truncation error
well below the uncertainty on the scattering mean free path. We
then numerically integrate Eq. 10 to obtain the scattering cross
section, while the scattering mean free path is retrieved from
Eq. 9. The theoretical scattering mean free path is characterized
by two parameters, the size of the scatterer a and the number
of the scatterers for surface unit n, while the wave velocity
has been fixed to Vg = 65 m/s. For the comparison with the
scattering mean free path curve inferred from data, we compute
the theoretical expectation, exploring both parameters on a 2D
grid. We never get a good fit along the whole curve. By changing
a and n, we are never able to model the whole experimental curve;
we either model the initial trend of ls curve or the final one, and
in any case we never fit the small hump at low frequencies. If we

define the normalized misfit as M =
∑

k(l
theo
s (fk)−ls(fk))2∑

k(ls(fk))2
, where fk

are the set of central frequencies at which the scattering mean
free path is computed, the minimum value is M = 0.15.

We then move to the more sophisticated model of the
penetrable cylinder as a scatterer. For the forward model, we use
the analytical formulation of Montroll and Hart (1951). The series
is truncated at the same order as in the previous case and the
theoretical scattering mean free path is obtained following the
same steps as for the impenetrable cylinder.

For a penetrable cylinder, the theoretical scattering mean free
path is characterized by five parameters: the size of the scatterer,
the number of scatterers per surface unit, the density ratio ρs/ρ0,
where ρs is the density of the scatterer and ρ0 the density of the
medium, respectively, and the velocities of the scatterer and of the
domain. To limit the exploration of the parameters and thus the
emergence of multiple solutions in the inverse problem, we fix the
medium velocity to Vg = 65 m/s. The inversion is performed
by setting 80 diverse initial models and by adopting a linearized
approach around the initial solution, that minimizes the misfit

Frontiers in Earth Science | www.frontiersin.org 8 November 2019 | Volume 7 | Article 307

https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-07-00307 November 18, 2019 Time: 13:41 # 9

Scala et al. Scattering Mean Free Path at Solfatara

FIGURE 5 | (A) Group velocity Vg as inferred from the maxima of the intensity ratio (red dots) compared to the fixed, average value of Vg = 65 m/s (blue dashed line).
(B) ls as a function of frequency for the two cases of the panel (A). A hump at low frequency emerges from the scattering mean free path computation.

functionM. The initial guesses are obtained by regularly sampling
the four remaining parameters (a, n, ρs/ρ0 and the wave velocity
inside the scatterer Vs) on a regular grid. In about half of the
cases, the final solution does not converge to a local minimum
and the solution is discarded. Other solutions are also discarded
because the size and/or the density of the scatterers are not
compatible with the investigation area. The remaining solutions
appear clustered in the parameter space and for solutions in this
cluster the misfit is comparable. The minimum misfit is obtained
for the following set of parameters: radius size a = 6.4± 0.1 m;
Vs = 69.0± 0.6 m/s; n = 0.0050± 0.0015 m−2; ρs/ρ0 = 0.51±
0.03; the value of the misfit in this case is M = 4.5 · 10−3,
significantly lower than the one provided by other solutions and
this set of solutions is the only one that also models the hump
at low frequencies. Also, it is two orders of magnitude smaller
than the one obtained for the impenetrable cylinder. The best
fit solution along with the experimental values of ls is plotted
in Figure 6.

We find that the horizontal size of the scatterers is well
constrained by this model and it is of the order of several meters.
The number of scatterers in the area covered by the survey is
about ns = 50. We have a slight increase of the group velocity in
the scatterer of about 3%, while the density decreases. The change
in density and the number of scatterers per surface unit are less
constrained in the solutions.

DISCUSSION

From the analysis of the intensity ratio, we retrieve a scattering
mean free path which decreases from about 50 m at 8 Hz to 10
m at 25 Hz. The associated values of the scattering mean free
time range between 0.15 and 0.77 s and they are comparable with
values retrieved for other volcanic regions in the same frequency
range, both for body and surface waves (Yamamoto and Sato,
2010; Obermann et al., 2014; Chaput et al., 2015). The modeling

of the scattering mean free path as a function of the frequency
allowed to infer a size of the scatterers, which is of about 10 m
(the radius is 6 m) associated with a slight increase in the group
velocity of the Rayleigh wave. According to Serra et al. (2016)
the penetration depth of the Rayleigh waves in this frequency
band is 10–15 m; thus, our scatterers appear as anomalies in
the volume down to this depth. In addition, in the maps of
Serra et al. (2016), positive variations of the group velocity with
respect to the average value mostly occur in the Southern region
of the Solfatara, where we can recognize a water-rich domain.
Here the water also outcrops at the southern boundary of the
domain, in the Fangaia pool. The amplitude of these variations

FIGURE 6 | The best-fit solution for the mean free path using the penetrable
single scatterer model. The figure shows the fit between the experimental ls
(red dots) and the one predicted by the model as a function of the frequency;
the scatterer properties are reported within the panel.
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is also of few percent larger than the average, as retrieved for the
scatterers. Thus, the scatterers that determine the scattering mean
free path in the analyzed frequency range could be associated
with sacks/anomalies where the water content is larger than
elsewhere. In this domain the average P wave velocity (Bruno
et al., 2007; De Landro et al., 2017) is much smaller than the sound
velocity in the water, and thus the P wave velocity is expected
to increase with the increase of the water content. Also, in the
group velocity maps the size of the anomalies is of the order
of 10–20 m, which is comparable with the scatterer size found
in this study. It is worth to note, however, that a comparison
between the size of the scatterers retrieved here and the size of the
anomalies in Serra et al. (2016) should be done with caution, since
the group velocity maps are smoothed to guarantee continuity
among nearby regions and the above size should be seen as
an upper limit for the anomaly size in those models. Higher
resolution resistivity maps (Serra et al., 2016; Gresse et al., 2018)
also point out the presence of anomalies in the same volume
whose size is about 10 m. These anomalies clearly appear as
strong changes in the resistivity and they are interpreted in those
studies as a sequence of water-rich and gas-rich areas. What we
see as scatterers could be associated to the paths that condensed
steam runs across to reach the Fangaia pool, outside the southern
boundary of our domain (Gresse et al., 2018).

Another possible cause for changes in the surface wave velocity
could be associated to temperature changes, whose surficial
gradient is very relevant (Gresse et al., 2018). An increase in
the wave velocity could be associated with a decrease in the
temperature. This mechanism may exist at the Solfatara but here
it is strictly correlated with the fluid type and content. A thermal
anomaly in a compositionally homogeneous medium should
drive a change in the density in the same direction as the velocity,
which is not observed in this case.

The presence of scatterers could be also related to
compositional anomalies in the investigated area. Several
authors (Isaia et al., 2015; Mayer et al., 2016) have shown
very different P-wave speeds for rock samples collected at the

Solfatara and measured in laboratory. However, such strong
lateral variation in both the P and S wave speed has not been
retrieved in seismic tomographic images (Serra et al., 2016;
Bruno et al., 2017; De Landro et al., 2017) nor it has been
observed in this study. Small changes of few percent in the
Rayleigh wave velocity could instead be associated to local
chemical alteration of rocks (Mayer et al., 2016), to local changes
in the morphology of the interfaces or to changes in the crack
population and geometry.

Additional constraints on the scattering properties of the
medium could be retrieved analyzing the decay of the incoherent
intensity in the coda of the seismograms. We found that for a
fixed frequency range, the incoherent intensity shows the same
decay with time, for all the source-receiver distances, such that
after renormalization by the geometrical spreading, all the curves
show the same trend with increasing time. Thus, for this time
window, the wave has lost the memory of its initial source. In
Figure 7, we represent the incoherent ratio measured in the
lowest (Figure 7A) and highest (Figure 7B) frequency bands.
The energy is represented in a log-linear scale, to enhance the
exponential decay with time, that would appear here as a straight
line. We adopt the single scatter model to interpret the coda
(e.g., Aki and Chouet, 1975). However, we retrieve that the
exponent of the time function t−m in the single scatter model
decreases fast with frequency, moving to values larger than 3
and thus indicating a complexity in the coda contribution and
a possible superposition of body and surface waves governed
by anelastic attenuation in this regime. An exponent m = 1,
typical of surface waves, could fit the coda decay only for the
lowest frequencies in our domain. Also, a multiple-scattering
model does not reproduce the trend of the energy with time.
Additional elements should be included in the coda modeling
such as the effect of the anelastic attenuation and the coupling
between surface and body waves.

Using the penetrable cylinder as the single scatterer model, we
can derive an estimation of quality factor due to the scattering
of surface waves Qs from the computation of the theoretical

FIGURE 7 | Logarithm of the incoherent amplitude at all available distances as a function of time. The curves show an almost linear trend in the coda. The left panel
corresponds to the lowest frequency band (A), the right one to the highest frequency band (B). The time scale in Figure is milliseconds (ms).
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transport mean free path l∗. This latter parameter can be derived
again as l∗ = 1

nσ∗ , where the scattering cross-section is now:

σ∗ =

∫ 2π

0
σθ(1− cos θ)dθ (11)

Estimation of Qs range between 100 and 160 in the selected
frequency range.

The modeling of the scattering mean free path in the
Solfatara has shown to discriminate water-rich areas as compared
to gas-rich regions and provided a gross estimation of their
ratio in the area. A continuous monitoring of this quantity
by permanent instruments or temporary repeated surveys will
allow to investigate changes in the shallow structure of the
area, which may be connected to changes in the provision
mechanism or amount of magmatic fluids from depth and may
provide an indication of an unrest status of the volcano. Finally,
upscaling the technique at kilometric size areas, such as the
whole Campi Flegrei caldera, is expected to provide constrains
on fluid migration, magma injection and potential evolution of
the volcano toward any eruption.

CONCLUSION

In this study, we analyzed the scattering properties of the
Solfatara crater, in the Campi Flegrei caldera, Southern Italy. We
used active seismic data recorded during the RICEN experiment
to evaluate the ratio between coherent and incoherent intensities.
The evolution of this ratio with time enabled us to estimate the
contribution of the scattering mean free path as a function of the
frequency. Since seismograms are dominated by Rayleigh waves,
the computed mean free path is referred to these surface waves.
We found that the exponential decay of the intensity ratio at low
frequencies can be constrained if the average over sources and
receivers is performed on the whole area hosting the experiment.
We found that the scattering mean free path decreases in the
investigated frequency domain (7.5–21.5 Hz) from 50 to 10 m,
with the exception of a small hump at about 10 Hz, where it
reaches its maximum of 60 m. We modeled the scattering mean
free path using a single, penetrable, cylindrical scatterer, under
acoustic approximation. We found that the average size of the
scatterer is about 10 m, with a small increase of the Rayleigh wave
velocity inside the scatterer. We interpret these scatterers as due
to domains richer in water. The regions can be associated with the
paths run across by condensed steam to reach the Fangaia pool.

Connection between the scattering mean-free path and the
fluid type/content is of fundamental importance to understand
the volcanic structure; upscaling this technique to a kilometric
size area would allow to provide constraints about the magma
chamber and related feeding mechanism. In addition, monitoring
changes in the scattering mean free path by repeated surveys
can indeed bring information on changes in the very shallow
hydrothermal system, eventually related the amount and type
of magmatic fluid provision from depth, which is responsible
for fumaroles and gas emissions at the Solfatara. Tracking these
changes at larger scale can also provide information about magma
injection and migration and ultimately about any future eruption
in the investigated area.
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