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Abstract

We present a comprehensive review of seismic
and gravity observations and tomographic mod-
els produced over the past four decades in order
to understand the structure of the crust beneath
the Campi Flegrei caldera. We describe the main
lithological and structural discontinuities
defined through these observations, illustrate
their geophysical responses, and discuss the
constraints they give to the understanding of
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magmatic and volcanic processes. Micro-
seismic crises related to caldera unrest, and
ambient seismic noise measurements provide
comprehensive seismic data to local earthquake
and ambient noise tomography. In combination
with reflection data from onshore and offshore
active seismic experiments, velocity tomogra-
phy reconstructs the elastic properties of the
caldera between surface and ~4 km depth.
Active experiments also define the depth of
lithological interfaces and deep (~7.5 km)
partially molten bodies. Seismic attenuation
tomography provides information complemen-
tary to velocity tomography, defining lateral
lithological changes and the geometry of
onshore and offshore fluid and magma bodies
down to 4 km depth. Once compared with
seismic analyses, gravity data highlight lateral
changes in the offshore caldera structures. Dur-
ing the deformation and seismo-geochemical
unrest (1982-1984), they permitted to recon-
struct a minor (<1 km lateral extent) melt
volume related to the point of maximum uplift
measured at the caldera. Seismic coda-wave
amplitude inversions depict the caldera rim
limits in analogy to velocity tomography and
map the lateral extension of ~ 4-km-deep defor-
mation source. Once combined with the results
from velocity tomography and gravity inver-
sions, they reconstruct the feeding systems that
connect deep deformation source and shallow
vents across the eastern caldera, capped by a
seismic horizon around a depth of 2 km.
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1 Introduction

Active volcanoes undergo human-scale, time-
variable ground deformation caused by both the
ascent of magmas and their volatiles through the
crust until eruption and the shallow circulation of
hydrothermal fluids. The volcanic systems show
strong heterogeneity in the physical rock prop-
erties and a large variety of non-linear thermo-
mechanical processes preceding and accompa-
nying the eruptions. Such a complexity calls for a
multi-disciplinary and integrated approach for
data acquisition, analysis and modelling. A reli-
able model of the three-dimensional distribution
of the physical rock properties is necessary
to understand and simulate magmatic and
hydrothermal processes, including melts and
fluids upwelling and eruption, and to detect and
track changes in the volcanic medium properties.
Such a model has been constructed for the Campi
Flegrei caldera (CFc), the target volcano of this
volume.

Geophysical monitoring has improved dra-
matically from its first steps in the 1980s (Mal-
one et al. 1983). Since 2005, the massive
deployment of digital telemetry and reliable and
dense broad-band seismic networks has enabled
high-quality data recording in volcanic regions,
allowing an improvement in the interpretation of
seismogram complexities (Hellweg 2000). This
enormous technological effort has been driven by
the search for increasingly refined subsurface
volcano images (with spatial resolution of a few
hundred meters to kilometres) mostly using local
earthquake (Benz et al. 1996; Nakamichi et al.
2002; Monteiller et al. 2005; Mora et al. 2006;
Patané et al. 2006) and, more recently, ambient
seismic noise (Brenguier et al. 2007) tomogra-
phy. The use of broad-band seismometers has
opened new perspectives (Neuberg et al. 1994;
Rowe et al. 1998, 2000) about the identification
and physical interpretations of the large variety
of typical volcanic seismic signals, such as tre-
mors, low frequency events and tornillos, with
the aim of inferring physical models of their
source and relating them to underlying volcanic
processes (Chouet 1988; Ferrazzini and Aki
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1987; Hellweg 2000; Jousset et al. 2003; Neu-
berg et al. 2006). To understand volcanic pro-
cesses and improve monitoring capabilities,
researchers have investigated the relations
between the various seismic signals and the
changes in the volcano micro-scale features, such
as increased heat flow or magma and
hydrothermal fluids migration and chemical
transformations.

Delay-time tomography of longitudinal
(P) wave and shear (S) wave first-arrivals from
both local micro-earthquakes and active seismic
surveys is the most widely used technique to
obtain subsurface images of active volcanoes
(Nercessian et al. 1984, Mount Dole; Thurber
1984, Kilauea; Achauer et al. 1988, Newberry
Volcano). These techniques have been exten-
sively applied to the CFc (e.g., Battaglia et al.
2008) allowing the determination of smooth
layered models. These models lack details on
small interfaces, discontinuities, magma or gas
accumulation zones. The velocity spatial varia-
tion mirrors the distribution of lithological and
structural properties of the rocks, while the ratio
between P-wave and S-wave velocities (Vp/Vg)
maps rock defects, pores and cracks, and their
fluid contents. Fluid-filled pores in matrix rocks
result in a decrease in both Vp and Vg, while
variation in Vp/Vg depends on both fluids type
and pores shape (Nakajima and Hasegawa 2003;
Schmeling 1985; Takei 2002).

An accurate imaging of complex, inland vol-
canic structures, characterised by rough topogra-
phy and a highly heterogeneous propagation
medium requires deeper analysis and modelling
of seismograms with full waveform inversions.
During the last decades, the massive data avail-
ability and the experience gained from industrial
seismic exploration has led to the development
and application of advanced data processing,
analysis and modelling techniques to the Somma-
Vesuvio volcanic system (The Internal Structure
of Mount Vesuvio—TomoVes Project) and to the
CFc (SEismic Reflection/Refraction Acquisition
Project for Imaging complex volcanic Structures
—SERAPIS project) (e.g., Gasparini et al. 1998;
Zollo et al. 2003). More recently, onshore active
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seismic experiments have produced extensive
datasets for small volcanoes, allowing to model
small-scale structures that control gas emission at
the CFc (De Landro et al. 2017). These tech-
niques permit the use of unconventional data
acquisition geometries (sparse, irregular distri-
bution of sources/receivers) and complex wave-
forms in the complete range of incidence angles
from near-vertical to wide-angle (Auger et al.
2003; Operto et al. 2004). Both analysis and
modelling of volcano seismic data have been
enhanced by exploiting the whole information
carried out by the direct, reflected and converted
wave field through modelling of reflection
amplitudes versus offset (or incidence angle).
This can give important insights into the physical
and lithological nature of subsurface discontinu-
ities (Zollo et al. 2008; Maercklin and Zollo
2009). In addition, the spatial variations of both
P-wave and S-wave velocity fields, as represented
by tomography images, can be analysed and
interpreted in terms of lithological and rheologi-
cal features for rock characterisation. This inter-
pretation can be performed by using theoretical
modelling of seismic velocities in biphasic
structures based on field data as well as on labo-
ratory experiments (Vanorio et al. 2005).

The attenuation of elastic waves is quantified
through the quality factor Q (the ratio between the
total energy lost by a wave cycle and the energy
associated with the cycle itself). Seismic attenua-
tion tomography (Schurr et al. 2003; Nakajima
and Hasegawa 2003; Hansen et al. 2004;
Eberhart-Phillips et al. 2005; De Gori et al. 2005;
De Siena et al. 2014a, b; Prudencio et al. 2015)
has shown significant sensitivity to fluid reservoir
and melt bodies at the CFc once interpreted in
combination with velocity tomography results (De
Siena et al. 2014a, b, 2017a, b; Serlenga et al.
2016; Akande et al. 2019). Q depends mainly on
both rock temperature and presence of fluid-
permeated fractures (Eberhart-Phillips et al. 2005).
In addition, as Q for P-waves (Qp) is different
from that for S-waves (Qg), the joint measure of Q
for both waves is crucial for a correct characteri-
sation of the physical state of the rocks inside a
volcano. As an example, Qp_l can be used to
discriminate between water-filled media and gas

reservoirs (Hansen et al. 2004), while high Qg '
are a strong clue for the presence of melt-filled
inclusions, which are always characterised by high
Vp/Vs values (Takei 2002). Ambiguous interpre-
tations of the causes of seismic velocity anomalies
can be overcome by interpreting them jointly with
the measures of Qp_l and Qs ' (De Siena et al.
2009, 2010, 2014a, b).

Scattering transfers the high-frequency energy
of direct P-waves and S-waves into the coda of
the seismograms (Sato et al. 2012). Due to
anelasticity (seismic energy lost through heat)
and scattering, the total quality factor (QT) can
be separated in an anelastic part (intrinsic-Q, Qi)
and in a scattering part (scattering-Q, Qsc) (Sato
et al. 2012) as

QT = Qi - Qsc/(Qi + Qsc)

It is challenging to separate scattering atten-
uation from intrinsic dissipation in single path
estimates, necessary for 3D imaging (Del Pezzo
et al. 2006). This is a limit for unequivocal
interpretations of attenuation imaging, as the
focussing-defocussing effects become indistin-
guishable from the scattering attenuation effects
(De Siena et al. 2014b). An alternative is the use
of seismic coda waves, which comprise energy
scattered by direct waves in the heterogeneous
volcanic medium. Both single scattering tomog-
raphy (Tramelli et al. 2006) and diffusive coda
imaging (De Siena et al. 2017a; Akande et al.
2019) have complemented direct wave velocity
and attenuation imaging at the caldera. Scattering
is also a primary ingredient in ambient noise
tomography in volcanoes (Brenguier et al. 2007).
This technique has provided the first onshore
structural image of the CFc after the 1982-1984
unrest (De Siena et al. 2018).

Non-seismic geophysical methods help to
better recognise volcano characteristics, com-
plementing the information from seismic data
and providing an integrated, more robust struc-
tural picture. Gravity investigations offer images
of rock density distribution inside the Earth (e.g.,
Thorpe et al. 1981; Campos Enriquez and
Arredondo-Fragosso 1992; Locke et al. 1993;
Gailler et al. 2009; Yokoyama and Mena 1991;
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Sanders et al. 1995; Davy and Caldwell 1998;
Masturyono et al. 2001). If repeated through
time, the study of the gravity field provides
information on the evolution of the volcanic
structure (e.g., Rymer 1994; Yokoyama 1989;
Fournier et al. 2004). Several attempts have been
made to extract useful information from gravity
data collected at the CFc between 1979 and 1984
in the framework of a geothermal project and
constrained by lithological information from
boreholes (AGIP 1987). The data have been
analysed through 2.5D modelling via the equiv-
alent prism density method and boundary anal-
ysis (e.g., Cassano and La Torre 1987; Fedi et al.
1991; Florio et al. 1999; Berrino et al. 2008).
These analyses related a gravity low centred on
the town of Pozzuoli to a pyroclastic sequence
with intercalated marine and continental sedi-
ments down to 2-3 km depth and overlying a
thermo-metamorphic horizon. A fully 3D gravity
inversion (Capuano et al. 2013) provided new
insights into the internal caldera structure down
to 3 km depth, defining features related to
regional or volcano tectonic lineaments and
dynamics. The model is parameterised on a
0.8 x 0.8 x 0.4 km grid with a sequence of
layers from sea bottom (0.2 km b.s.l.) down to
3 km b.s.l. with 0.4 km spacing, besides the
subaerial and sea layers.

The CFc is one of the Neapolitan volcanoes that
include the Somma-Vesuvio volcanic complex
and the Ischia and Procida volcanic fields. All
these volcanoes are located in the Campanian
Plain, a Plio-Pleistocene tectonic depression
(Cinque et al. 1993) formed along the Tyrrhenian
margin of the Southern Apennines thrust belt in
response to extensional processes (e.g., Patacca
et al. 1990; Jolivet et al. 2009). The Southern
Apennines belt is composed of Mesozoic carbon-
ate and Mio-Pliocene terrigenous sequences,
overlain by Quaternary continental deposits gen-
erated by the general building up of the chain and
an intense volcanism. The Campanian Plain
includes a 2-3,000 m thick succession of conti-
nental and marine sediments intercalated with
volcanic deposits. The Mesozoic carbonate
sequence of the adjacent Apennines mountains
downthrown during extension, forms the basement
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of this sedimentary succession. The basement
underlying the CFc includes a carbonate sequence
with top at ~3 km depth, as inferred from seismic
reflection investigations (Finetti and Morelli 1974;
Bruno et al. 1998). The deepest rocks bored in the
area (AGIP 1987) are calc-silicate metacarbonate
rocks possibly resulting from metamorphic pro-
cesses involving limestones and dolostones of the
Mesozoic sequence (Vanorio and Kanitpany-
acharoen 2015). The metacarbonate rocks would
undergo decarbonation reactions that release lime-
rich fluids promoting the formation of a seismic
horizon characterised by a fibril-rich, fragile matrix
in the 1-2 km depth range. This shallow interface
is identified as a “caprock” by rock physics
investigations (Vanorio and Kanitpanyacharoen
2015) and is analogue to those developing in
geothermal reservoirs, delays deformation signals
and dampens seismic and electromagnetic signals
(Vanorio et al. 2005; De Siena et al. 2017a, b; Calo
and Tramelli 2018; Siniscalchi et al. 2019; Akande
et al. 2019).

The CFc is a nested, resurgent and restless
structure in the densely populated Neapolitan area
(Orsi et al. 2003; Chaps. Volcanic and
Deformation History of the Campi Flegrei
Volcanic Field, Italy; The Urban Development of
Campi Flegrei, Italy). It results from two major
nested collapses occurred during the Campanian
Ignimbrite (CI; ~40 ka) and the Neapolitan Yel-
low Tuff (NYT; ~15 ka) eruptions. After each
caldera event, volcanism was concentrated within
the collapsed area. Therefore, the NYT caldera is
the portion still active of the entire structure
(Capuano et al. 2013 and references therein). It has
been the site of intense volcanism and a long-term
deformation related to the resurgence of its floor
(Orsi et al. 1996, 1999, 2004; Di Vito et al. 1999).
The post-NYT volcanism has generated not less
than 70 eruptions grouped in three epochs of
activity separated by quiescence (see Orsi et al.
1992, 1996, 2004; Chap. Volcanic and
Deformation History of the Campi Flegrei
Volcanic Field, Italy and references therein). The
last eruption occurred in AD 1538, after 3 kyrs of
quiescence, and produced the Monte Nuovo tuff
cone (Di Vito et al. 2016 and references therein).
The long-term deformation of the NYT caldera
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floor has generated a maximum net uplift
of ~90 m of La Starza resurgent block (Cinque
et al. 1985). This caldera is historically charac-
terised by recurrent, large-amplitude vertical
ground displacements, known as bradyseisms,
consisting of subsequent episodes of uplift and
subsidence (Casertano et al. 1976) accompanied by
seismicity, variation of the gravity field and
increase in the fumarole and thermal spring activ-
ity. These unrest events have been interpreted as
transient short-term episodes within the long-term
deformation related to resurgence (Orsi et al
1999). Oliveri del Castillo and Quagliariello (1969)
and Bonafede (1991) were the first to interpret and
model the Campi Flegrei ground uplift events in
terms of pressure and temperature perturbations in
a porous fluid-saturated medium. Such a pertur-
bation can be generated by magmatic degassing
below a hydrothermal system (Chiodini et al. 2003,
2016, 2021). The subsidence has been interpreted
as the effect of lateral diffusion of hydrothermal
fluids after their ascent (Gaeta et al. 1998), or as the
combination of their cooling and lateral diffusion
(Todesco et al. 2003). The geochemical unrest has
been primarily monitored at the Solfatara crater, to
the east of Pozzuoli (Chiodini et al. 2021). This
area is affected by secondary deformation and
seismic source paired with the primary source of
uplift during unrest (Amoruso et al. 2014; De Siena
et al. 2017a, b; Pepe et al. 2019). Solfatara is the
surface expression of a wide hydrothermal system,
identified by many researchers as the primary
source of recent unrest at the caldera (Chap. The
Hydrothermal System of the Campi Flegrei
Caldera, Italy and references therein).

The CFc is among the best-studied volcanoes
in the world due to its historical and current
activity, its location in a densely populated area
and the consequently high potential volcanic
hazard and risk (see Chap. Volcanic Hazard
Assessment at the Campi Flegrei Caldera, Italy).
This chapter reviews the main observations and
models inferred from the analysis of massive
seismic and gravity datasets collected over the
past two decades, allowing for a comprehensive
geophysical hypothesis on the structural setting
of the crust beneath the CFc.

2 Data and Observables

2.1 Local Earthquake Seismic Data

Since 1969 the seismicity of the caldera has been
monitored by a seismic network managed by the
Osservatorio Vesuviano and, for a limited period
of time, by the Italian Oil Company AGIP. Most
of the seismicity, considering both released
seismic energy and number of seismic events,
has been concentrated during two main uplift
episodes that occurred in 1970-1972 and 1982—
1984 (Chaps. The Permanent Monitoring System
of the Campi Flegrei Caldera, Italy; The
Hydrothermal System of the Campi Flegrei
Caldera, Italy; Historic Unrest of the Campi
Flegrei Caldera, Italy). Generally, seismicity
increased when the ground uplift velocity
increased. Seismicity during 1970-1972 uplift
episode was characterised by a My, = 2.5 maxi-
mum magnitude and several seismic swarms
consisting of tens of micro-earthquakes. In the
1982-1984 episode more than 10,000 micro-
earthquakes were detected; about 6,000 of them
had a magnitude greater than 0.1 and included
about 20 events with magnitude comprised
between 2.8 and the maximum recorded value of
4.2. This episode was also characterised by
seismic swarms, the largest of which occurred on
April 1, 1984 and produced 513 recorded events
in about 6 h. From January to June 1984 the
University of Wisconsin and the Osservatorio
Vesuviano jointly deployed a temporary portable
digital seismic network to record the intense
micro-earthquake activity. The network consisted
of 13 stations equipped with three-component
sensors and placed in a total of about 20 inland
sites. This was the first passive seismic experi-
ment in Italy in which digital 12 bit data-loggers
were used for earthquake recording. The entire
earthquake dataset from that deployment has
been recovered, organised in a database of three-
component waveforms, and has been completely
manually re-picked to avoid possible inconsis-
tencies merging new picks and data already used
in previous studies (Capuano et al. 2006). The
waveform archive consists of more than 1,000
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events of which about 850 recorded by more than
3 stations. Since the end of the 1982-1984
bradyseismic episode up to the end of 2005, the
CFc experienced a period of seismic quiescence,
interrupted only by very few earthquakes, hence
this archive represents a unique collection of
waveforms produced by seismic sources in the
complex volcanic area that can be very useful to
better understand the post-bradyseism caldera
dynamics.

The picking operation of the University of
Wisconsin dataset resulted in 4,583 P-phase and
3,321 S-phase picks. Data are weighted following
four classes of reading accuracy from weight 0
(best) to 3 (worst). The weight assignment takes
into account the reading time error to give an idea
of the pick quality (picking accuracy is in the
range 0.02-0.05 s for P-waves and 0.02-0.10 s
for S-waves). About 80% of the P-phase picks
have a weight p < 1 and 70% of the S-phase
picks a weight p < 2 (Capuano et al. 2006).

2.2 Active Seismic Data

The SERAPIS project was a dense and extended
marine active seismic survey carried out in the
bays of Naples and Pozzuoli in September 2001,
utilising offshore seismic sources, and data acqui-
sition on the sea bottom and inland. It was aimed at
providing new insight on the caldera structure and
investigating its magmatic feeding system (Zollo
et al. 2003). During the course of the experiment,
the vessel Nadir of [IFREMER, equipped with 12,
16-L airguns, produced about 5,000 shots at
125 m distances, which were recorded by an array
of 72 ocean bottom seismographs (OBS) and 62
onshore three-component stations (Fig. 1). All the
seismic lines were sampled at least twice using a
staggered configuration, resulting in a smaller
source spacing (less than 65 m). SERAPIS pro-
vided a dense 3-D seismic coverage of the Poz-
zuoli Bay, the coastal portion of the CFc and the
western sector of the Naples Bay. The denser 2D
network of 35 OBS within the Pozzuoli Bay was
designed with the aim of detecting reflected and
converted waves from possible shallow to deep
geological discontinuities beneath the CFc.
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For most analyses all SERAPIS waveforms
were band-pass filtered between 5 and 15 Hz. P-
wave first-arrival travel-times were manually
picked on the pre-processed traces, arranged as
Common Receiver Gathers (CRG). The SERAPIS
dataset processing consisted in examining
300,000 OBS waveforms and 400,000 waveforms
from inland stations, providing 65,000 and 25,000
P-wave first-arrival times, respectively. These
travel-time data have been used to infer 3D ima-
ges of the structures of the CFc and the Naples
Bay (Zollo et al. 2003; Judenherc and Zollo
2004), and were also jointly inverted with travel-
times from the micro-earthquake dataset to obtain
both P-wave and S-wave velocity images (Batta-
glia et al. 2008). Manually picked reflection
travel-times and amplitudes from SERAPIS data
lead to a 1D structural model of main disconti-
nuities (Zollo et al. 2008). An iterative tomo-
graphic analysis based on automatic refined
picking has been proposed and developed by
Satriano et al. (2008), providing a first application
of automated seismic imaging techniques and a
feasibility study for the continuous-time monitor-
ing of the space—time changing volcanic structure.

Besides the SERAPIS dataset, older marine,
2D multi-channel seismic reflection data (Finetti
and Morelli 1974) were reprocessed (Bruno et al.
2003), and a high-resolution multichannel seis-
mic survey focussed on mapping the very shal-
low geological features was carried out in the
Pozzuoli Bay in January 2008 (Sacchi et al.
20009).

2.3 Gravity Dataset

Gravity data acquired by various institutions
through several surveys performed inland and
offshore the CFc and its surroundings have been
collected by Capuano et al. (2013) who merged
measurements on the mainland (Maino and
Tribalto 1971; Cassano and La Torre 1987;
Servizio Geologico d'Ttalia unpublished data),
on the nearby island of Procida (Imbo et al.
1964) and offshore in the Gulf of Naples (Ber-
rino et al. 1998). To obtain a better data cov-
erage in the southern part of the study region,
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Fig. 1 a Map of the area investigated during the
SERAPIS experiment; b details at Campi Flegrei. Black
lines trace the path of the vessel during the survey. Dark

the collected data were complemented with the
Gravity Map of Italy. After a homogenisation
process and the removal of inconsistencies, the
gravity dataset consisted of 1,077 gravity mea-
surements covering an area of about 440 km?
(Fig. 2).

The effect of the water column and the
regional gravity field were subtracted from the
gravity anomaly. The sea water effect was
evaluated using a large-scale bathymetric map
and a water density of 1,030 kg/m’ (Stabile
et al. 2007). For the regional field correction,
Capuano et al. (2013) considered that the most
important regional feature of the area is the
Mesozoic limestone basement that underlies the
whole region at few kilometres depth. To
retrieve the shape of the interface of the base-
ment they used the results of the seismic
tomography survey by Judenherc and Zollo
(2004). Capuano et al. (2013) also assumed a
value of 2,600 kg/m® for the density of the
carbonate basement according to the results of
other gravity investigations on the area (e.g.,
Cassano and La Torre 1987; Berrino et al.
2008). The local gravity anomaly used for the
density inversion was obtained by subtracting
all these contributions. The resulting gravity
anomaly map shows a minimum associated with
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graphs and OBS during the experiment. Stars show the
locations of the UW stations deployed during 1984
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Fig. 2 Gravity anomaly map, contoured at 2 mGal
intervals, obtained merging several gravity measurements
datasets (see main text for details). The colour scale refers
to the elevation model. Figure modified after Capuano
et al. (2013)

the central portion of the CFc, together with
relative maxima along its margin and in the
Camaldoli area (Fig. 2).
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3 The Campi Flegrei Caldera
Structure Deduced by Velocity
Tomography and Gravity
Modelling

Since the late 1980s, the shallow crustal structure
of the caldera has been investigated by several
—1 to —3 km deep boreholes, local earthquake
seismic tomography, gravity and magnetic sur-
veys, as well as sporadic observations of tele-
seismic and wide-angle seismic data (Rosi and
Sbrana 1987; Aster and Meyer 1988; Cassano
and La Torre 1987; Ferrucci et al. 1992). High
temperature gradients have been measured at
rather shallow depths (450 °C at 3 km depth;
Agip 1987). The caldera appears to be filled by a
few kilometres thick sequence of volcanic and
non-volcanic deposits, characterised by low Vp,
high Vp/Vg and high P-wave attenuation whose
geometry is consistent with the negative gravity
anomaly (de Lorenzo et al. 2001). The relocated
seismicity contemporaneous to the 1982-1984
ground uplift episode shows that most of the
events were confined in a low-velocity layer with
maximum depths of 3—4 km (Aster and Meyer
1988). The possible occurrence of a magmatic
reservoir at about 4-5 km depth is based mainly
on extrapolation at depth of temperature data and
teleseismic observations (de Lorenzo et al. 2001;
Ferrucci et al. 1992).

In the following we summarise the current
knowledge on the shallow crustal structure as
inferred from the results of the massive seismic
velocity and gravity investigations carried out
over the past two decades, referring to the 1D
layered model of the CFc structure proposed by
Zollo et al. (2008). In particular, we present and
describe the main lithological and geological
discontinuities beneath the caldera, and the geo-
physical characteristics of the embedded med-
ium, from the Earth surface downward through
the crust.

F. Bianco et al.
3.1 Shallow Unconsolidated, Water-
Saturated Marine
Sediments (from the Earth
Surface to 900 m Depth)

Detailed information on the elastic properties of
the very shallow (the uppermost kilometre)
crustal structure of the CFc was mainly inferred
from velocity tomography and reflection seismic
analyses using SERAPIS and 2D multichannel
reflection seismic datasets (Judenherc and Zollo
2004; Dello Iacono et al. 2009; Bruno et al.
2003; Sacchi et al. 2009). The subsurface of the
caldera is very complex, displaying an extremely
variable seismic response, especially in corre-
spondence of the Pozzuoli Bay, where zones
with excellent reflectivity and areas of a very low
signal to noise ratio (S/N) alternate at relatively
short distances. The signal decay is mainly due to
the massive presence of volcanic rocks and edi-
fices interlayered with Plio-Quaternary non-
volcanic sediments that produce strong scatter-
ing of the seismic energy (Bruno et al. 2003).
This effect is also highlighted by independent
direct measurements of the separated intrinsic
and scattering attenuation (Del Pezzo and Bianco
2013a). The interpreted seismic sections acquired
during a multichannel seismic survey performed
in the Pozzuoli Bay in January 2008, identify the
well-known volcanic edifices (Pentapalummo
Bank, Miseno Bank, Nisida Bank) and other
buried features representing the remnant of vol-
canic edifices covered by marine and volcanic
sediments (Sacchi et al. 2009). In such a complex
environment, the determination of a velocity
image of the shallow structure of the caldera
requires a joint analysis of velocity tomography
images and shallow seismic reflection data. This
analysis was performed using an ad-hoc pro-
cessing and unconventional methods applied to
the data acquired within the caldera during the
SERAPIS project (Zollo et al. 2003).
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A refined 3D tomographic velocity model up
to 1 km depth beneath the Pozzuoli Bay was
obtained by the inversion of about 45,000
P-wave first-arrival travel-times, using the
inversion method described in Judenherc and
Zollo (2004). The obtained velocity model
(Fig. 3) shows an area of low velocities (mean
value of ~2,200 m/s) in the central part of the
Pozzuoli Bay bordered to the south by a complex
arc-shaped anomaly (Dello Iacono et al. 2009).
The deeper part of the anomaly (beneath 700 m,
with  Vp > 3,500 m/s) correlates with rock
sequences made up of agglomerate tuffs and
interbedded lavas (AGIP 1987), which form the
southern edge of the caldera (Barberi et al. 1991;

Fig. 3 Plane views of the 4 '

Orsi et al. 1996). The shallower part of the
anomaly that tends to split into two parallel arcs
is correlated with dikes, volcanic mounds and
hydrothermal alteration zones (De Bonitatibus
et al. 1970; Pescatore et al. 1984; Milia and
Torrente 2003). The presence of these structures
suggests the existence of a highly fractured area,
through which fluids (mainly gases) may have
been able to rise towards the surface.

1D velocity profiles extracted from the 3D
tomography model show a steep change in the P-
wave velocity at about 600 m depth (Dello
Tacono et al. 2009). At shallower depth, Vp val-
ues range from 1,500 to 2,000 m/s and indicate
the presence of a thick, low-velocity sequence of
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sediments in the shallowest part of the caldera
fill. In contrast, from 600 to 900 m depth, the P-
wave velocity sharply increases from 2,000 to
2,600 m/s. This velocity discontinuity is also
confirmed by a strong seismic reflector located
at about 0.6-0.7 s two-way time on seismic
sections, with data organised in Common Mid-
point gathers as described in Vassallo et al.
(2008). A total of 1,108 travel-time readings of
P-to-P (PP) reflected waves have been manually
picked on vertical-component sections corrected
for a move-out velocity of 1,600 m/s. The dis-
tribution of picked travel-times has a mean value
of 0.64 s with a standard deviation of 0.06 s.
Assuming the mean two-way time of the PP
phase as the zero-offset time for the identified
reflector, and using the mean P-velocity profile
inferred from the seismic tomography model of
the Pozzuoli Bay area, an interface depth of
600 £ 120 m is obtained. The value of Vp/Vg
ratio of the layer was computed assuming a
horizontally layered subsurface model and using
a maximisation of a coherency function along
theoretical travel-times of P-to-S (PS) reflected
phases. The theoretical travel-times were com-
puted using the information on the propagation
media extracted by the velocity tomography
structure previously determined. The coherency
function is computed for all Common-Midpoint
gathers using the amplitudes of seismic traces in
a window along the theoretical travel-times, and
Vp/Vg ratio with the related uncertainty are
obtained from the maximum of the coherency
function (Vassallo et al. 2008). A weighted
average of Vp/Vg = 3.7 £ 0.9 for the shallowest
layer was computed using the estimates for all
Common Midpoint gathers and the inverse of
the uncertainties as weighting factors. This rel-
atively high value is an average estimate of the
whole shallow layer that could be strongly
influenced by the saturation conditions of the
rocks in the shallowest hundreds of metres.
Theoretical rock physical modelling of the Vp/
Vs values as a function of porosity suggests that
the shallow layer is likely formed by a sequence
of incoherent, water saturated, volcanic and
marine sediments that was deposited on the
caldera floor (Dello Iacono et al. 2009).
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A layer with such physical characteristics
could have important impact on the understand-
ing of the processes that rule the ongoing
deformation of the caldera. Therefore, to test the
hypothesis of a large Vp/Vg value, Dello Iacono
et al. (2009) modelled the variation of the Vp/Vg
ratio as a function of porosity in unconsolidated
sediments, withstanding pressure conditions
appropriate to describe a layer above 600 m
depth. The elastic properties of the rocks depend
upon the properties of the solid frame, such as
composition and grain contact stiffness, and pore
fluid and porosity. High Vp/Vg values are char-
acteristic of shallow water-flow sediments at
depth between 400 and 2,000 m below seabed
(Huffman and Castagna 2001). At such a burial
depth, these sediments are poorly consolidated
(i.e., low grain contact stiffness) and withstand
low effective stresses. Thus, they are near a
transition between loose and consolidated rocks
characterised by a critical porosity (®c) (Nur
et al. 1991, 1995). ®c separates the mechanical
behaviour of rocks into two distinct domains: for
porosities lower than ®c, the mineral grains are
load-bearing, whereas at porosities greater than
@c, sediments fall apart and behave as a mineral-
pore suspension. Dello Iacono et al. (2009) the-
oretically reproduced the effects of poorly con-
solidated sediments lying at 500 m depth on the
elastic properties, via modelling as proposed by
Dvorkin et al. (1999). The lower Hashin—
Shtrikman bound is the tightest minimum bound
possible from range of composite moduli for a
two-phase material (e.g., Hashin and Shtrikman
1963; Mavko et al. 1998). It was adopted as the
most appropriate model to simulate the elastic
properties of these unconsolidated sediments
and, therefore, looking for the softest rock
arrangement. Figure 4 shows the variation of the
Vp/Vs value as a function of porosity for an
unconsolidated quartz-sand having a critical
porosity of 38%. Figure 4a shows that the Vp/Vg
value increases with increasing porosity, as in
fluid-bearing sediments shear-wave velocity
approaches zero while the compression-wave
velocity does not fall below the velocity of a
suspension of sand in water. Zimmer (2003)
showed a similar trend in the Vp/Vg value
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(Fig. 4b) for a set of reconstituted, unconsoli-
dated sand and glass-bead samples under low
pressure conditions. The modelling results and
the experimental measurements reported for
unconsolidated sediments (Zimmer 2003) sug-
gest that the large changes predicted in the Vp/Vg
value at low effective pressures are consistent
with the hypothesis of poorly consolidated, fully
water-saturated sediments lying above 600 m
depth.

The density structure (Fig.5) has been
retrieved by inverting gravity data searching for a
Tichonov regularised solution of the linear dis-
crete inverse problem having the smallest possi-
ble weighted norm (Capuano et al. 2013). The
application of regularisation theory to gravimet-
ric and electromagnetic data is extensively dis-
cussed by Zdhanov (2002). The key point of the
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Fig. 4 a Variation in the Vp/Vg ratio as a function of
porosity in unconsolidated, water-saturated sediments.
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Fig. 5 3D imaging of the density model at different
depths (0-3 km). The uppermost slice shows the topog-
raphy. Density model after Capuano et al. (2013)

theory is that a stable solution of the inverse
problem can be obtained requiring that the model
fits the observed data within a given accuracy 9,
usually linked to data and model errors. The
weighting matrix associated to the model
parameters is chosen to maximise the sensitivity
of model parameters to data changes (Zdhanov
2002). To evaluate the goodness of the 3D den-
sity anomalies distribution at depth, the density
transitions from positive to negative have been
positively compared with the stratigraphic
sequences drilled at Mofete and San Vito (AGIP
1987), showing that they well match the changes
from tuffites and sedimentary material to lavas
(flows and domes) (Rosi et al. 1983). The final
gravity model obtained by Capuano et al. (2013)
has a root mean square of 0.16 mGal, the misfit
respect to the observed data is almost everywhere
very small and the resolution is good down to
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about 3 km depth. Between 0 and 200 m depth,
the resulting density model is characterised by
alternation of positive and negative anomalies
mostly in correspondence of rock bodies of dif-
ferent characters (e.g., lava flows, lava domes,
pyroclastic deposits). Between 200 and 600 m
depth (Fig. 6) the caldera is characterised mostly
by negative density anomalies. The Pozzuoli Bay

morphological low is dominated by a density low
about 6 km wide. Its western portion includes a
large-wavelength, roughly north—south aligned
and irregularly shaped structure. This density low
is compatible with low velocity inferred by the
seismic analysis and ascribed to the caldera fill
composed of volcanic and non-volcanic
sediments.

-0.6 0

0.6

Fig. 6 Density horizontal slice between 200 and 600 m b.s.l. Colour scale represents density contrasts (g/cm?>).

Figure modified after Capuano et al. (2013)
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3.2 Volcanic and Non-Volcanic
Deposits, Buried Caldera
Rim and Fluid-/Gas-Bearing
Thermometamorphic Rocks
(from 500 m to ~4 km
Depth)

The highest resolution seismic image of the cal-
dera buried rim was obtained by the inversion
and modelling of 77,000 arrival times of P-wave
first-arrivals recorded during the SERAPIS
experiment by the OBS deployed in the Pozzuoli
Bay (Zollo et al. 2003). A delay-time inversion
technique has been applied, based on a lin-
earised, perturbative approach, with the use of
smoothness constraint equations to regularise the
solution and to stabilise the inversion procedure
(Hole 1992; Benz et al. 1996).

The 3D tomography images show the pres-
ence of an arc-like, vertically-extended high P-
velocity anomaly (Vp = 3.5-4.0 km/s) within the
southern portion of the Pozzuoli Bay, interpreted
as the expression of the caldera margin (Fig. 7).
This anomaly has its top at about 800 m depth,
extends to about 2,000 m depth and follows a
pattern nearly concentric to the coastal line. The
shape of the reconstructed caldera rim is well
consistent with and closely matches the density

-10 -5 4] 5 10

model inferred by gravity data which have been
integrated with the existing data set (Berrino
et al. 1998) and re-processed by Capuano and
Achauer (2003), providing with an updated
Bouguer anomaly map. Litho-stratigraphic and
sonic log data from several 2-3 km deep inland
boreholes, drilled for geothermal exploration
purposes, indicated that the caldera margin is
formed by a sequence of compacted tuffs, tuffs
with interbedded lavas and thermo-metamorphic
rocks, with the latter at about 2-2.5 km depth.
P-wave log velocities in boreholes vary with
depth from 2.7-3 km/s at 0.8—-1 km depth to
3.6-4.2 km/s at 2-2.2 km depth (Agip 1987),
which are consistent with tomography velocities
in the same depth range.

de Lorenzo et al. (2001) and De Siena et al.
(2010) found evidence for an anomaly of low P-
wave attenuation (low Qp) and high temperature
between 2 and 3 km depth, occurring along the
eastern onshore sector of the caldera rim. These
observations led the authors to suggest that this
anomalous zone could be the site where intense
fracturing may have occurred during caldera
collapse and resurgence, thus representing a
preferential pathway for magma to migrate
toward the surface and then erupt. This hypoth-
esis is also supported by the presence of eruption
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by thr
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Fig. 7 P-wave velocity and Bouguer gravity anomaly
images. The tomography P-wave velocity images are
displayed from the left to the right at three different depths
(875, 1,125 and 1,375 m). Symbols “+” and “x” indicate
the location of S. Vito and Mofete wells, respectively,

Locations of the MF {x) and SV (+) wells

43-2-101234
Bouguer anomaly (res.) [mgal]

drilled by AGIP in the late 1970s for geothermal
exploration purposes. A low-pass filtered map of the
Bouguer gravity anomaly (reduction density: 2.4 g/cm®)
is shown on the rightmost panel (after Zollo et al. 2003)
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vents along or nearby the onshore sector of the
eastern caldera rim.

Consistently with seismic results, the density
model locates below 600 m depth the top of the
caldera rim, marking a density discontinuity. The
caldera top is not flat, but deepens from north to
south of about 800 m. The caldera low density
has a diameter of ~6 km, even if it is charac-
terised by a complex structural pattern of blocks
that have undergone differential movements, are
located at different depths and are separated by
structural lineaments (Fig. 5). In fact, the 3D
density anomalies distribution sketches a pseudo-
circular high-density feature, encompassing an
inhomogeneous low-density crustal sector. The
pseudo-circular feature shows a complexity in its
south-eastern portion, likely related to activation
in that area of portions of northwest-southeast
trending regional faults during the CI and NYT
collapses (Capuano et al. 2013; Chap. Volcanic
and Deformation History of the Campi Flegrei
Volcanic Field, Italy).

The complex arc-shaped velocity anomaly has
a close counterpart in the density model. In fact,
a high-density pseudo-circular feature encloses
the caldera both inland and offshore (Fig. 8). The
continuity of this feature is well established
except in the north-eastern sector of the caldera,
where it is less marked and interrupted by
structural discontinuities. In this part of the cal-
dera, the high-density margin may be partly
obliterated by the post-caldera volcanism that
concentrated in this sector. A few small discrete
density highs located at shallow depth (about
1 km) may be recognised along this feature, one
of these being closely correlated with the Monte
Gauro volcano and another, with very small lat-
eral dimension and more similar to a conduit,
being closely correlated with Astroni. These
anomalies may be related to the remnant of the
feeding system of the post-NYT eruptions.

The portion encompassed by the pseudo-
circular high-density feature can be subdivided
into a north-eastern and a south-western sector,
according to the complex distribution of
anomalies. This subdivision is corroborated by
the trending of morphostructural lineaments. The
root of this pseudo-circular anomalies’ alignment
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appears to extend down to about 2,500 m. In
fact, at 3 km depth the density contrast abruptly
decreases and fades, likely in correspondence of
the bottom of the caldera fill, consistently with
the seismic results. The density distribution, the
caldera structural boundary and the post-collapse
deformation pattern support piecemeal collapse
and block resurgence mechanisms (Capuano
et al. 2013; Chap. Volcanic and Deformation
History of the Campi Flegrei Volcanic Field,
Italy).

Down to 4-5 km depth beneath the CFc, no
evidence is found in the current 3D P-wave
velocity images for magma bodies with volumes
greater than 1 km’. This would imply that the
main magma reservoir feeding the Phlegracan
magmatic system has to be located deeper, well
within the carbonate basement. On the other
hand, the results of the attenuation tomography
study by De Siena et al. (2010) using local
earthquake data have suggested the presence of
small batches of molten rocks in the same depth
range, based on the interpretation of low-
velocity, high attenuation anomalies. However,
since the resolution of the tomography method
degrades with the size of such an anomaly, it is
likely that 1 km is the lower limit of its spatial
resolution to reconstruct subsurface seismic
images in this area with the current data (e.g.,
Battaglia et al. 2008). Future higher-resolution
observing systems (i.e., dense 2D or 3D arrays of
seismic antennas) likely will be able to clarify
this important but still unresolved issue.

Re-interpretation and modelling of local
earthquake data of the 1982—-1984 bradyseismic
crisis, recorded by the University of Wisconsin
mobile network, also provided seismic images of
the shallow caldera structure (Vanorio et al.
2005; Chiarabba and Moretti 2006; Battaglia
et al. 2008). With the aim of exploring the
structure of the caldera and the role of
hydrothermal fluids on velocity changes, Vanorio
et al. (2005) adopted a multidisciplinary
approach based on three-dimensional delay time
tomography and rock physics characterisation.
Selected arrival time data were modelled using a
three-dimensional tomography method, based
on an accurate finite difference travel-time
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Fig. 8 Density horizontal slice between 2,200 and 2,600 m b.s.l. Colour scale represents density contrasts (g/cm>).

Figure modified after Capuano et al. (2013)

computation and a simultaneous inversion of
P-wave and S-wave first-arrival times for both
velocity model parameters and hypocentre loca-
tions (Latorre et al. 2004). Vanorio et al. (2005)
interpreted the retrieved P-wave and S-wave
velocity images as well as the deduced Vp/Vg
images using experimental measurements of rock
physical properties on Phlegraean samples to
take into account steam-water phase transition

mechanisms affecting the P-wave and S-wave
velocities. Moreover, they constrained the role of
over-pressurised fluids on velocity through
modelling the petrophysical properties of site-
relevant rocks. The authors located a flat and low
Vp/Vg anomaly at 4 km depth under the town of
Pozzuoli, below most of the events (Fig. 9).
They suggested that this anomaly implies the
occurrence of fractured, over-pressured gas-
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Fig. 9 a Map of the Campi Flegrei caldera showing
seismometer stations (triangles) and final earthquake
locations (stars) obtained by tomography inversion (from
Vanorio et al. 2005). The map also reports the elevation
contours (black lines) for the 1982—1984 uplift. b Reversal
trends on vertical velocity profiles, Vp/Vg and histograms

bearing rock sequences and excludes the pres-
ence of molten rocks. Furthermore, they inter-
preted a high Vp/Vg anomaly found at 1 km
depth as an evidence of the presence of rocks
containing fluids in the liquid phase.

Battaglia et al. (2008) proposed a strategy for
merging both active and passive datasets in a
linearised tomography inversion and applied it to
the whole active and passive Campi Flegrei
datasets. This study provides the most compre-
hensive, integrated and best-constrained image
reconstruction of the P-wave and S-wave veloc-
ity distribution beneath the caldera down to an
approximate depth of 4-5 km. The P- and
S-velocity models of the caldera structure were
obtained by a tomography inversion based on
travel-times recorded during two distinct

20 21 22 23 24 235 26

showing the earthquake distribution along profiles (radius
equal to 0.5 km). ¢ Vertical cross-sections of the variation
of the Vp/Vg ratio and earthquake distribution (black
points) along the east-west and north—south directions
reported in a). Stars and triangles indicate wells and
stations, respectively

experiments, the passive seismic data of the
1982-1984 crisis and the SERAPIS active seis-
mic survey. Furthermore, their tomography
inversion utilised an improved method based on
an accurate finite-difference travel-time compu-
tation and a simultaneous inversion of both
velocity models and earthquake locations.

The obtained images confirm the presence of
a ring-like high P velocity in the southern part of
the Pozzuoli Bay and extends its trace further
inland as compared to previous results (Fig. 10).
The Vp/Vs model confirms the presence of two
characteristic features. A very high Vp/Vg
anomaly at about 1 km depth below the town of
Pozzuoli and interpreted as due to the presence of
rocks containing fluids in the liquid phase. A low
Vp/Vs body at about 3—4 km depth below a large
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Fig. 10 Tomography results for Campi Flegrei obtained (showed in each panel). b East-west cross-section at
by inversion of active and passive data sets. a Horizontal y =2.5 km of the Vp/Vg ratio. Figure modified after
sections of the P-wave velocity model at different depths ~ Battaglia et al. (2008)
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part of the caldera is interpreted as the top of rock
bodies enriched in gas under supercritical con-
ditions, as previously suggested by Vanorio et al.
(2005).

As discussed by Vanorio et al. (2005), fluid
overpressure that can result from fluid expansion,
among other factors, can, in turn, cause the
reversals in both P-wave and S-wave velocity logs,
as it prevents the effective stress from increasing as
fast as it would under normal hydrostatic or
lithostatic pressure conditions. The P-wave
velocity logs from the —1 to —3 km depth bore-
holes indicate a reversal stronger than that of the
S-wave velocity, which is ultimately responsible
for the observed decrease in the Vp/Vg value
(cfr. Fig. 9). This would imply that P-wave
velocity reversals are further enhanced by the
presence of gas in addition to dense fracturing.
Fracturing, under the hypothesis of overpressure,
affects both P-wave and S-wave velocities while
earthquakes mainly occur both at the top of reversal
trends and within the low Vp/Vg zone. This evi-
dence supports the hypothesis that the low Vp/Vg
anomaly occurring at4 km depth beneath the centre
of the caldera and below the reversal velocity zone
is due to the presence of over-pressured gas-bearing
rocks at supercritical conditions (temperatures of
about 400 °C were reported in the San Vito well at
3 km depth (Agip 1987).

3.3 Mesozoic Carbonate Bedrock,
Including Magma Layers
(from ~4 to ~12 km Depth)

3.3.1 The Top of the Mesozoic

Carbonate Sequence

Judenherc and Zollo (2004) processed the Ser-

apis P-wave travel-time collection, extended with

a previously acquired dataset from the TomoVes

experiment at Somma-Vesuvio, and computed

the most comprehensive 3D P-wave velocity
model for the Gulf of Naples and a small-scale
high-resolution model for the CFc. The joint
interpretation of the velocity distribution together
with the available gravity data and the geother-
mal drilling information (Agip 1987) permitted
to identify and map lithological units at depth. In
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particular, the tomography images and the
apparent velocity (Vp ~6 km/s) of secondary
head wave arrivals on seismograms indicate the
existence of the Mesozoic carbonate sequence at
about 4 km depth beneath the caldera (Fig. 11).
This discontinuity is a continuous structural
feature well detected in 3D tomography images
and marks the sharp P-wave velocity increase
from 3—4 to 5-6 km/s between 2 and 4-5 km
depth in the shallow crust beneath the Naples and
Pozzuoli bays. These results corroborate the
observations from previous seismic reflection
soundings in the area (e.g., Finetti and Morelli
1974).

At the wider regional scale, the Judenherc and
Zollo (2004) velocity model reveals two main
fault steps that affect the Mesozoic carbonate
sequence (Fig. 11). Both tectonic features are
interpreted as normal fault systems that deformed
the Mesozoic carbonate sequence during the
middle Pleistocene northwest-southeast exten-
sion. The south-eastern step corresponds to a
southwest-northeast trending normal fault system
(Finetti and Morelli 1974; Bonasia et al. 1985)
that likely reaches Somma-Vesuvio toward the
northeast (Bruno et al. 1998). The model also
indicates a vertical offset of about 1,000 m,
which affects the 1-2 km and 2-3 km layers.
This offset is compatible with the interpretation
of reflection data, indicating a rapid deepening of
the top of the carbonate sequence from less than
1,000 m b.s.]. off the Sorrento Peninsula to more
than 2,500 m b.s.l. in the central portion of the
Gulf of Naples (Finetti and Morelli 1974). The
north-western step is parallel to the south-eastern
one and runs from the eastern rim of the caldera
toward the southwest, along the 35-km-long
segment of the Posillipo—Banco di Fuori fault
system (Judenherc and Zollo 2004). The vertical
slip along this fault system is similar to that along
the south-eastern one, which affects the 3—4 km
and 4-5 km layers (see Fig. 11). The height of
the scarp is thus between 1,000 and 2,000 m.

The evidence for a geometric relation between
the location of the CFc and the north-western
normal fault affecting the carbonate sequence led
Judenherc and Zollo (2004) to suggest that the
deep magmatic feeding system of the Campi



Seismic and Gravity Structure of the Campi Flegrei Caldera, Italy 73

Ezucl)

B
Pt
L2 >

ischia

Fig. 11 Selected cross sections in the Gulf of Naples
(top and centre) and Bay of Pozzuoli (bottom) tomogra-
phy models (no vertical exaggeration). The inset maps
show the traces of the cross sections, and the tick marks

Flegrei volcanoes could be related to this fault
system, as the caldera structure lies just above it.
Therefore, the normal fault system affecting the
carbonate sequence could provide a preferential
pathway to molten material located in a deeper
magma reservoir, embedded within or beneath
the carbonate sequence, for ascent. They also
indicate that a similar geometric relation between
Somma-Vesuvio and an analogous normal fault
with the same orientation exists and suggest that
this fault controls the magma displacement
toward the surface in an equivalent way to the
similarly-trending fault system beneath the CFc
(Moretti et al. 2013 and references therein).

3.3.2 Main Crustal Discontinuities

Beneath the Caldera

from Seismic Reflection

Analysis
The tomography velocity models from first-
arrivals derived for the CFc reach a maximum
depth of about 5-6 km. For a greater depth
penetration of rays, either larger source-receiver
distances or (earthquake) sources at greater depth
would be required, or secondary waves such as
reflections and conversions can be used. With the

1.5

are at 5 km spacing. The two cross sections in the Gulf of
Naples clearly show the normal faults affecting the
carbonate sequence; their locations are indicated by the
thick lines (from Judenherc and Zollo 2004)

aim of characterising also the deeper structure
beneath the CFc, Zollo et al. (2008) analysed
reflected and converted wave amplitudes from
main seismic horizons in a large subset of the
SERAPIS data available within the caldera. The
seismic reflection amplitudes depend on the
impedance (product of velocity and density)
contrast at the reflectors and the ray incidence
angles or the source-receiver offset, thereby
providing information on the velocities in a layer
below the reflector. To include both P-wave and
S-wave information and to remove unwanted
source and receiver site effects, Zollo et al.
(2008) analysed the ratio of the PP to the PS
converted phase from the same reflector. Details
of the method as well as its advantages and
limitations are described in Maercklin and Zollo
(2009).

About 75,000 three-component records
acquired at 30 sea-bottom stations have been
initially arranged in Common Midpoint gathers
with 500 x 500 m cell size and more than 120
records per gather in the centre of the Pozzuoli
Bay. Data pre-processing included a 5-15 Hz
band-pass and additional trace normalisation for
phase identification. PP reflection and PS
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conversion move-out analyses were applied
using an average 1D velocity model derived from
the 3D tomography models, and reflection events
were identified based on lateral waveform
coherency, move-out alignments and stack
amplitudes of both vertical and horizontal com-
ponent sections. The PP and PS amplitudes at the
same interface were extracted from the seismo-
grams at several source-receiver offsets, covering
a distance range that was large enough for a
significant PS-to-PP amplitude ratio variation
with offset. The P-wave velocity and the Vp/Vg
value above the reflecting interface were con-
strained by the travel-times, and the theoretical
PS-to-PP amplitude ratios were computed using
dynamic ray modelling, including the correction
for geometrical divergence and assuming a con-
stant rock density. The unconstrained model
parameters Vp and Vp/Vg below the reflector
were then varied to minimise the misfit between
the observed and the theoretical ratios, and the
best-fit model was found by inversion (Zollo
et al. 2008; Maercklin and Zollo 2009). The final
1D average model was constructed in a layer-
stripping procedure, starting with the shallowest
reflector and moving subsequently downward.
Zollo et al. (2008) found three major reflectors
around 0.6, 2.7, and 7.5 km depth, respectively
(Fig. 12). The shallowest reflector corresponds to
the base of the marine unconsolidated sediments
discussed above. The 2.7-km-deep reflector is
characterised by a well-constrained positive P-
wave velocity contrast and a small value of Vp/
Vg value below the reflector. Zollo et al. (2008),
following a previous interpretation and rock
physics modelling by Vanorio et al. (2005),
attributed this reflector to the top of a supercrit-
ical fluid- or gas-bearing, thermo-metamorphic
rock layer. The type of fluid or gas (i.e., CO, or
vapour) could not be inferred from this seismic
study because their physical properties at the
high in-situ temperatures (up to 400 °C) are very
similar and do not affect seismic velocities sig-
nificantly. The thickness of the thermo-
metamorphic layer also remains unclear, and
the top of the Mesozoic carbonate sequence
could not be identified as a contiguous reflector.
However, the tomography P-velocities of 6 km/s

F. Bianco et al.

(Judenherc and Zollo 2004) and some P-wave
reflection energy imaged by Blacic et al. (2009)
suggests the transition to the carbonate sequence
at about 4 km depth beneath the CFc.

The 7.5-km-deep reflector shows a strong
negative velocity contrast with a wide range of
possible values for Vp and Vp/Vg below the
reflector. An additional modelling of the relative
P-wave amplitudes of the 2.7-km- and the 7.5-
km-deep reflectors constrained Vp in the layer
below the deepest reflector to about 2.8 km/s,
which means a strong negative Vp contrast with
an estimated Vp/Vg increase from 1.65 to 2.35 or
even higher. According to Zollo et al. (2008)
these values indicate that the 7.5-km-deep
reflector corresponds to the top of a low veloc-
ity layer, whose seismic velocities are consistent
with the values expected for a magma body set in
a densely fractured volume of rock (Fig. 13).
Under the simplifying assumption of a constant
velocity within this layer, later reflections
detected at some locations suggested that this
layer is about 1.5 km thick. This led to the
conclusion of an extended magma sill beneath
CFc similar to the one found beneath the
neighbouring Somma-Vesuvio (Auger et al.
2001).

Taking the P-wave reflection time picks of
Zollo et al. (2008) for the three reflectors, Vas-
sallo et al. (2010) made a first attempt to obtain a
3D model of the morphology of each reflector
using a tomography inversion scheme (Hobro
et al. 2003). The model is parameterised as a
stack of layers separated by interfaces. The
inversion process starts with a highly-smoothed
model whose complexity increases at each step
by adding smaller wavelengths until a satisfac-
tory fit to the data is obtained. Using an opti-
mised 1D P-velocity model as a starting model,
the 3D morphology of each reflector beneath the
caldera was seismically imaged separately, fol-
lowing a layer-stripping procedure beginning
with the shallowest reflector. Figure 14 shows
the obtained interface models along with their
associated uncertainties. The 0.6-km-deep
reflector indicate the approximate thickness of
the very shallow and most recent layer composed
of water-saturated volcanic deposits. The
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Fig. 12 Reflection travel-time curves. a P-to-P and P-to-
S travel-time picks (dots) for three major reflectors
overlaid with the theoretical times (grey lines) from a
1D average model. Average of the amplitude ratio
variations with offset for reflectors at b 2700 m and
¢ 7500 m depth. The figure shows the observed amplitude
ratio (green dots), as compared with a set of theoretical
curves computed for the Vp and Vp/Vg velocity contrast

2.7-km-deep reflector shows a well-resolved
morphological high coinciding with the buried,
southern caldera rim and a basin-like structure
toward its central portion. The 7.5-km-deep
reflector appears essentially flat, being charac-
terised by variations smaller than the estimated
depth uncertainty with a minor up-doming fea-
ture toward the southwest.

3.3.3 A Magma Sill Beneath
the Caldera

The interpretation of the seismic low-velocity
layer below the 7.5-km-deep reflector as an
extended magma sill (Auger et al. 2001; Zollo
et al. 2008) is supported also by petrological data
(Mangiacapra et al. 2008; Pappalardo and Mas-
trolorenzo 2012a, b; Moretti et al. 2013). It
should be noted that Ferrucci et al. (1992) pre-
viously found evidence for a magmatic body

models. Given the best-fit model parameters at each
interface, the blue and red curves indicate 10% positive
and negative model variation with respect to Vp. Error
bars for the estimated amplitude ratios are also shown.
Density contrasts at both interfaces have not been
included in the analysis, as this parameter has a minor
effect on the amplitude ratio variation with offset (from
Zollo et al. 2008)

between 4 and 6 km depth beneath the caldera.
These authors based their claim on direct P-wave
and converted-transmitted PS-waves from a sin-
gle 1-ton explosion at sea, recorded in a fan-
layout onshore at 60—65 km distance. In partic-
ular, they analysed the delay time between direct
and converted wave and modelled the amplitude
ratio between the two phases, indicating a low-
rigidity (low-velocity) body.

Considering extrapolations of the average
geothermal gradients below the critical point of
water (at ~3 km depth), where the thermal
regime is due to pure conduction, the tempera-
tures in the layer below 7.5 km should be in the
range of 800-1,600 °C (e.g., Carlino and Somma
2009). This is in favour of the interpretation of
seismic low velocities as due to the presence of
melt instead of, for example, porous, brine-
saturated rocks. The melt fraction in this layer
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Fig. 13 Geophysical and structural model of the deep
structure of the Campi Flegrei caldera. a Average 1D P-
velocity model for the Campi Flegrei caldera, based on PP
and PS travel-times, and on PS-to-PP amplitude ratios.
The dashed line is the average of the 3D P-velocity model

can be estimated using an appropriate rock phy-
sics model to relate the detected seismic velocities
to the physical properties of a mixture of melt and
solid. To get such an estimate, Zollo et al. (2008)
computed Hashin—Shtrikman bounds (e.g.,
Mavko et al. 1998) on seismic P-wave and
S-wave velocities for a two-phase medium con-
sisting of solid rock and pure melt. The Hashin—
Shtrikman bounds provide the narrowest possible
range of the elastic moduli (or seismic velocities)
by assuming an isotropic mixture of the two
constituents without the need of specifying their
geometry. Zollo et al. (2008), based on the results
of laboratory measurements on similar rock types
(Murase and McBirney 1973), used values of
Vp = 5.5 km/s and Vg = 3.2 km/s for the solid
phase, and of Vp = 2.4 km/s and Vg = 0 km/s for
the pure melt, while the density was held constant
at 2,600 kg/m>. These boundary values indicate
the presence of 65—75 vol% melt directly beneath
the reflector, taking the obtained seismic veloci-
ties for the magma layer (Vp = 2.8 km/s and

in the study area. b Vp/Vg ratio as a function of depth, as
estimated in Zollo et al (2008). The dotted lines are two
Vp/Vg depth profiles estimated from the local earthquake
tomography (Vanorio et al. 2005). ¢ Stratigraphic model.
Figure modified after Zollo et al. (2008)

Vp/Vg = 2.35). However, it has been proposed
that magmas at depth could crystallise in cooler
regions generating non-zero Vs, which would
lead to an even higher percentage of melt fraction
(for details see discussion in Zollo et al. 2008).
On the other hand, Chu et al. (2010) found a
similar seismic velocity structure beneath the
Yellowstone caldera from the analysis of tele-
seismic P-waves, but estimated a melt fraction of
only 32 vol% (see also Fedi et al. 2018).
Although initially developed for unconsolidated
sediments, Chu et al. (2010) used a rock physics
model based on the Gassmann relations for por-
ous, fluid-saturated media and the concept of a
critical melt fraction, at which the solid medium
would break down and become suspended in the
fluid (e.g., Mavko et al. 1998). Albeit these
variations, seismic evidence shows clearly an
extended sill containing a high melt fraction at
mid-crustal depths beneath the CFc, and the
presence of a similar feature at the same depth
beneath Somma-Vesuvio could suggest a
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Fig. 14 Reflection interfaces obtained from the inversion
of P-to-P travel-times associated with phases reflected
from the first (a), second (b) and third (c) discontinuity.
The left-side panels show the areal distribution of the
reflectors and the vertical sections computed along the

north—south and east—west oriented blue lines. The right-
side panels show the computed uncertainties associated to
the parameters of the models. The small black dots are the
positions of the reflected impact points (from Vassallo
et al. 2010)
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common magma reservoir of these two volca-
noes, as also proposed by Pappalardo and Mas-
trolorenzo (2012a, b). The existence of a shallow,
extended and fractured rock layer saturated with
supercritical fluids, above a mid-crustal melt
zone, is also consistent with similar observations
at other unrest calderas, such as Yellowstone,
Socorro and Long Valley (DeNosaquo et al.
2009; Fialko et al. 2001).

3.4 Lower Crustal Structure
and Moho (from ~12
to ~30 km Depth)

Rather little is known on the lower crust beneath
the CFc from seismic data. In a regional crustal
thickness model for Italy, Di Stefano et al. (2011)
suggested that the Moho beneath the CFc and the
Somma-Vesuvio is at 27 km using an interpo-
lated value as in other regional Moho maps.
Ferrucci et al. (1989) found a major Moho
upheaval beneath the CFc, using data from two
large-explosion-source locations at sea (3 x 1-
ton and 2 x 0.5-ton) recorded inland in arc-
shaped receiver spreads (fan-shooting geometry).
The source-receiver distances ranged from ~ 45
to 100 km, covering both the CFc and Somma-
Vesuvio. Ferrucci et al. (1989) developed an
essentially 1D P-velocity model using detected
reflection travel-times and amplitudes, and
Gaussian-beam ray-tracing modelling. In their
model the lower-crustal P-velocities show typical
values for a continental lower-crust in which the
P-velocity increases from 6.2 to 6.6 km/s
between 12 and 18 km depth. This layer is
underlain by a 7-km-thick high-velocity layer
with a P-velocity of 7.2-7.3 km/s. Ferrucci et al.
(1989) identified the Moho depth at 25 km
beneath the CFc and at 35 km beneath the nearby
Somma-Vesuvio. To date these are the only
published images of the lower crust below the
magmatic layer at 7.5 km depth based on the
results of active seismic surveys. However, the
structure of lower crust has been recently
hypothesised through an interpretation of the
large gravity low centred beneath the Gulf of
Naples in terms of density distribution (Fedi et al.
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2018). The modelling suggests large volumes of
partially molten rock (~30 vol%) distributed
randomly throughout the entire lower crust sec-
tor, likely made up of crystalline rocks largely
produced by accumulation of crystals left by
magma risen in the past.

In a complementary work, Nunziata and Cost-
anzo (2010) derived average crustal S-wave
velocity profiles from surface wave dispersion
curves for a three travel paths between local
earthquakes around Somma-Vesuvio and perma-
nent seismic stations located within the CFc. To
extract the fundamental Rayleigh wave mode, the
authors applied a Frequency-Time Analysis to
instrument-corrected radial-component seismo-
grams, and then used data in the period range 1-5 s
to invert for a 1D S-wave velocity model along
each observation path. The typical lower-crustal S-
velocity is ~3.6 km/s. Besides that, the models by
Nunziata and Costanzo (2010) feature an S-wave
velocity reduction at 7-15 km depth, again con-
sistent with the presence of melt at these depths.

4 CFc Structure Deduced
by Attenuation, Scattering
and Ambient Noise Imaging

4.1 Direct-Wave Attenuation Images
Seismic attenuation tomography has been per-
formed at the CFc using the waveform dataset
from both the 1982—1984 unrest episode and the
SERAPIS experiment. de Lorenzo et al. (2001)
obtained the first 3D Qp image of the CFc. Three-
component waveform data from 87 micro-
earthquakes recorded in March—April 1984
imaged Qp in the shallowest 3 km of the central
part of the caldera. The authors estimated the rise
time and the total pulse width for direct P-waves,
obtaining around 1,000 pulse data. These were
inverted with a non-linear approach, retrieving
attenuation images at a maximum resolution
of ~1 km. Qp models were transformed into
temperatures by calibration with surface and
borehole temperature data.

De Siena et al. (2010) expanded the dataset in
time (January—June 1984) to 246 earthquakes
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(location errors < 300 m). They used the coda-
normalisation method (Aki 1980; Del Pezzo et al.
2006), removing source and site trade-offs by
dividing direct energy. Coda energy is assumed
constant in space. A ray-bending technique was
carried out in the velocity model obtained by
Battaglia et al. (2008). The work performed
resolution tests, allowing for a theoretical maxi-
mum resolution of 0.5 km across the wider cal-
dera, between 0 and 4 km depth. De Siena et al.
(2010) applied their method jointly with the more
standard spectral-decay method, which allowed a
joint description of both Qp and Qs. The P- and
S-waves attenuation features from De Siena et al.
(2010) are compared with the Vp/Vg anomalies
from Battaglia et al. (2008) in Fig. 15. Horizontal
slices have been obtained at depths of 200, 1,200,
2,200 and 3,200 m b.s.l. and redrawn after space
interpolation with the methodology described by

UTM Latitude (m)
-200 m ) -1200 m

4522, .

Ve
s =
-

4,520,0

Del Pezzo and Bianco (2013b). Due to the
maximum resolution available, each image
reflects the average attenuation structure in a
layer with a thickness of 500 m, centred at the
depth values indicated above. A dashed line
borders the areas with the highest resolution in
the attenuation tomography, and symbols (X1
through X7 in Fig. 16) mark the main vol-
canological features of the area under study, lis-
ted in the caption of Fig. 16. Serlenga et al.
(2016) obtained the only attenuation tomography
model for the offshore portion of the caldera in
the Pozzuoli Bay and independent of the 1982—
1984 unrest using data from the SERAPIS
experiment. They use the spectral decay method
in analogy to De Siena et al. (2010), detecting
structures at a resolution higher than 1 km across
the offshore portion of the caldera down to a
maximum depth of 2 km.

AQe"' 102
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427,
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Fig. 15 Horizontal slices intersecting CFc at different
depths showing variations of P-wave (top row) and S-
wave (middle row) attenuation relative to the average
quality factors. The Vp/Vg model (bottom row), redrawn

after Battaglia et al. (2008), is compared with the
attenuation models. The maximum resolution areas
(500 m) are contoured with bold black dashed lines



80

F. Bianco et al.

IMonte Nuovo 423000 I 427450 Solfatara
2

! S

X1 - Mofete
X2 - Solfatara
X3 - Mt. Nuovo
X4 - La Starza
X5 - Poxzzuoli
X6 - San Vito
X7 - Agnano
X8 - Nisida..

4521000 Mt. Nuovo/Agnano

S$-N UTM Latitude (m)

4520000 Mofete/Solfatara

S
La Starza 425250 426000 Pozzuoli

W-E UTM Longitude (m)

Fig. 16 Map of Campi Flegrei; the rectangle highlights
the area investigated in De Siena et al. (2010). The lines
define the spatial locations of the vertical sections
associated with the tomography images of Figs. 17 and

The upper 500 m at the CFc show small
P-wave attenuation contrasts (see slice at -200 m
in Fig. 15 and the vertical sections in Fig. 17).
The Solfatara area (marker X2, Fig. 15 top left
panel) in the maximum resolution volume (bor-
dered by a dashed line) shows high attenuation.
Moving from Solfatara toward the northeast,
high-attenuation values extend to the Astroni -
Agnano area (marker X7, northeast of Solfatara)
as in de Lorenzo et al. (2001). Toward the
northwest, the highest attenuation characterises
the region of San Vito (marker X6). A lower-
attenuation volume (yellow) separates Solfatara,
Astroni and San Vito (markers X5—Pozzuoli and
X4-La Starza zone) from high-attenuation rocks
under Monte Nuovo and Mofete (marker X1 and
X3). The position of this last zone agrees with
the aquifer with temperatures between 100 and
130 °C recognised by Todesco et al. (2003) in
the depth range 150-300 m b.s.l. The corre-
sponding S-wave attenuation image shows lower
attenuation in this depth range. At Solfatara, S-
wave attenuation is high, similar to what found
for the P-waves. Unlike P-waves, this zone is
bordered east by a low attenuation anomaly, at
the location of the high-velocity caldera rim
(Battaglia et al. 2008).

18. The locations of the area of major volcanological
interest are indicated as follows: X1 = Mofete, X2 = Sol-
fatara, X3 = Monte Nuovo, X4 = La Starza, X5 = Poz-
zuoli, X6 = San Vito, X7 = Agnano

The images in the three rightmost panels of
Fig. 15 representing the space distribution of the
attenuation anomalies, show a general laterally
heterogeneous distribution pattern. Volumes
characterised by rocks with high attenuation
anomalies are interconnected with low attenua-
tion zones. It is also noteworthy that high S-wave
attenuation zones depict a vertically extended
high attenuation pattern between about 3,500 m
b.s.l. and the surface (Figs. 17 and 18). The
images in Fig. 17 show strong lateral attenuation
contrasts. High P- and S-wave attenuation vol-
umes extend vertically between approximately
1,000 and 2,500 m b.s.l. under Mofete (Fig. 17,
dashed rectangle #2) and Monte Nuovo (Fig. 17,
dashed rectangle #1). The P-wave high attenua-
tion volume under Solfatara extends from the
surface down to 3,500 m b.s.l. (Fig. 17, dashed
rectangle #6). Volumes of high attenuation match
those with the Vp/Vg ratio only down to depths
of 2 km. High-temperature fluids comprising
carbon dioxide (Caliro et al. 2007) or supercrit-
ical fluids (Vanorio et al. 2005) developing under
the CFc “caprock” could equally be responsible
for these high attenuation volumes (Fig. 17,
dashed rectangle #1). The high Qs_l volumes
characterised under Mofete (X1) and Solfatara
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Fig. 17 Attenuation tomography results showing P-wave
(top row) and S-wave (middle row) attenuation variations
along three vertical sections passing through Mofete/
Solfatara (east—west), Solfatara (north—south) and Monte
Nuovo/Agnano (east—west). The last line shows Vp/Vg
variations from Battaglia et al. (2008, redrawn). The

(X2) in Fig. 17 (dashed rectangle #4) coincide
with the position of deep aquifers (1,250—
1,600 m b.s.l.) recognised by Todesco et al.
(2003). Under Agnano (Fig. 17, marker X7),
high Qp 'and Qs ™' in the shallowest kilometres
of the crust coincide with a zone of moderate
(> 1.9) Vp/Vg anomaly (Fig. 17, dashed rect-
angle #5), where temperatures are on the order of
250 °C (de Lorenzo et al. 2001; Todesco et al.
2003). North of the Solfatara (X2), a very-low
Qp ' anomaly characterises volumes down to
the depth of 2,500 m b.s.l. (Fig. 17, dashed
polygon #3). Vp/Vs shows a relative minimum in
this area, while Qg™ ' is generally high (Fig. 17,
dashed polygon #3). As high-temperature rocks
(de Lorenzo et al. 2001), conductive heat transfer
(Todesco et al. 2003), and low Vp (Battaglia

Solfatara (S-N)

UTM Latitude (m)

Mt. Nuovo/Agnano (W-E)

424,000 428000 432,000
UTM Longitude (m)

4,520,000 4,524,000

columns are labelled with the name of the area crossed by
the section and with the marker highlighting the area of
volcanological interest (Fig. 16). The colour scale repre-
sents the variations from the average S- and P-wave
inverse quality factor. The dashed numbered polygons
contour the volumes discussed in the text

et al. 2008) characterise this region at shallow
depths (Fig. 17, dashed rectangle #5), De Siena
et al. (2010) inferred the presence of a small
reservoir of gas (mainly CO,) feeding fumaroles
(Caliro et al. 2007). The results confirm that
fumaroles are the consequence of fluid migration
from a magmatic to a geothermal reservoir and
from there to the surface, favouring a magmatic
interpretation of the 1982—-1984 unrest (Todesco
et al. 2003; Caliro et al. 2007; Amoruso et al.
2008; Berrino et al. 2008; Moretti et al. 2013,
2020). The observation of very-low Qs ! con-
trasts with this interpretation (Fig. 17, dashed
rectangle #6); however, the assumption used by
the coda-normalisation method suffers in the
presence of sharp horizontal interfaces, where
coda waves get trapped or reverberate at low
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frequency. This feature was interpreted by De
Siena et al. (2010) as due to alternating hetero-
geneous layers that affected the coda wavefield,
destabilising coda-normalised measurements. In
the next section, we will discuss how this inter-
face (seismic horizon) at a depth of 2 km has
been resolved and included in direct-attenuation
forward modelling (De Siena et al. 2017b).

A subvertical attenuation contrast images the
high-angle “La Starza” fault (Di Vito et al. 1999
—Fig. 18, dashed rectangle #7), which appar-
ently extends down to at least 2 km depth. The
area of the last eruption (Monte Nuovo, marker
X3 in Fig. 15) is relatively homogeneous for
both S-wave and Vp/Vg (Fig. 17). The high
P-wave attenuation anomaly located under Poz-
zuoli, between 0 and 2 km depth, correlates with
the high Vp/Vg value (Vp/Vg = 2.6) down to
2 km (Fig. 18, dashed rectangle #8). In the same
volume, high Qs~" corresponds to the location of

La Starza (N-5)
-sea level
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-2,000
-3,000
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-sea level
-1,000
-2,000
-3,000
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-5,000
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-1,000
2,000
-3,000
-4,000

-5,000

4.516.000 4.536.000 4.534‘-000 4-5‘62000

Pozzuoli (N-5)

4,520,000 4,524,000

high Vp/Vs. The anomaly appears as an inclusion
inside very-low attenuation volumes, supporting
the existence of a hydrothermal reservoir under
the city of Pozzuoli (Vanorio et al. 2005). The
low-attenuation structure underlying the reser-
voir is the attenuation response of the seismic
horizon, later interpreted as a “caprock™ rich in
hot hydrothermal fluids. One of the most
prominent and debated results of De Siena et al.
(2010) is the high Qs ! anomaly located between
of 2 and 3 km depth under Pozzuoli (Fig. 17,
dashed rectangle #4, between X1 and X2) that
extends under Solfatara (Fig. 17, dashed rectan-
gle #6). Under Pozzuoli, this anomaly corre-
sponds precisely to the location of a high-gravity
anomaly interpreted as a melt batch (Amoruso
et al. 2008), whose degassing has been central for
the development of the 1982—-1984 unrest epi-
sode (Caliro et al. 2007). However, its lateral
extension is at the limit of the method's

Monte Nuovo (N-S)

L ile.ﬂ I

4,520,000 4,524,000

4,516,000

UTM Latitude (m)

Fig. 18 Same as Fig. 17 for three vertical sections crossing La Starza (north—south), Pozzuoli (north—south) and Monte
Nuovo (north—south). See Fig. 16 for section locations and labels
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resolution at these depths. It also contrasts with
the interpretations based only on the velocity
images, as Vp/Vg value remains low under Poz-
zuoli and Solfatara (Vanorio et al. 2005). This
trade-off has been tackled by following direct and
coda-dependent methods applied to the same
dataset, which remove faulty approximations
from scattering dependent techniques (De Siena
et al. 2017a, b; Akande et al. 2019) and use novel
seismic tomography results at the caldera (Calo
and Tramelli 2018).

The Vp/Vg model of Battaglia et al. (2008)
shows two characteristic features across the off-
shore caldera. At about 1 km depth, a very high
Vp/Vg anomaly occurs offshore the town of
Pozzuoli and is interpreted as due to the presence
of rocks that contain fluids in the liquid phase.
A low Vp/Vg body extending at about 3—4 km
depth below a large part of the caldera is inter-
preted as the top of rock bodies enriched in gas
under supercritical conditions, as previously
suggested by Vanorio et al. (2005). These fluids
also produce high attenuation when they perco-
late in the shallower systems, either saturating
sediments or remaining in a vapour phase. The
strongest attenuation characterises the offshore
caldera rim, which appears fluid-saturated in the
uppermost 2 km of the crust (Serlenga et al.
2016).

4.2 Coda and Ambient Noise Imaging

Direct-wave attenuation combines both intrinsic
and scattering effects: by separating these atten-
uation mechanisms and mapping them in space,
we improve our ability to interpret structures. For
example, low-velocity or high Vp/Vg anomalies
corresponding to high attenuation can be inter-
preted as being due to the presence of: (1) a fluid
or magma body, which would increase the shear-
wave intrinsic attenuation with increasing tem-
perature; (2) a partially saturated fracture net-
work, which would produce an increase in
scattering attenuation.

The joint interpretation of total attenuation
and body-wave velocity tomography images
suffers from this trade-off when locating and

defining the extent of fluid reservoirs, magma
batches, or the characteristics of a buried or
submerged caldera rim. Scattering tomography
detects sharp discontinuities in the -elastic
parameters (the position of the “strong scatter-
ers”). It helps discriminate between zones with a
high density of fractures (characteristic, e.g., of
the caldera borders) and zones with large fluid
reservoirs and magma intrusions (which can be
associated with the active caldera centres).
Scattering imaging has been applied to the CFc
using different approaches (Tramelli et al. 2006;
Maercklin 2008; De Siena et al. 2011, 2017a;
Akande et al. 2019).

Tramelli et al. (2006) used a method devel-
oped by Nishigami (1991) that inverts the
S-wave coda envelope fluctuations observed at a
given lapse time in the coda of local earthquakes
in terms of position and strength of the “strong”
scatterers present in the Earth medium. The
method computes seismic intensities at late lapse
times in the coda and searches for the location
and scattering coefficients that best fit it, with a
search grid algorithm. The technique depends on
the frequency-dependent transport mean free
path and the assumption of diffusion. The equa-
tions of this method were originally written by
Nishigami (1991) in the S-to-S single scattering
assumption. Tramelli et al. (2009) demonstrated
that this method is independent from the scat-
tering model used to mathematically fit the
average coda envelope, assuming that the coda
envelope fluctuations are generated by S-to-S
single scattering phenomena occurring at the
“strong” scatterers. In Fig. 19, the stacks (over
the components) of the values obtained from the
inversion are showed separately for each fre-
quency band. The inversion process returns the
value of the scattering coefficient, g = goo, in the
i-th block. o takes into account the fluctuations of
the scattering coefficient averaged over space
(go)- Figure 19 shows the space distributions of
log(a). The crosses and circles represent the
scattering coefficients higher and lower than g,
respectively. The results obtained in three layers
spanning the shallowest 4 km of the upper crust
show that the most heterogeneous materials
correspond inland to the central portion of the
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Fig. 19 Scattering image of the CFc: a at the top the
scheme of the subdivisions with depth for the inversion,
while the bottom part shows some geological features
superimposed on the S1 layer at 18 Hz of panel b;

caldera as mapped by velocity tomography. The
authors deduced that similar anomalies in the
submerged part of the caldera coincide with the
submerged part of this structure. The assumption
was confirmed by the offshore velocity tomog-
raphy of Battaglia et al. (2008). The only high-
scattering anomaly not directly connected to the
rim appears in the eastern part of the caldera and
corresponds to the high-temperature fractured
body previously deduced by de Lorenzo et al.
(2001) and later recognised by De Siena et al.
(2010) from the contrasting P- and S-wave
attenuation characteristics (Fig. 17, dashed rect-
angle #6).

b results of the inversions of the stacked (over the
components) signals for several frequency. The crosses
and the circles represent the areas with high and low
scattering strengths, respectively as indicated in legend

Maercklin (2008) adopted an imaging method
based on array beam-forming and coherence
analysis of the P to P scattered phase, using the
SERAPIS dataset. After grouping into arrays the
signal sources, the author calculated the travel-
times connecting any potential scatterer on a
regular grid in the image volume to the source
and receiver, using a 1D background velocity
model. A high coherence measured on aligned
traces indicates the presence of a scatterer at the
corresponding location. A stack of the individual
images from several pairs of a shot array and a
single receiver provides the final image. Even in
this approach, as in the previously described one,
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the prominent region of seismic scattering

roughly coincides with the high-gravity

(Capuano et al. 2013) eastern buried caldera

rim (Zollo et al. 2003). This work was the first to

detect this volume in the offshore caldera.

De Siena et al. (2011) proposed a new quan-
titative approach for the joint interpretation of
velocity and attenuation tomography images,
which allows the separation of scattering and
intrinsic attenuation. These authors used the
P-wave tomography structure of Battaglia et al.
(2008) to calculate the autocorrelation functions
(ACF) of P-wave vertical velocity fluctuations
from which the P-wave quality factor is esti-
mated (see Eq. 6 in De Siena et al. 2011). A map
showing the lateral variations of the ACF values
(see Fig. 2 in De Siena et al. 2009) is then
compared with the total-QP map (De Siena et al.
2010) using cluster analysis. The result is finally
interpreted in terms of separation of intrinsic and
scattering attenuation on a 2D plane. The
resulting map (Fig. 20) shows:

1. a north—south scattering attenuation region
located below the zone of the 1982-1984
maximum uplift, offshore the Pozzuoli Bay
but also extending below Monte Nuovo. De
Siena et al. (2011) based on the previous
images in attenuation (De Siena et al. 2010),
velocity (Battaglia et al. 2008) and S-to-S
scattering (Tramelli et al. 2006), favour the

lowe
S-N | higha
UTM high Q"
Latitude {m)
MU NUvo Solfatara
{520000 E 3 medial Qr
medial a
medial Q'
4518000 high Q'
s - medial a
423000 425000 427000 low Qe

W-E UTM Longitude (m)

Fig. 20 Results obtained applying the cluster analysis to
data from: total-Q 'p structure (De Siena et al. 2010),
Q_ISC measured by velocity fluctuations and correlation
length, a (De Siena et al. 2011). This analysis shows the
existence of three clusters (blue, green and orange). The
physical characteristics of each cluster are indicated in the
legend at the right side the of the map

interpretation in terms of a solid but fractured
body, contoured by strong S-wave scatterers.
They speculate that the high-scattering area
corresponds to a section of the residual
magma body associated with the AD 1538
Monte Nuovo eruption;

2. that the high-temperature volume originally
detected by de Lorenzo et al. (2001) is the
region where P-wave intrinsic dissipation
dominates. The anomaly suggests a connec-
tion, valid for the uppermost 4 km of the crust,
between the region offshore Pozzuoli and the
Solfatara crater. The results agree with the
existence of a paired Pozzuoli-Solfatara
deformation source, active throughout the
last 40 years (Amoruso et al. 2014).

During the last decade, researchers have
developed a single open-access code that inverts
for total, scattering and intrinsic attenuation from
earthquakes and active seismic data simultane-
ously (MuRAT; De Siena et al. 2014a, b; Pru-
dencio et al. 2015; Sketsiou et al. 2020). De
Siena et al. (2017a, b) and Akande et al. (2019)
applied this code to the 1982—-1984 dataset. De
Siena et al. (2017a) used 2D diffusive sensitivity
kernels (Del Pezzo et al. 2016) to develop an
inversion scheme for coda-wave attenuation
(Qc) at multiple frequencies, allowing to model
in space a quantity equivalent to absorption in the
diffusive regime (Sketsiou et al. 2020). Akande
et al. (2019) used 3D multiple-scattering kernels
and the previous inversion scheme to obtain the
3D distribution of Qc in space. De Siena et al.
(2017b) employed a revised coda-normalisation
method that measures direct-wave attenuation,
dropping the assumption of homogeneity of the
coda wavefield. The authors interpreted the
velocity and attenuation maps after re-localising
the entire 1982—-1984 earthquake dataset with a
non-linear localisation approach (NonLinLoc;
Lomax 2001). By pre-calculating source-station
coda attenuation, they improved inversion
residual by 80% relative to De Siena et al.
(2010), removing ghosts in the outer caldera and
obtaining maximum resolutions of 500 m in the
eastern portion of the caldera. This work includes
a time-dependent analysis of the 1982-1984



86

unrest through the joint description of seismic
locations, attenuation and Vp/Vg anomalies.
The 3D P-wave velocity images described in
previous sections find no evidence of magma
bodies with volumes larger than 1 km® beneath
the caldera. This would imply that the main
magma reservoir feeding the Phlegracan mag-
matic system is deeper, within the carbonate
sequence (Vanorio et al. 2005). The attenuation
tomography study by De Siena et al. (2010)
suggested the presence of low-velocities and
high-attenuation batches of molten rocks (<1 km
in size), correlated to high gravity anomalies at
depths of ~3 km (Amoruso et al. 2008). How-
ever, the resolution of their tomography method
degrades with the size of such an anomaly. One
kilometre was the lower limit of spatial resolu-
tion to reconstruct subsurface seismic images in
this area with the previously-mentioned tech-
niques (e.g., Battaglia et al. 2008). More
recently, Caldo and Tramelli (2018) have reanal-
ysed the 1982-1984 dataset using enhanced
seismic tomography techniques, allowing theo-
retical resolutions of a few hundred metres. They
found a high Vp/Vg anomaly between 2.3 and
4 km depth under the centre-eastern sector or the
caldera, interpreting it as a plumbing system with
a diameter of ~1 km. This is the first tomo-
graphic study to show prominent high Vp/Vg
anomalies in this depth range and onshore. The
model supports the presence of magmatic fluids
or magma (Berrino et al. 2008; Amoruso et al.
2008) in the first 4 km of the crust in 1982—-1984.
Calo and Tramelli (2018) also reconstructed a
low Vp/Vs and high scattering anomaly
(~500 m-thick) above the high Vp/Vg plumbing
system. This is the same region where De Siena
et al. (2010) had hypothesised the existence of a
sequence of highly-scattering layers trapping
coda intensities. De Siena et al. (2017b) imaged a
low-attenuation seismic horizon under the entire
caldera and particularly in this zone, compatible
with the existence of the “caprock™ recovered by
rock-physics measurements at ~1-2 km depth
under the caldera (Vanorio and Kanitpany-
acharoen 2015). Under Pozzuoli and below this
“caprock”, De Siena et al. (2017b) imaged a low-
velocity and high-attenuation anomaly, likely the
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response to deep fluids and magma. This anom-
aly, a reservoir of supercritical fluids (Vanorio
et al. 2005) possibly intruded by small batches of
magma (Amoruso et al. 2008) was the location of
repeated seismic injections that opened the upper
hydrothermal system in 1982-1984 (De Siena
et al. 2017b). Once crossed with geochemical
information, seismic tomography and source data
confirm that this was also the primary location
for processes causing geochemical and seismic
unrest at the caldera in 1982-1984 (Chiodini
etal. 2016, 2021). The seismic signature does not
allow to discriminate dike intrusions from mag-
matic fluid injections but supports the existence
of a magmatic component during the unrest
(Amoruso et al. 2008; De Siena et al. 2010,
2017b; Moretti et al. 2020).

The deepest high-attenuation anomaly in De
Siena et al. (2017b) plateaus at ~4 km depth
and correlates laterally with the stationary
deformation source active during the last four
decades (Amoruso et al. 2014; Pepe et al. 2019).
De Siena et al. (2017a) used the enhanced lateral
resolution provided by the coda kernels to
demonstrate that this high-attenuation structure
produces a bulge in the low-attenuation caprock.
This bulge corresponds to the source of defor-
mation in the offshore central caldera, producing
a single aseismic low coda attenuation anomaly
(De Siena et al. 2017a). The ~4 km deep high-
attenuation anomaly extends toward the eastern
high-gravity sector of the caldera, connecting to
the high Vp/Vg plumbing system (Calo and
Tramelli 2018). Starting from de Lorenzo et al.
(2001), all attenuation and scattering studies have
found evidence of a fractured volume, producing
high temperatures between 2 and 3 km depth
across the eastern onshore sector of the caldera
(see previous section).

Akande et al. (2019) used the 3D diffusive
kernels to constrain the geometry of the con-
nection between the deep source of the defor-
mation and the Solfatara fumarole. They built a
single interpretational model of the caldera using
their coda-attenuation results, existing interdis-
ciplinary knowledge, vents distribution (Orsi
et al. 2004; Vilardo et al. 2010; Vitale and Isaia
2014; Chaps. Volcanic and Deformation History
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of the Campi Flegrei Volcanic Field, Italy;
Volcanic Hazard Assessment at the Campi
Flegrei Caldera, Italy) and the novel Vp/Vg
anomalies (Cald and Tramelli 2018). They con-
firmed previous inferences (de Lorenzo et al.
2001; Maercklin et al. 2008) by imaging a unique
high-Qc ™" anomalous volume associated with the
high-gravity region where intense fracturing
occurs during caldera collapse and resurgence
(Capuano et al. 2013). They additionally detected
its connection to the primary deformation source
in the central caldera. Figure 21 is a sketch that
adds to their finding the results of velocity,
attenuation, scattering and gravimetric analyses
performed during the last four decades, showing
them across an east—west profile passing through
Pozzuoli. Akande et al. (2019) concluded that the
high Vp/Vs, high Qp ! and Qs ', high tempera-
ture, high-scattering and high-absorption capped
pathway from deformation source to the eastern
portion of the caldera represents preferential
paths for magmas to intrude the crust in their
ascent toward the surface and eventually feed
eruptions. Recent seismic, gravity and electro-
magnetic investigations have focussed on the
eastern sector of the caldera to resolve this issue
(De Landro et al. 2017; Siniscalchi et al. 2019;
Young et al. 2020), confirming the existence of a

Fig. 21 Schematic

423500
illustration of the uppermost w_ |

resistive plume structure in the uppermost 2 km
of the crust (Siniscalchi et al. 2019).

The CFc has been mostly aseismic after its
1982-1984 unrest. The new unrest phase started
at the end of 2004 and has been characterised by
very low levels of seismicity until 2015 (Bellucci
Sessa et al. 2021). Seismicity has recently
increased, but ambient noise imaging has become
the primary way to seismologically assess the
caldera structure. De Siena et al. (2018) used
phase-weighted stacking (Shimmel and Paulssen
1997) and the FMTOMO inversion framework
(Rawlinson et al. 2004) to image surface group
velocities between the surface and about 2 km
depth. Pepe et al. (2019) used the ambient noise
map to interpret the results of deformation gra-
diometry. These works suggest that the high Vp/
Vs reservoir first detected by Vanorio et al.
(2005) at ~ 1 km depth (Fig. 21) has expanded
north and west and become aseismic under the
city of Pozzuoli. A seismic high-velocity struc-
ture north—south striking under Solfatara appears
as a structural barrier for eastward deformation, in
correspondence to the highly resistive plume
(Siniscalchi et al. 2019). The analyses confirm the
likelihood of an eastward-directed feeding system
for fumaroles degassing at Solfatara and the new
(2009) Pisciarelli vent (Chiodini et al. 2021).
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5 Conclusive Remarks

A review of seismic and gravity data, and
tomographic models produced during the past
four decades has been here presented in order to
give a picture of the structure of the crust beneath
the CFc.

The defined lithological and geological dis-
continuities have been widely depicted, the
constraints they give to the definition of mag-
matic and volcanic processes have been
discussed.

The elastic properties of the shallowest 4 km
of the upper crust have been reconstructed using
velocity tomography elaborated on active and
passive seismic data. Information complementary
to velocity tomography, improved by seismic
attenuation tomography, permit to define lateral
lithological changes and the geometry of onshore
and offshore fluid and/or small magma bodies
(possibly placed during the 1982—-1984 brady-
seismic crisis) down to 4 km under Pozzuoli
town.

Active experiments have permitted to recog-
nise a partially molten body at a depth of ~7.5
km interpreted as an extended magma sill under
the caldera.
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