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Abstract A detailed reconstruction of the stratigraphic
and tectonic setting of the Gulf of Pozzuoli (Naples Bay) is
provided on the basis of newly acquired single channel
seismic profiles coupled with already recorded marine
magnetics gathering the volcanic nature of some seismic
units. Inferences for the tectonic and magmatic setting of
the Phlegrean Fields volcanic complex, a volcanic district
surrounding the western part of the Gulf of Naples, where
volcanism has been active since at least 50 ka, are also
discussed. The Gulf of Pozzuoli represents the submerged
border of the Phlegrean caldera, resulting from the vol-
cano-tectonic collapse induced from the pyroclastic flow
deposits of the Campanian Ignimbrite (35 ka). Several
morpho-depositional units have been identified, i.e., the
inner continental shelf, the central basin, the submerged
volcanic banks and the outer continental shelf. The strati-
graphic relationships between the Quaternary volcanic
units related to the offshore caldera border and the over-
lying deposits of the Late Quaternary depositional
sequence in the Gulf of Pozzuoli have been highlighted.
Fourteen main seismic units, both volcanic and sedimen-
tary, tectonically controlled due to contemporaneous fold-
ing and normal faulting have been revealed by geological
interpretation. Volcanic dykes, characterized by acousti-
cally transparent sub-vertical bodies, locally bounded by
normal faults, testify to the magma uprising in correspon-
dence with extensional structures. A large field of tuff
cones interlayered with marine deposits off the island of
Nisida, on the western rim of the gulf, is related to the
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emplacement of the Neapolitan Yellow Tuff deposits. A
thick volcanic unit, exposed over a large area off the Capo
Miseno volcanic edifice is connected with the Bacoli-Isola
Pennata-Capo Miseno yellow tuffs, cropping out in the
northern Phlegrean Fields.

Keywords Gulf of Pozzuoli - Seismic stratigraphy -
Marine magnetics - Phlegrean fields - Volcanology

Introduction

The aim of this paper is to provide new seismo-strati-
graphic evidence from the Gulf of Pozzuoli, Italy, on the
basis of the geological interpretation of recently collected
Sparker profiles in order to deliver an up-to-date geological
setting of the area during the Late Quaternary through
seismo-stratigraphic concepts. In this way, the geological
knowledge on the active volcanic area of the Phlegrean
Fields (Naples Bay) and the adjacent offshore sectors (Gulf
of Pozzuoli) will be improved through a new stratigraphic
setting. The stratigraphy of the study area is relatively
unknown through recent geological and geophysical stud-
ies and the volcanological implications of this stratigraphy
have not been yet shown in detail. The seismo-stratigraphic
setting herein discussed based on recently collected high
resolution seismic reflection data will contribute to a better
delineation of the offshore stratigraphic units. Furthermore,
the tectonic setting of the area will be examined based on
geological interpretation of seismic sections through the
identification of tectonic styles involving the seismic
sequences.

The stratigraphy and geology of active volcanic areas
is an intriguing research theme, particularly applied to
the case history of the Gulf of Pozzuoli (Naples Bay)
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representing the submerged border of the Phlegrean
caldera. The state-of-the-art methodological aspects for
mapping volcanic areas, applied also to case histories of
Naples Bay, have been recently delineated, highlighting
recent studies on the stratigraphy, structure and evolution
of active volcanic terranes (Groppelli and Goette 2010).

New stratigraphic and volcanological studies, mainly
onshore, dealing with the definition of volcanological units
during the field survey and specific volcanological features,
petrographic, geochemical and petrological studies and
geophysical models have been recently presented (Lucchi
et al. 2010; Tibaldi 2010; Bonomo and Ricci 2010; Palla-
dino et al. 2010; Milia 2010; Perrotta et al. 2010; De Vita
et al. 2010). These studies allowed us to delineate the
problems related to stratigraphy and volcanology of active
volcanic districts of southern Italy, referring in particular to
Naples Bay.

Another aim of this paper is to produce a qualitative
correlation of the seismo-stratigraphic data with marine
magnetics already recorded both in the Gulf of Pozzuoli
(Galdi et al. 1988) and in the Phlegrean Fields offshore
(Secomandi et al. 2003; Aiello et al. 2004) better con-
straining the volcanic nature of some seismic units recog-
nized through seismic stratigraphy. Significant interest will
be focused on the interpretation of high-resolution multi-
channel seismic profiles coupled to maps of total magnetic
field in order to contribute to the understanding of volcanic
structures in the Gulf of Pozzuoli and the reconstruction of
the Late Quaternary geological setting of the investigated
area.

Fig. 1 Shaded relief map of the

A correlation with the terrestrial geology of the Phlegrean
Fields has been attempted in order to highlight tectonic and
magmatic implications in the geological evolution of the
Phlegrean Fields volcanic complex, intensively studied
through field geology (Morhange et al. 2005; Bellucci et al.
2006; De Natale et al. 2007; Bodnar et al. 2007).

The Gulf of Pozzuoli, offshore of the Phlegrean Fields
volcanic complex (Naples Bay, southern Tyrrhenian Sea) is
an inlet with limited dimensions, bounded seawards by
several submerged volcanic banks (Pentapalummo Bank,
Nisida Bank, Miseno Bank; Fig. 1).

The morphological sketch map of the Pozzuoli Bay
shows several offshore morphological units, including the
inner continental shelf, the central basin, the submerged
volcanic banks and the outer continental shelf (Fig. 2). The
inner shelf is positioned in the northern sector of the gulf,
whose shelf break occurs at about 50 m water depth. It
grades through a weakly inclined slope to a central basin,
developed at about 100 m water depth. The basin is
bounded seawards by a belt of submarine volcanic highs.
Proceeding seawards, the outer continental shelf has an
average gradient of 1 % and reaching at the shelf-slope
break a water depth of 140-160 m (Fig. 2).

The Phlegrean Fields is an active volcanic center near
Naples, Italy (Fig. 3). Numerous eruptions have occurred
here during the Quaternary (Fig. 3) and repeated episodes
of slow vertical ground movement (bradyseism) have been
documented since Roman times. Vertical ground move-
ments have been observed since the nineteenth century,
when the sea-level marks left on the ruins of a Roman
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Fig. 2 Sketch morphological 4520500
map of the Pozzuoli Bay
(modified after De Pippo et al.
1984)
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market (“Serapeo”) in the Pozzuoli town indicate a gradual
subsidence of the area (Dvorak and Mastrolorenzo 1991;
Morhange et al. 2005).

Detailed ground levelling carried out in the area showed
that the maximum subsidence happened in the town of
Pozzuoli, regularly decreasing alongshore toward the east
and west (Berrino et al. 1984). The downward movement
of the ground continued up to 1968, when it started to
reverse.
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Two main episodes of soil rising (relative to the earth’s
surface) involving the Pozzuoli area during the periods
1970-1972 and 1982-1984 have accounted for uplift, cal-
culated with respect to the previous levelling, respectively
of 170 and 182 cm at the point of maximum deformation
(Berrino et al. 1984). The geometrical shape of the uplift
resulted opposite with respect to that one of the falling
observed since the 1968, with a maximum centered on the
town of Pozzuoli and a regular decrease of the deformation
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Fig. 3 Volcano-tectonic sketch
map of the Phlegrean Fields
volcanic complex (modified
after Rosi and Sbrana 1987)
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toward the caldera rims. The downward movement should
be connected with the normal compaction of the pyro-
clastic products filling the caldera depression (Berrino et al.
1984) or alternatively with the draining of the underlying
magma chamber.

Recent vertical crustal movements of the Phlegrean
Fields caldera based on ancient coastal ruins have been
reconstructed (Dvorak and Mastrolorenzo 1991; Morhange
et al. 2005). Geologic history of rapid sea level movements
and deformation in the Phlegrean Fields is recorded at the
Serapis Roman marketplace, where it is inferred by several
documents (Dvorak and Mastrolorenzo 1991; Morhange
et al. 2005). Three marble columns at Serapis showed
evidence of once being submerged at least 7 m, then
uplifted at a similar amount. Based on the elevation of
other coastal ruins near Serapis, Dvorak and Mastrolorenzo
(1991) estimated that the maximum amount of subsidence
at Serapis has been 12-17 m. Two periods of uplift have
been reconstructed, the first one a few decades before the
1538 eruption in the Phlegrean Fields and the other one in

@ Springer

two distinct episodes, the first one from 1969 to 1972 and
the second one from 1982 to 1984. Later, radiocarbon-
dated biological indicators on the pillars of the Roman
market have shown three 7 m relative sea level highstands,
respectively during the fifth century, the early Middle
Ages, and before the 1538 eruption of Monte Nuovo
(Morhange et al. 2005). These repeated uplift and subsi-
dence cycles, not always followed by volcanic activity,
have important implications for the evaluation of the vol-
canic hazard (Morhange et al. 2005).

During the spring of 1983, several months after the
beginning of the phase of uplift, a seismic crisis started
(Del Pezzo et al. 1987). The earthquakes happened mostly
in the coastal region surrounding Pozzuoli. Some deep
earthquakes occurred in Naples Bay, while no event was
localized under the Phlegrean Fields. The hypocenters were
localized at depths varying from hundred of meters to as
deep as 5 km. The maximum recorded magnitude was 4
(Richter scale) and the higher-energy events occurred in
correspondence with the normal faults bordering the
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margins of the Phlegrean caldera (Del Pezzo et al. 1987,
Florio et al. 1999; Rapolla et al. 2002).

Different models have been proposed to explain the
ground deformation in the Phlegrean Fields volcanic
complex. A purely mechanical model has attributed the
episodes of uplift to the intrusion of magma at shallow
depths (Corrado et al. 1976; Berrino et al. 1984; Bonafede
et al. 1986; Bianchi et al. 1987). An alternative model has
considered the uplift to be a result of warming and pore
expansion of the water (Oliveri Del Castillo and Quag-
liariello 1969; Casertano et al. 1976). Other models have
suggested that the uplift mainly derives from fluid-dynamic
processes in a geothermal system located at shallow depths
(Bonafede 1990; De Natale et al. 1991). Ground defor-
mation and seismicity are related with the occurrence of a
strong hydrothermal activity, concentrated at the Solfatara
vent, where the CO, and H,O fluxes are intense, probably
representing a magmatic degassing (Chiodini et al. 2001;
Caliro et al. 2007).

Alternative models have been proposed (De Vivo and
Lima 2006; De Vivo et al. 2007; Bodnar et al. 2007),
explaining the bradyseism according to a new hydrother-
mal model, based on the analogy between the mineralized
systems of “porphyry” type (Burnham 1979; Fournier
1999) and the geothermal system of Phlegrean Fields. The
fluid inclusions entrapped in the crystals of the Phlegrean
rocks show the occurrence of different mineral phases,
which cannot be mixed, during the magmatic evolution of

the volcanic complex. The fluids derived from a deep
magma in mixing underwent a strong lithostatic pressure
for a long-lasting geologic time interval. Consequently,
they produced an overpressure confined by an impermeable
layer, which caused an uplift of the overlying rocks
(positive bradyseism). After the maximum uplift, coinci-
dent with seismicity, a pressure release apparently occur-
red, starting the subsidence phase (negative bradyseism).

Data and methods

A grid of Sparker Multitip seismic profiles recorded in the
Gulf of Pozzuoli in the frame of research projects of sub-
marine geologic cartography has been interpreted to give
new insights on seismic stratigraphy of Pozzuoli, i.e., the
submarine elongation of the Phlegrean Fields volcanic
complex. It consists of seven seismic sections; four of them
have a ESE-WNW trend and cover the whole bay (L71_07,
L70_07, L69_07 and L68_07). Two perpendicular sec-
tions, N-S trending (L73_07 and L74_07) have provided
significant cross-points for seismic interpretation. The
navigation map of the interpreted sections in the Gulf of
Pozzuoli is shown in Fig. 4.

The survey was conducted using a multielectrode spar-
ker system (SAM96 model). The advantages of the Mul-
titip Sparker include shorter pulse lengths for an equivalent
energy discharge, as well as an increase in peak pressure,
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i.e., the amplitude of the outgoing acoustic wave. The
sparker source used in this survey generated 200 J in the
200-2,000 Hz frequency range.

Ship positioning was determined using a GPS system
with a positioning accuracy of 1 m. All seismic sections
were recorded graphically on continuous paper sheets with
a vertical recording scale of 0.25 s. The best vertical res-
olution was approximately 1 m for the sparker data.

This seismic grid covering Pozzuoli Bay facilitated
stratigraphic correlations between seismic sections and
revealed detailed structural and stratigraphic variations
along the seismic lines.

Sparker seismic sources can generate seismic energy to
investigate the continental margins when there are near
surface or deep-towed (10-50 m beneath the sea surface).
Sparker systems can produce low-frequency acoustic wave
(the maximum frequency contained in the spectrum of
acoustic signal is approximately 2,000 Hz) that can pene-
trate several hundred meters of sediment.

In particular, the SAM 96 Sparker source is character-
ized by a varying number of electrodes that can be dis-
posed as “dual-in line” (SAM96) and “planar array” multi
electrode electro- acoustic source (SAM 400/800; Corradi
et al. 2009). Recently, by means of Multi-tip SAM 96
(0.1-1 KkJ), SAM400 (14 kJ) transducer it was possible to
record high resolution seismic data in the Bay of Naples
both in coastal and deep sea research (Corradi et al. 2009).

Other Multitip Sparker systems have been developed
and their potentiality to make high resolution seismic
profiling in deep waters has been discussed (Rutgers and de
Jong 2003). The characteristics of the Multitip sparker
sources have been measured in laboratory using different
arrangements of the capacitive energy storage and salinity
of water.

The applied stratigraphic subdivision derives from the
type of data utilized in marine geology (reflection seismics)
and by the methods of seismic interpretation (high reso-
lution sequence stratigraphy). The geological structures
recognized through seismic interpretation are acoustically
transparent volcanic units, representing the rocky acoustic
basement and the systems tracts of the Late Quaternary
depositional sequence (Fabbri et al. 2002). The seismo-
stratigraphic analysis has allowed us to characterize
depositional systems, respectively reflecting sea-level fall
(Falling Sea Level System Tract; Helland Hansen and
Gjelberg 1994), sea-level lowstand (Lowstand System
Tract) and related internal subdivisions (Posamentier et al.
1991), transgressive phase (Transgressive System Tract;
Posamentier and Allen 1993; Trincardi et al. 1994) and the
highstand phase of sea level (Highstand System Tract;
Posamentier and Vail 1988).

Significant correlations between geophysical data
come from the comparative analysis of seismic and
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magnetometric datasets. A magnetometer usually measures
the strength or direction of the Earth’s magnetic field. This
last can vary both temporally and spatially for various
reasons, including discontinuities between rocks and
interaction among charged particles from the Sun and the
magnetosphere. The proton precession magnetometer was
largely used to explore magnetic anomalies in the Bay of
Naples. Interesting examples of magnetic data acquisition
related in the Bays of Pozzuoli and Naples are reported by
Galdi et al. (1988) and Aiello et al. (2004). For a detailed
analysis of the magnetic anomaly field of the volcanic
district of the bay of Naples, see Secomandi et al. (2003).

Magnetic survey of the Gulf of Pozzuoli has been
recorded using an acquisition system allowing for the
contemporaneous acquisition of magnetic (proton magne-
tometer) and positioning (differential GPS) data hosted on
a little boat (Galdi et al. 1988). During this period 994
positions of Earth Magnetic Field (EMF) have been col-
lected in the Pozzuoli Bay (Fig. 5). The survey has been
realized through a proton magnetometer, G-856 model
(Geometrics Inc.), having a precision of reading of 0.1 nT
and an accuracy of 0.5 nT. The positioning of measure-
ments was ensured by a short range differential system
GPS-Motorola III. The measurements have been collected
along N-S oriented tracks, having an average distance
ranging between 200 and 300 m.

During the days of magnetic acquisition the check of the
magnetic data furnished both by the Capri station and by the
L’ Aquila Geomagnetic Observatory (Masci et al. 2008) has
evidenced the absence of significant short-period magnetic
perturbations. The data have not been corrected for the diurnal
correction of the Earth Magnetic Field intensity, since the
measurements have been collected in a few hours, during
which the Earth Magnetic Field variations, evidenced by the
base station of Capri island, were insignificant.

Magnetic data offshore of the Phlegrean Field volcanic
complex have been recorded using a G811 Proton Mag-
netometer (Aiello et al. 2004, 2005). The sensor was placed
in a towed fish generally at 200 m from the ship and 15 m
below the sea surface; the depth of the magnetometer was
regularly controlled and recorded. The cruising speed did
not exceed 6 knots. The data were sampled at 3 s, which
corresponds to an average spatial sampling rate of about
6.25 m. Accurate magnetic data processing was performed
to preserve data information contents. For further details on
the magnetic data processing see Siniscalchi et al. (2002)
and Aiello et al. (2004).

Geo-volcanologic setting

The Phlegrean Fields are a volcanic district surrounding the
western part of the Gulf of Naples, where volcanism has
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been active since at least 50 ka. They correspond to a
resurgent caldera (Rosi and Sbrana 1987; Di Vito et al.
1999; Nunziata et al. 1999; Orsi et al. 2002, 2009;
D’Argenio et al. 2004; Deino et al. 2004; Milia and
Torrente 2007; Blockley et al. 2008) with a diameter of
12 km (Phlegrean caldera) resulting from the volcano-
tectonic collapse induced from the eruption of pyroclastic
flow deposits of the Campanian Ignimbrite (35 ka). Coastal
sediments ranging in age from 10 to 5.3 ka crop out 50 m
above sea level in the marine terrace of La Starza (Gulf of
Pozzuoli), indicating a volcano-tectonic uplift of the cal-
dera center (Dvorak and Mastrolorenzo 1991; Morhange
et al. 2005).

Monogenic volcanic edifices representing the offshore
rim of the caldera center (Pentapalummo Bank, Miseno
Bank, Nisida Bank; Fig. 1) are well known from a geo-
logical and volcanological point of view (Aiello et al. 2001,
2005; Milia 2010). These banks represent relict volcanic
morphologies characterized by polycyclic erosional
surfaces cropping out at the sea floor, eroding volcanic

deposits and covered by Holocene sediments, highly
varying in thickness (Fig. 6).

The geological setting of the Phlegrean Fields and their
stratigraphy have been summarized by Rosi and Sbrana
(1987). The Quaternary volcanic area of the Phlegrean
Fields is located in a central position within the graben of
the Campania Plain (D’Argenio et al. 1973; Bigi et al.
1992). The main structural element is represented by a
wide caldera (the Phlegrean caldera—Fig. 3), individu-
ated after the volcano-tectonic collapse following the
emplacement of the Campanian Ignimbrite, a large pyro-
clastic flow, which covered the whole plain about 35 ka
(Barberi et al. 1978; Rosi et al. 1996, 1999; Civetta et al.
1997; Pappalardo et al. 1999; Signorelli et al. 2001; Fedele
et al. 2002, 2008; Rolandi et al. 2003; Marianelli et al.
2006; Pyle et al. 2006). Within the Phlegrean caldera and
along its margins, the volcanic activity continued into
historical times.

The pre-calderic volcanic activity developed in corre-
spondence with small and scattered volcanic centers,
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Fig. 6 Sketch qualitative a
stratigraphic diagrams across

the Banco di Pentapalummo and
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erupting trachytic pyroclastics and lavas. The correspond-
ing outcrop located at M.te di Procida coastal cliff (Fig. 3)
exhibits a thick subaerial pyroclastic sequence with several
interbedded paleosols. It includes four main pumice fall
beds, a welded pyroclastic flow deposit, and dark lapilli
and ashes erupted by the Fiumicello volcanic center
(Procida island).
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The post-calderic volcanic activity developed during
four main phases, individuated through radiometric age
determinations and paleogeographic evolution, in a time
interval spanning from 35 ka to historical times. The oldest
one (35-11.5 ka) has been established based on deep well
stratigraphy in the Phlegrean area (Mofete and San Vito
geothermal areas; Figs. 7, 8) and includes thick submarine
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Fig. 7 Sketch stratigraphic WEST
section of the Mofete

geothermal area in the

Phlegrean Fields (Gulf of

Pozzuoli; modified after Rosi

and Sbrana 1987)
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volcaniclastic deposits (tuffites) interlayered with minor
lava bodies, covered by large outcrops of yellow tuffs,
reaching their maximum thickness in the city of Naples
(Neapolitan Yellow Tuff; Scarpati et al. 1993). Stratified
yellow tuffs form the proximal facies of typical tuff-cones
cropping out in the surroundings of Naples and Pozzuoli
towns. The Neapolitan Yellow Tuffs crop out mainly in the
peripheral areas of the Phlegrean caldera and have been
erupted by several volcanic centers. A number of vents
have been identified in field outcrops of the town of Naples.

POZZUOLI

0 3 km

The second, third and fourth eruptive phases spanned from
10.5 ka to A.D.1538 and were mainly subaerial. The cor-
responding volcanic deposits are separated by well strati-
fied paleosols, emplaced within the caldera and along its
outer margins (Deino et al. 2004; Pabst et al. 2008).
Among the main volcano-tectonic structures of the
Phlegrean Fields there is La Starza terrace (Rosi and
Sbrana 1987; Fig. 3), a marine terrace near the centre of the
caldera, characterized by littoral deposits overlain by thin
subaerial pyroclastic deposits. It is articulated into two
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Fig. 8 Sketch stratigraphic
section of the San Vito
geothermal area (Gulf of 10
Pozzuoli; modified after Rosi
and Sbrana 1987)

+-600m

+-800m

~1000m

-+1200m

—+1400m

-+1600m

~1800m

+2000m

+2200m

~2400m

+-2600m

52 Latitic scoriae and pumices (Montagna Spaccata)
Gauro’s yellow tuff - Post caldera activity
Chaotic tuffites - Post caldera activity
Chaotic tuffs - Subaerial environment
- Trachytic lavas - Lava domes - Pre-caldera period
E=2 rtuffites, tuffs and lavas interbedded (Submarine environment)

levels separated by a step; the upper one, on which the
town of Pozzuoli is superimposed, reaches a height of
50-54 m, while the lower one developed at 40 m.

A sketch geomorphic map of the Pozzuoli area has also
been constructed to improve the geological knowledge of
the onshore area (Fig. 9). The main morphological linea-
ments are the lava domes, the crater rims, the collapse rims,
the Late Holocene sea cliff, the Middle Holocene sea cliff,
the faults older than marine ingression, the faults affecting
the La Starza terrace, the rims of subaerial terraces and the
local elevation of terraces. The Holocene marine terrace of
La Starza is bounded by an abandoned sea cliff (Cinque
et al. 1985, 1997). The succession exposed in this cliff
overlies a volcanic substratum of yellow tuffs, including
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Incoherent pyroclastic rocks - Post caldera activity

Silts and sandstones interbedded (Submarine environment)

GULF OF
POZZUOLI

fossiliferous littoral deposits alternating with subaerial
pyroclastic deposits and paleosols (Cinque et al. 1985,
1997). The lowest marine interval exposed in the cliff has
been radiometrically dated at 10.5 ka (Insinga et al. 2002);
an overlying paleosol gave an age of about 8 ka and the
uppermost beach deposits an age of 4.6 ka. The continental
intervals of the succession were deposited during periods of
uplift having rates greater than sea-level rise. The final
uplift of the terrace (about 30 m in a few centuries) was
probably related to the caldera resurgence, accompanying
the onset of a new period of strong volcanic activity of the
Phlegrean Fields (Cinque et al. 1997; Insinga et al. 2002).

The stratigraphic study of five deep cores drilled in the
Gulf of Pozzuoli along with the radiometric age dating
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(**C AMS) of two peat layers and a number of geotech-
nical tests allowed for the reconstruction of the strati-
graphic framework and the determination of physical and
mechanical properties of the Holocene succession beneath
the sea floor (Insinga et al. 2002).

The Holocene succession is characterized by transgres-
sive volcanic sandy deposits, including a thick pyroclastic
unit. Samples collected from the peat layers yelded radio-
metric ages of 3560 and 7815 cal year B.P. (Insinga et al.
2002). This suggested a correlation between the cored peat
layers and two paleosols documented on land that are
associated with periods of quiescence during the volcanic
activity of the Phlegrean Fields. The Holocene deposits can
be correlated with distinct seismo-stratigraphic units iden-
tified in the subsurface of the southern and central sectors
of Pozzuoli Bay. They can be also correlated with the
section cropping out onshore, along the erosional slope of
La Starza terrace, where the marine Holocene sequence has
been uplifted about 40 m above sea level in the last few
thousand years (Insinga et al. 2002).

Results

Seismic stratigraphy of the Gulf of Pozzuoli
and Phlegrean Fields volcanic complex offshore

A sketch stratigraphic diagram of the Late Quaternary
depositional sequence has been constructed based on
Sparker seismic profiles in order to show the stratigraphic
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relationships between the Quaternary volcanic units, the
submerged border of the Phlegrean Fields caldera, and the
overlying Late Quaternary marine and coastal deposits in
Pozzuoli Bay (Fig. 10).

A volcanic acoustic basement (represented in red;
Fig. 10) correlates with the volcanic units of the Penta-
palummo Bank, a wide relict volcanic edifice located on
the outer shelf of Pozzuoli Bay. These volcanites should be
genetically related with the pre-caldera volcanic activity
(Rosi et al. 1996, 1999) and deposited before the
emplacement of the Neapolitan Yellow Tuff (12 ka; Pabst
et al. 2008). A pyroclastic unit (represented in pink;
Fig. 10) accumulated in lowered zones on the flanks of the
bank and is younger than the establishment of the volcanic
bank. The unconformity located at the top of the pyro-
clastic unit is probably related to the Wurmian regression
(18 ka) and marks the base of the Late Quaternary depo-
sitional sequence. Thick regressive prograding deposits
(Lowstand System Tract; represented in yellow; Fig. 10)
have been recognized on the southeastern flank of the bank,
where oblique progradational patterns prevailed. The
trangressive deposits (represented in green; Fig. 10) have
been identified on both flanks of the bank as wedge-shaped
seismic units. They are represented by coastal, deltaic, and
continental-shelf deposits, characterized by retrograda-
tional patterns of the seismic reflectors.

Bidirectional onlaps of the seismic sequence have been
identified on the northwestern flank of the bank. The
highstand deposits are composed of prograding sequences
on the northwestern flank of the bank with downlap
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Fig. 10 Sketch stratigraphic diagram of the Late Quaternary depositional sequence in Pozzuoli Bay

terminations grading to parallel reflectors corresponding
with the buried volcanic edifice adjacent to the Miseno
Cape (Fig. 10).

Lowstand deposits of the Late Quaternary depositional
sequence formed between the beginning of the sea level
fall, after the highstand phase concluding at 128 ka (iso-
topic stage 5e) and the lowstand phase of 18 ka (isotopic
stage 2; Martinson et al. 1987; Shackleton et al. 2003),
during which the shoreline was located at —120/130 m
with respect to the present-day shoreline. The beginning of
the sea level fall could be located in a time interval ranging
between 110 and 80 ka. Transgressive deposits developed
after the lowstand of the isotopic stage 2, particularly in the
Adriatic Basin (Trincardi et al. 1994). The rising was very
rapid and culminated at 6 ka with the maximum marine
ingression, while the successive highstand phase is still in
course. This eustatic cycle is not symmetrical, since the sea
level lowstand lasted more than the 80 % of the overall
duration (Hunt and Gawthorpe 2000).

Assuming an average duration of the last eustatic cycle
of 100 ka, the phase of sea level fall develops in a time
interval of 82 ka (deposition of the Forced Regression
System Tract/Lowstand System Tract), while the phase of
rapid rising and that one of highstand lasted, respectively
12 ka (deposition of the Transgressive System Tract) and
6 ka (deposition of the Highstand System Tract).

The seismic profile L68_07 (Fig. 11) running from the
western continental shelf of Pozzuoli Gulf and Nisida
island has been interpreted to show main stratigraphic and
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structural features of Pozzuoli Gulf, reported in the geo-
logical interpretation (in the low inset of Fig. 11).

A sketch stratigraphic table represents the key to the
geological section of Fig. 11 and describes the main
characteristics and possible chronostratigraphic attribution
of the seismic units based on the stratigraphic relationships.
Large compressional features have been individuated on
the seismic section, i.e., the Punta Pennata anticline, the
central syncline of Pozzuoli Gulf and the Nisida anticline
(Fig. 11). The structural lineaments involved in deforma-
tion of the volcaniclastic unit V3 (Fig. 11) have been
produced by compressional events genetically related to
tectonic and magmatic events involving the Phlegrean
Fields during the Late Quaternary.

The Pozzuoli marine and volcanic sequences have been
deformed by kilometer-scale folding during a main com-
pressional event, probably due to tectonic inversions of the
basin, already documented on the Tyrrhenian margin
(Sartori et al. 2004; Jolivet et al. 2006; Gaullier et al.
2010). Based on seismo-stratigraphic evidence the uplift of
the marine terrace of “La Starza”, on which the town of
Pozzuoli is located (Dvorak and Mastrolorenzo 1991;
Morhange et al. 2005), and the formation of an erosional
platform on the inner Pozzuoli continental shelf are linked
to an anticlinal crest, while the present basin depocenter is
located on a syncline (Fig. 11). These folds formed during
the deposition of the seismic sequence G3 (Fig. 11), as
evidenced by wedging geometries of the seismic unit and
overall thinning toward the hinge of the anticline.



Mar Geophys Res

ESE fix o 2 L687 3 L7448 s 6 7 e JWNW
western continental Nisida island if — _ i
shelf of the Pozzuoli Gulf ' |"(Naples) . t R 4

80 Sy, ]
. e Il S

o i ey t

R r L GuLr !

£ I OF POZZUOLI
R | (——— |

s s e

Punta Pennata
anticline

-central syncline
of the Pozzuoli Gulf

Nisida |
anticline

- Highstand deposits
- Transgressive deposits

% Sedimentary unit composed of clastic deposits

(4 ka)

@ Qﬁf’“lpyroclastic deposits of the Neapolitain Yellow

e Tuff (12 ka); PC: tuff cones of the Nisida complex

Fig. 11 Seismic profile L68_7 in the Pozzuoli Gulf and correspond-
ing geologic interpretation. Note the occurrence of a wide antiformal
structure, composed of the Punta Pennata and Nisida anticlines,
distinguishing respectively the western and eastern continental

Eight seismic units have been distinguished through
seismo-stratigraphic analysis (Fig. 11). The oldest one (V3
in Fig. 11) is a volcaniclastic unit related to the northern
margin of the Pentapalummo Bank, characterized by dis-
continuous seismic reflectors. It is intensively deformed in
correspondence to Punta Pennata and Nisida anticlines,
separated by the central syncline of the Pozzuoli Gulf. The
overlying unit (G3 in Fig. 11), probably composed of
clastic deposits based on its seismic facies, is characterized
by discontinuous-parallel reflectors and synsedimentary
wedging and growth contemporary with folding. The “dk”
unit distinguishes volcanic dykes, categorized by acousti-
cally transparent vertical bodies, locally bounded by nor-
mal faults. The G2 unit, probably composed of clastic
deposits based on its seismic facies, is characterized by
parallel seismic reflectors.

A wedge-shaped seismic unit, genetically related to the
Neapolitan Yellow Tuff (12 ka; Scarpati et al. 1993) has

Sedimentary unit composed of clastic deposits (8-4
ka)

Volcanic dykes

= Sedimentary unit composed of clastic deposits (12-8 ka)

- Volcaniclastic unit related to the northern margin of the

Pentapalummo Bank

shelves of the Gulf of Pozzuoli and of the central syncline of the
Gulf of Pozzuoli. Volcanic dykes, characterized by sub-vertical
volcanic bodies, acoustically transparent and locally bounded by
normal faults have been identified through seismic interpretation

been identified from the central Pozzuoli Gulf to Nisida
(Fig. 11). It interstratifies with tuff cones located next to
Nisida island (Naples town) and is genetically related to the
Neapolitan Yellow Tuff (Nisida volcanic complex; Milia
and Torrente 2000; Fig. 11). Here transgressive and high-
stand deposits have also been identified.

Wide compressional lineaments have been identified on
the L70 profile, including the Punta Pennata anticline and
the central Pozzuoli syncline (Fig. 12), deforming the V3
seismic unit.

Strong wedging and growth of G3 and G2 units suggest
their synsedimentary nature (Fig. 12).

Seven seismic units have been distinguished through
seismo-stratigraphic analysis (Fig. 12). The oldest one (V3
in Fig. 12) is a volcaniclastic unit related to the northern
margin of the Pentapalummo Bank, eroded at its top and
deformed in correspondence with the Punta Pennata anti-
cline. The overlying unit (G3 in Fig. 12) is a thick seismic
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Fig. 12 Seismic profile L70_7 in the Pozzuoli Gulf and corresponding geological interpretation. The profile has crossed part of the Punta

Pennata anticline and the central syncline of the Pozzuoli Gulf

sequence characterized by parallel seismic reflectors.
Together with the overlying unit G2, having the same
seismic characteristics, the unit constitutes the main bulk of
the filling in the Gulf of Pozzuoli, being about 0.6 s (twt)
thick, corresponding to 510 m (v = 1,700 m/s). Lowstand
deposits have been identified on the inner shelf, charac-
terized by prograding reflectors, erosionally truncated at
their top (Fig. 12). Transgressive and highstand deposits
also occur (Fig. 12).

The interpretation of the seismic profile L69_07,
running from Nisida island (Naples) toward the western
Pozzuoli shelf has allowed us to distinguish eight seismo-
stratigraphic units (Fig. 13). The deepest one is the previ-
ously described V3 volcaniclastic unit (Fig. 13), deformed
in correspondence with the Nisida and Pozzuoli anticlines.
It is overlain by the already described G3 unit. A wide
palaeo-landslide (Isll on Fig. 13) overlies the two units
towards Naples. The G2 unit is overlain by another fossil
landslide (Isl2 on Fig. 13). The G1 unit shows lateral
variation with the highstand deposits toward Pozzuoli,
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while toward Naples it grades into the lowstand and
transgressive deposits (Fig. 13).

The seismic profile L71_07 (Fig. 14) has crossed the east—
west trending continental shelf of Pozzuoli Gulf. The shallow
water depths allowed for a very superficial seafloor multiple
reflection. Here only the marine seismo-stratigraphic units
have been identified, but not the underlying volcanic sub-
stratum (Fig. 14). The G3 unit appears to be folded in corre-
spondence with the central syncline of the Gulf of Pozzuoli
(Fig. 14). On the continental shelf the unit is deformed by
normal faults having little vertical throw (Fig. 14). The
occurrence of normal faults is not inconsistent with the folding
observed in this region based on seismic interpretation, since it
represents an area of active transtensional tectonics and vol-
canism (Milia and Torrente 2000).

The seismic profile L72_7 crosses the western inner
continental shelf of the Gulf of Pozzuoli toward the eastern
sector in correspondence with the town of Baia (Figs. 5,
15). An isolated outcrop of the V3 volcaniclastic unit has
been identified off Baia (Figs. 5, 15). It is probably
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Fig. 13 Seismic profile L69_7 in the Pozzuoli Gulf and correspond-
ing geological interpretation. The antiformal structure composed of
the Nisida and Pozzuoli anticlines, separated by the central syncline

bounded by normal faults and is limited on both sides by
marine deposits. These units extend as far as the inner
shelf, where they are deformed by normal faults. Highstand
deposits are well developed and characterized by progra-
dational seismic reflectors.

The seismic profiles L73_7 and L74_7 trend north—
south. The line L73_7 runs from the inner to the outer shelf
in correspondence with the Capo Miseno tuff cone (Figs. 4,
16). The seismo-stratigraphic analysis has allowed us to
identify the V3, G1, G2 and G3 units. On the inner shelf
the V3 unit is folded by the Punta Pennata anticline, and is
slightly deformed by normal faulting. The corresponding
syncline is located in the central basin of the Gulf of
Pozzuoli, where the G3 unit reaches its depocenter. The G2
and G1 seismic units exhibit parallel seismic reflectors and
constant thickness (Fig. 16).

The seismic profile L74_7 runs from the inner shelf off
Pozzuoli to the eastern outer shelf off Pozzuoli (Fig. 17).
Six main seismo-stratigraphic units have been identified

tary unit comy 1 of cl

of the Gulf of Pozzuoli has been recognized. Wide palaeolandslides
occur in the stratigraphic record of the eastern continental shelf of the
Gulf of Pozzuoli

through geological interpretation. The structural pattern of
the V3 unit is characterized by two large anticlines (Punta
dell’Epitaffio anticline and Punta Pennata anticline),
intensively deformed by normal faulting, separated by a
syncline, corresponding to the central Pozzuoli Gulf
(Fig. 17). Two volcanic dykes correspond to sub-vertical
volcanic bodies, acoustically transparent and locally
bounded by normal faults. A palaeolandslide, characterized
by a wedge-shaped external geometry and chaotic seismic
reflectors, seems to be older than the emplacement of the
G3 seismic unit (Fig. 17). The G3, G2 and G1 seismic units
have also been recognized (Fig. 17).

The seismic stratigraphy offshore of the Capo Miseno
volcanic edifice, which bounds the eastern flank of the Gulf
of Pozzuoli, has been studied through the geological
interpretation of the seismic profile L67_7 (Fig. 18). A
tentative land-sea correlation of the volcanic sequences of
Capo Miseno has been attempted based on seismo-strati-
graphic criteria (Fig. 18).
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Fig. 14 Seismic profile L71_7 in the Pozzuoli Gulf and corresponding geological interpretation. The profile crosses the inner shelf of the gulf
from Bacoli to Pozzuoli. Marine seismic units are significantly deformed by normal faults having little vertical throw

The Capo Miseno volcanic edifice is composed of
stratified yellow tuffs, i.e., the “Bacoli-Isola Pennata-Capo
Miseno” yellow tuffs (Rosi and Sbrana 1987). The field
observations here reported have been carried out by Rosi
and Sbrana (1987). These units consist of pumiceous tuffs
regularly stratified and very highly lithified. The mass is
formed by layers of pumice set in an altered ashy matrix,
frequently vesiculated and pisolitic. Layers are medium to
thickly bedded, and are poorly sorted with stratification
ranging from subparallel to low-angle cross-bedding. At
Capo Miseno tuff cone sedimentary structures include
gravity flowage ripples and slumping. Volcanological field
evidence suggests the emplacement of muddy material
from wet eruptive clouds resulting from hydromagmatic
activity (Rosi and Sbrana 1987). The presence of both
massive and cross-bedded layers suggests the emplacement
throughout the eruption of alternating pyroclastic flow and
wet surges. The thickness above sea level is around 150 m
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for Capo Miseno and 20-30 m for Isola Pennata and Bacoli
(Rosi and Sbrana 1987).

A thick volcanic seismic unit, acoustically transparent
and exposed over a large area, has been identified offshore
the Capo Miseno volcanic promontory (Fig. 18). The unit
is interpreted as genetically related to the yellow tuffs
cropping out at Capo Miseno, Bacoli and Isola Pennata,
deposited during the post-caldera volcanic activity of the
Phlegrean Fields volcanic complex (35-10.5 ka; Rosi and
Sbrana 1987). In correspondence with the Miseno volcanic
edifice the unit is deformed by normal faults, putting it in
lateral contact with a thick pyroclastic unit (pyrl in
Fig. 18). The pyroclastic unit, uncertain in attribute, is
characterized by discontinuous and sub-parallel seismic
reflectors, deposited in a structural depression under the
volcanic edifice of Capo Miseno. The pyroclastic unit is cut
by a volcanic dyke, represented by an acoustically trans-
parent and sub-vertical volcanic body (Fig. 18).
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Fig. 15 Seismic profile L72_7 in the Pozzuoli Gulf and correspond-
ing geological interpretation. The profile crosses the inner shelf of the
gulf from Pozzuoli to Baia. Marine seismic units are significantly

Both the seismic unit genetically related with the Ba-
coli-Isola Pennata-Capo Miseno yellow tuffs and the pyrl
unit are overlain by a younger pyroclastic unit (pyr2 in
Fig. 18). The pyroclastic unit, uncertain in attribute, is
characterized by discontinuous progradational to parallel
seismic reflectors, deposited from the offshore area sur-
rounding Capo Miseno to the Miseno bank.

The deposits of the Late Quaternary depositional
sequence have also been identified (Fig. 18). Lowstand
deposits are characterized by discontinuous and sub-par-
allel seismic reflectors, occurring in the Gulf of Pozzuoli
south of Capo Miseno (Fig. 18). Palaeolandslide deposits
(Isll in Fig. 18), characterized by chaotic reflectors and

Volcaniclastic unit related to the northern margin
of the Pentapalummo bank

o~ Sedimentary unit composed of clastic deposits

Sedimentary unit composed of clastic deposits

| Sedimentary unit composed of clastic deposits (12-8 ka)

deformed by normal faults having a little vertical throw. An isolated
outcrop of the V3 volcaniclastic unit has been recognized

locally incised by palaeochannels, are interstratified with
the lowstand deposits. Transgressive deposits, branded by
retrogradational seismic reflectors and highstand deposits,
distinguished by progradational seismic reflectors, have
been recognized close to the Capo Miseno volcanic edifice
(Fig. 18).

Marine magnetics of the Gulf of Pozzuoli
Magnetic measurements for exploration are acquired from
the ground, in the air, on the ocean, in space and down

boreholes, covering a large range of scales and for a wide
variety of purposes. Measurements acquired from all
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Fig. 16 Seismic profile L73_7 in the Pozzuoli Gulf and corresponding geological interpretation. On the inner continental shelf of the eastern
gulf of Pozzuoli the profile has crossed the Punta Pennata anticlinal structure

instruments focus on variations in the magnetic field pro-
duced by lateral variations in the magnetization of the crust
(Nabighian et al. 2005).

In geological interpretation of magnetic data, knowledge
of rock magnetic properties for a study area requires an
understanding of both magnetic susceptibility and rema-
nent magnetization. Factors influencing rock-magnetic
properties for various rock-types have been summarized by
Reynolds et al. (1990) and Clark and Emerson (1991).

The aeromagnetic anomaly map of Italy produced by the
Agip oil company (Agip 1981) has been the best reference
point for many magnetic interpretations in this area to date.
The revised and recent version of a magnetic anomaly map
of Italy (Chiappini et al. 2000) outlines the lack of detailed
magnetic measurements in the area covered by our survey.
The map of Chiappini et al. (2000) is based on onshore
measurements collected in the frame of the CNR-Progetto
Finalizzato Geodinamica (1977-1981), while offshore
magnetic measurements have been collected by the
Osservatorio Geofisico Sperimentale (OGS; Trieste, Italy;
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1965-1972). The most important result of the magnetic
map published by Chiappini et al. (2000) is a new approach
to the interpretation of the magnetic signature associated
with the main regional tectonic structures in their geolog-
ical framework. There is a good regional correlation
between structural geology of shallow structures and
magnetic anomalies.

Several magnetic studies have been carried out in the
Neapolitan volcanic district (Nunziata and Rapolla 1987,
Secomandi et al. 2003; Paoletti et al. 2005). In particular,
Paoletti et al. (2005) presented a new detailed magnetic
map of the whole Neapolitan active volcanic district,
obtained by merging recently acquired airborne, land and
marine magnetic measurements. The analysis of this
magnetic dataset has enabled the characterization of the
main buried volcanic structures, providing a better under-
standing of the connection between tectonism and volca-
nism in the study area.

Magnetic anomaly maps provide insights for a better
understanding of the geologic, tectonic and geothermal
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Fig. 17 Seismic profile L74_7 in the Pozzuoli Gulf and correspond-
ing geological interpretation. The profile has crossed the eastern inner
shelf off Pozzuoli towards the eastern outer shelf off Pozzuoli. A

characteristics of an area, in particular for the volcanic
areas, where recent tectonic activity and volcaniclastic
deposits often cover important geological structures.

An interpreted map of the magnetic anomalies in the
Gulf of Pozzuoli has been constructed (Fig. 19; Galdi et al.
1988). The interpretation of the magnetic anomaly map of
the Gulf of Pozzuoli has allowed to distinguish areas
characterized by positive anomalies (represented in yellow;
Fig. 19) and areas characterized by negative anomalies
(represented in light yellow; Fig. 19). The inner continental
shelf of the Gulf of Pozzuoli is regarded as negative
magnetic anomalies. The area surrounding the Pozzuoli
harbour, from the Caligola pier to the Pirelli jetty, does not
show significant magnetic anomalies The area adjacent the
Lucrino-Punta Pennata resort is characterized by a negative
anomaly, increasing southward up to the magnetic mini-
mum located near the Baia Castle (—100 nT; Fig. 19).

Alternating magnetic maxima and minima have been
observed on the outer shelf (Fig. 19). An area of magnetic
maximum is located on a NE-SW oriented belt, about
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steep antiformal structure, probably down thrown by normal faults is
constituted of the Punta dell’Epitaffio and Punta Pennata anticlines,
separated by the central syncline of the Pozzuoli gulf

1.7 km long (Fig. 19). The inner shelf from Bagnoli to
Pozzuoli shows two strong magnetic anomalies, separated
by a thin belt having a normal magnetic value (Fig. 19).
Proceeding seaward, in the offshore region surrounding
Bagnoli, two magnetic minima (—40 and —60 nT) are
positioned, slightly E-W elongated, culminating with the
absolute magnetic minimum (—100 nT) near the Baia
Castle (Fig. 19).

Four magnetic sections, respectively NE-SW and NW-
SE oriented, have also been constructed (Figs. 20, 21;
Galdi et al. 1988). The magnetic section A—A’ (in the upper
inset of Fig. 20) runs from Punta Pennata to the town of
Pozzuoli (Via Napoli). The total magnetic intensity shows
a trending with a magnetic minimum of —80 nT in the
central area (corresponding to a water depth of 90 m) and a
magnetic maximum of 70 nT near the Pozzuoli shoreline
(Fig. 20).

The magnetic section B-B’ (in the lower inset of
Fig. 20), translated 2.4 km toward the southeast, shows,
starting from the southwest, a monotonous magnetic trend
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Fig. 18 Seismic profile L67_7 in the Pozzuoli Gulf and correspond-
ing geological interpretation. The profile runs from the Miseno
volcanic promontory to the eastern continental shelf off the Pozzuoli
gulf. A volcanic seismic unit, acoustically transparent, is genetically

up to the offshore surrounding Nisida, where a strong
increase of gradient occurs. The magnetic highs occurring
nearshore appear to be related not to the geology, but to the
occurrence of the industrial system of Bagnoli. This
industrial system has provoked a release in the environ-
ment mainly of metals derived by the burning of fossil
coals (oil fields, etc.) and by remnants of industrial pro-
duction, probably responsible for the observed magnetic
anomalies. As an alternative hypothesis, the hydrothermal
activity associated to the volcanic activity in the active
volcanic area of the Phlegrean Fields should have been
responsible for supplying in the environment of a large
amount of metallic elements, causing the magnetic anom-
alies (Bodnar et al. 2007; De Vivo et al. 2008).

The magnetic section C—C’ runs from the Pentapalummo
Bank in the Gulf of Pozzuoli to Punta dell’Epitaffio (in the
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Bacoli-Isola Pennata-Capo Miseno Yellow Tuffs

related to the Miseno-Bacoli-Isola Pennata yellow tuffs cropping out
at Capo Miseno, Bacoli and Isola Pennata, deposited during the post-
caldera volcanic activity (35-10.5 ka)

upper inset of Fig. 21). A strong magnetic anomaly fol-
lowed by a related maximum near Bagnoli is continued by
a minimum near the island of Nisida.

The magnetic section D-D’ runs from Nisida to the
historical centre of Pozzuoli (Rione Terra, in the lower
inset of Fig. 21). A magnetic minimum has been recog-
nized 1.2 km from Nisida; by continuing, the value of the
intensity rapidly increases to reach the maximum value of
60 nT near the Rione Terra of Pozzuoli.

Offshore of the Phlegrean Fields volcanic complex
significant magnetic anomalies are located in a belt of
submarine volcanic banks in the external part of the Gulf of
Pozzuoli (Fig. 22).

The map on the upper right in Fig. 22a shows that the
Phlegrean Fields offshore represents a relatively complex
magnetic anomaly area, characterized by several magnetic
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Fig. 19 Interpreted map of the 43?000
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magnetic anomalies in the Gulf
of Pozzuoli (modified after
Galdi et al. 1988). Note that the
Gulf of Pozzuoli represents an
area of negative anomaly,
exceeding some areas of
positive anomalies located off
Baia, Pozzuoli and Bagnoli and
some scattered positive
anomalies on the continental
shelf between Miseno and
Nisida
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anomaly fields with different intensity. Two dipolar
anomalies, categorized by a maximum-minimum couple,
have been identified. The first anomaly, E-W oriented and
located in the northernmost part of the area, shows a
minimum of —200 nT, associated with a maximum of
4185 nT. Such values, which are relatively not very high,
could be associated with volcanic bodies not cropping out
at the sea floor but buried by sediment. The second
anomaly, NW-SE oriented and located in the easternmost
part of the area, shows a maximum-minimum couple with a
relative intensity similar to that of the previously discussed
field. Besides these two magnetic anomaly fields, corre-
sponding to magnetic bodies and/or volcanic edifices, other
anomalies, not dipolar and of lower intensity, ranging
between 40 and 135 nT are due to the occurrence of small
volcanic edifices (Fig. 22).

A significant magnetic anomaly on the order of 150 nT
occurs at the Magnaghi canyon head (map on the lower
right in Fig. 22b), deeply eroding the volcanic deposits of
the continental slope of the island of Procida. The occur-
rence of this magnetic maximum seems to suggest highly
magnetized lava bodies in the subsurface in correspon-
dence with the Magnaghi canyon (Naples Bay; Fig. 22). As
is already known, an important use of the magnetic method
is the mapping of buried igneous bodies (Nabighian et al.
2005). These generally have higher susceptibilities than the
rocks that they intrude, so it is often easy to map them in
plan view. The approximate three-dimensional geometry of

+ positive anomalies

|
438000

— negative anomalies

the body can also be determined. Because igneous bodies
are frequently associated with mineralization, a magnetic
interpretation can be a first step in finding areas favourable
for the existence of a mineral deposit (Nabighian et al.
2005).

By concluding, the interpreted map of the magnetic
anomalies in the Gulf of Pozzuoli (Fig. 19) has allowed us
to distinguish both areas characterized by positive anom-
alies (represented in yellow; Fig. 19) and areas character-
ized by negative anomalies (represented in light yellow;
Fig. 19).

The inner continental shelf of the Gulf of Pozzuoli is
regarded as negative magnetic anomalies and the correla-
tion with the volcanic structures evidenced by Sparker data
is not clear. It is necessary to record a more densely-spaced
magnetic survey, in order to identify on marine magnetics
the volcanic dykes shown by seismic profiles. The volca-
niclastic units identified on seismic profiles do not produce
significant magnetic signatures, probably due to their
composition (tuffs rather than lavas).

Discussion and concluding remarks
The Phlegrean Fields is a volcanic area featuring a shallow
Moho, a high thermal gradient, bradyseismic movements

and shallow seismicity. The offshore portion of the
Phlegrean Fields (continental shelf of the Pozzuoli Bay)
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Fig. 20 Magnetic sections of the iso-anomalies NE-SW oriented in
Pozzuoli Gulf (modified after Galdi et al. 1988)

has been investigated through high resolution seismic
reflection profiles and volcanic and marine units are herein
documented. An up-to-date geologic and stratigraphic
setting of the seismic units is here furnished and discussed.
Marine magnetic data in the study area are interpreted.
Some implications of the interpreted data on the tectonics
and magmatism of the Phlegrean Fields volcanic complex
are discussed. Some regional geological concepts on the
Phlegrean Fields in the framework of the Campania con-
tinental margin are recalled to support interpretations of the
volcanic and tectonic context.

The rising of the magmas which characterize the
Campania volcanic arc sets out on WSW-ENE and E-W
trending tectonic lines in the Campania Plain and, as a
general rule, in the structural depressions elongated on the
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Pozzuoli Gulf (modified after Galdi et al. 1988)

Tyrrhenian margin (Turco and Zuppetta 1998; Turco et al.
2006).

Due to the effect of the rollback of the Adriatic slab, the
migration of the volcanic activity carries on from west to
east, giving rise to the volcanic edifices of the Phlegrean
Fields and, in the final phases, to the volcanic edifice of
Somma-Vesuvius.

Despite the overall extensional tectonic regime that
characterizes the Tyrrhenian margin, compressional fea-
tures have been observed in the Gulf of Pozzuoli, as anti-
clines and synclines. A working hypothesis to explain the
tectonic structures observed in the study area was sug-
gested by Milia and Torrente (2000). The limited longitu-
dinal extent of the folds and their arcuate axial trends may
be explained with an east-trending left transtensional shear
zone that was active along the eastern Tyrrhenian sea
during the Late Quaternary (Milia and Torrente 2000), in
overall agreement with the results of our study.
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Fig. 22 High resolution magnetic anomaly map of Naples Bay
(modified after Aiello et al. 2005). The inset “a” represents a
magnetic anomaly area located offshore the Somma-Vesuvius
volcanic complex, while the inset “b” represents another magnetic

The Phlegrean Fields active volcanic field is located in a
caldera structural depression, whose origin is still dis-
cussed. In fact, it is attributed to the eruption of the
Campanian Ignimbrite (35 ka), or to the eruption of the
Neapolitan Yellow Tuff (12 ka) or, more probably, to both
those eruptions (Rosi and Sbrana 1987; Orsi et al. 1996).
The caldera margin has been recognized based on different
geophysical data, including gravimetry, magnetic and
seismic data (Barberi et al. 1978; Zollo et al. 2003). Other
authors think that the Campanian Ignimbrite is controlled
by a single eruption coming from the Acerra graben
(Scandone et al. 1991). These interpretations are in dis-
agreement with those proposed by De Vivo et al. (2001)
and Rolandi et al. (2003), who have recognized in the
Campania Plain the occurrence of different ignimbritic
events in the time interval ranging from 300 to 18 ka In
particular, the ignimbritic event dated back by Rosi and
Sbrana (1987) and by Orsi et al. (1996) to 35 ka and known
in the geological literature as the Campanian Ignimbrite is
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anomaly area located offshore the Phlegrean Fields volcanic complex.
The inset “c” represents a magnetic anomaly area located on the
continental slope of the gulf, at the Magnaghi canyon head

dated to 39 ka (De Vivo et al. 2001; Rolandi et al. 2003).
Those authors supposed that various ignimbritic events
have been erupted through fractures located in the Camp-
ania Plain, corresponding to normal faults and having
Apenninic (NW-SE) and counter-Apenninic (NE-SW)
trends.

At the Phlegrean Fields the oldest volcanic products
have been dated at about 50 ka and are composed of
pyroclastic deposits and remnants of lava domes having a
trachytic and alkali-trachytic composition (Alessio et al.
1973; Pappalardo et al. 1999). The Neapolitan Yellow Tuff
is the most studied eruptive deposit between the Phlegrean
products (Rosi and Sbrana 1987; Orsi et al. 1996; Di Vito
et al. 1999; Pabst et al. 2008). Its eruption, having a vari-
able character from phreato-plinian to phreato-magmatic
(Scarpati et al. 1993; Orsi et al. 1996), emitted a large
amount of magmas having a composition from alkali-
trachytic to latitic (Pabst et al. 2008). The eruption has
determined a caldera collapse, giving origin to a recent
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volcanic activity having an age younger than 12 ka. In the
last 12 ka the Phlegrean caldera has been the site of about
thirty eruptions, concentrated in three epochs, ranging
between 12 and 10.5 ka, 8.6 and 8.2 ka, and 4.5 and 3.7 ka
(Di Vito et al. 1999). During the most recent eruptive
period the caldera was involved by ground deformations,
which starting from 10 ka have allowed for the formation
of the La Starza terrace (Cinque et al. 1985, 1997).

In light of the above-mentioned regional geological
discussion on the Phlegrean Fields, there remains the
problem of the existence or not of a relationship between
the patterns of regional faults and the location and char-
acterization of the volcanic products linked to main events
of volcanic activity.

In conclusion, a stratigraphic setting of seismic units in
the Gulf of Pozzuoli is here proposed based on seismic
interpretation of high-resolution profiles. Fourteen seismic
units, both volcanic and sedimentary, tectonically con-
trolled due to contemporaneous folding and normal fault-
ing, have been revealed by geological interpretation. In the
Neapolitan volcanic district such a detailed seismic stra-
tigraphy is completely new offshore the active volcanic
area of the Phlegrean Fields.

Volcanic dykes, characterized by acoustically transpar-
ent sub-vertical bodies, locally bounded by normal faults,
testify to the magma rising in correspondence with exten-
sional structures. A large field of tuff cones interlayered
with marine deposits off Nisida island, on the western rim
of the Gulf, is related to the emplacement of the Neapolitan
Yellow Tuff deposits (Nisida volcanic complex). A thick
tabular volcanic unit off the Capo Miseno volcanic edifice,
previously unknown is connected with the Bacoli-Isola
Pennata-Capo Miseno yellow tuffs, cropping out in the
northern Phlegrean Fields.

Large submarine slides, connected with significant
submarine instability processes have been recognized on
seismic profiles. These landslides should be hypothetically
triggered by pyroclastic flow and surges, related to the A.D.
1538 Monte Nuovo and 3.8 ka-old Averno eruptions that
entered the sea (Milia et al. 2000).

A table summarizing the main seismic units recognized
in the Pozzuoli sector, their seismic facies, and geologic
interpretation has been constructed to clarify the strati-
graphic discussion of the results (Table 1). The order of the
units reported in the table roughly reflects their strati-
graphic position and, consequently, their qualitative age
(Table 1). In this table the older units have been reported at
the bottom of the table and the younger ones at its top.

The structural setting observed in the Gulf of Pozzuoli
based on the interpretation of high-resolution seismic
reflection profiles is in agreement with that shown by
previous papers (Milia and Torrente 2000). An active
kilometer-scale low amplitude anticline was recognized in
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the gulf, locally controlling the sea floor morphology and
forming a bathymetric high. The sedimentation of the G1
and G2 marine units was contemporaneous with the
deformation of this anticline, showing growth strata, thin-
ning towards the hinge and a composite stacking pattern of
the seismic units.

Structural and stratigraphic analyses of the Gulf of
Pozzuoli provided data on the age of folding, their kine-
matics and the amount and rates of uplift. The folds extend
over two kilometres, displaying a curve axial pattern and
wedge-shaped packages of syntectonic strata. The rate of
fold uplift ranges between 1 and 20 mm/year. A relative
sea-level curve calculated for an anticline culminating in
the city of Pozzuoli has highlighted the relationship
between the deformation timing and the genesis of related
abrupt changes in sedimentary facies and erosional sur-
faces (Milia and Torrente 2000). The overall uplift rates
and geometry of the folds have suggested their tectonic
origin as the product of local folding.

The relationships between the growth of low-amplitude
buckle folds and associated syntectonic sedimentation have
been examined in kinematic models (Torrente and Klig-
field 1995). The experiments have revealed distinct geo-
metric relationships of fold geometry to growth
stratigraphy, which are determined by the relative rela-
tionships of fold uplift rate to sedimentation rate (Torrente
and Kligfield 1995). The production of geometric features
such as buried anticlines or emergent anticlines and their
respective onlap patterns are interpreted in terms of inter-
play between the rates of uplift and sedimentation.

A sketch tectono-sedimentary model of the Punta Pen-
nata anticline (Fig. 23) has been constructed based on the
interpretation of Sparker profiles according to the structural
model of the Pozzuoli anticlines (Torrente and Kligfield
1995). The Punta Pennata anticline represents a synsedi-
mentary fold (Fig. 23). Pre-folding strata have been iden-
tified, coincident with the V3 volcaniclastic unit identified
through seismic stratigraphy (V3 Fig. 23). A geometry
with strata progressively superimposed by fossilizing the
structure is indicated in Fig. 23, involving the G3 and G2
seismic units. An overlying geometry with strata which
tend to overlie the older ones by migrating towards the
crest of the anticline is also shown (Fig. 23).

In conclusion, the geometric features of the Punta Pen-
nata anticline should be interpreted in terms of an interplay
between the rate of uplift and the rate of sedimentation.
The folds have been probably controlled by a bending due
to the occurrence of volcanic intrusions, accordingly with
the occurrence of the “dk” unit on the seismic profiles
and the regional tectonics at the basin scale (tectonic
inversion).

The limited longitudinal extent and arcuate axial trends
of the observed folds well match with a E-trending left
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Table 1 Seismic units in the Pozzuoli sector

Seismic ~ Seismic facies Geologic interpretation Location
unit
(14) Progradational to parallel seismic reflectors Highstand system tract of the Late Quaternary depositional Eastern Pozzuoli
HST sequence Gulf
(13) Retrogradational seismic reflectors Transgressive system tract of the Late Quaternary depositional Eastern Pozzuoli
TST sequence Gulf
(12) Isl  Wedge-shaped, chaotic to discontinuous Landslide deposits intercalated in the upper part of the Lowstand Gulf of Pozzuoli
seismic unit System Tract; locally occurrence of palaco-channels south of Miseno
Cape
(11 Progradational seismic reflectors, Lowstand system tract of the Late Quaternary depositional Inner continental
LST erosionally truncated at their top sequence shelf off
Pozzuoli
(10) G1  Parallel and continuous seismic reflectors Upper sedimentary unit of the basin fill, attaining maximum Gulf of Pozzuoli
thickness in the depocenter of the central basin
(9) IsI2  Wedge-shaped, chaotic to discontinuous Fossil landslide overlying the G2 marine unit and underlying the Eastern Pozzuoli
seismic unit Lowstand System Tract of the Late Quaternary depositional Gulf
sequence
8) NYT: Wedge-shaped acoustically NYT: Pyroclastic deposits of the Neapolitan Yellow Tuff (12 ka) Naples and
NYT/ transparent volcanic seismic unit deposited in the Naples and Pozzuoli offshore Pozzuoli
PC PC: mound-shaped, acoustically transparent PC. Tuff cones of the Nisida volcanic complex in facies offshore
volcanic bodies interlayered with parallel hetheropy with the Neapolitan Yellow Tuffs and interstratified
reflectors with the G3 marine deposits
(7) G2 Parallel and continuous seismic reflectors Intermediate sedimentary unit of the basin fill, probably Pozzuoli Gulf
composed of clastic deposits; deposited in the whole Pozzuoli
Gulf; strongly involved by wedging and growth in
correspondence to anticlines (Punta Pennata anticline, Pozzuoli
anticline, Nisida anticline) and synclines (central syncline of the
Pozzuoli Gulf; Epitaffio syncline)
(6) Is11 ~ Wedge-shaped, chaotic to discontinuous Wide palaeo-landslide overlying the V3 volcaniclastic unit and ~ Eastern Pozzuoli
seismic unit coeval with the basal part of the G2 marine unit Gulf
(5) pyr2 Continuous progradational to parallel Pyroclastic unit, uncertain in attribution, deposited from the Eastern Pozzuoli
seismic reflectors offshore surrounding Capo Miseno to the Miseno volcanic bank,  Gulf
involved by wedging and growth, testifying its deposition
during vertical down throwing of normal faults
(4) dk Sub-vertical volcanic bodies, acoustically Volcanic dykes due to magma uprising in correspondence to Eastern and
transparent and locally bounded by normal ~ normal faults central Pozzuoli
faults Gulf
(3) pyrl Discontinuous to sub-parallel seismic Pyroclastic unit, uncertain in attribute, deposited in a structural  Eastern Pozzuoli
reflectors depression under the volcanic edifice of Capo Miseno Gulf
(2) G3 Discontinuous to parallel seismic reflectors Lower sedimentary unit of the basin fill, composed of clastic Pozzuoli Gulf
deposits; strongly involved by wedging and growth in
correspondence to anticlines (Punta Pennata anticline, Pozzuoli
anticline, Nisida anticline) and synclines (central syncline of the
Pozzuoli Gulf; Epitaffio syncline)
(1) V3 Acoustically transparent to discontinuous Volcaniclastic unit related to the northern margin of the Pozzuoli Gulf
seismic unit; strongly eroded at its top Pentapalummo bank; intensively deformed by anticlines (Punta
Pennata anticline, Pozzuoli anticline, Nisida anticline) and
synclines (central syncline of the Pozzuoli Gulf; Epitaffio
syncline) individuated due to compressional deformation
genetically related to main magmatic events
transtensional shear zone, active along the eastern observed in the Gulf of Pozzuoli at the basin scale. On

Tyrrhenian Sea during the Late Quaternary (Catalano and
Milia 1990; Sacchi et al. 1994; Milia and Torrente 2000).
Inversion tectonics along synsedimentary folds has been

the Southern Italy continental margins this kind of tec-
tonism has been already documented in the sedimentary
basins of the south-eastern Tyrrhenian margin (Argnani
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Fig. 23 Tectono-sedimentary
model of the Punta Pennata
anticline (according to Torrente
and Kligfield 1995). (1) Pre-
folding strata, (2) geometry with
strata superimposing and buring
the structure, (3) geometry with
strata overlying the older ones

migrating towards the crest of 80
the anticline |

twt (msec)

Geometry with strata
overlying the older ones
migrating towards the crest

of the anticline

and Trincardi 1990; Sacchi et al. 1994; Aiello et al.
2009) and offshore of western Sicily (Catalano and Milia
1990).

Acknowledgments This paper has been funded by CNR grants
devoted to Prof. B. D’ Argenio in the frame of CARG research project
(Geological Sheet n. 446-447 “Napoli”). We thank Dott. Lucia Monti
(Regione Campania, Settore Difesa Suolo, Via Alcide De Gasperi 6,
80133, Naples, Italy), scientific responsible of the CARG project to
make available the Sparker seismic profiles shown in this paper
collected during the CARG project committed to the Institute of
Marine, Environment and Coastal Area (IAMC), National Research
Council of Italy (CNR), Calata Porta di Massa, Porto di Napoli,
80133, Napoli (Geological Sheet n. 446-447 “Napoli”, National
Geological Survey of Italy, ISPRA, Rome, Italy). We thank three
anonymous referees, whose constructive comments greatly improved

@ Springer

‘:' Pre-folding strata

Geometry with strata
I:l superimposing and
buring the structure

the paper. Thanks are also due to Dr. Amy Draut, Editor in Chief, for
scientific and language comments.

References

Agip (1981) Italia, Carta Magnetica—Anomalie del Campo Magne-
tico Residuo, scala 1:500000 (S. Donato Milanese, Italy)

Aiello G, Budillon F, Cristofalo G, D’Argenio B, De Alteriis G, De
Lauro M, Ferraro L, Marsella E, Pelosi N, Sacchi M, Tonielli R
(2001) Marine geology and morphobathymetry in the Bay of
Naples. In: Faranda FM, Guglielmo L, Spezie G (eds) Structures
and processes of the mediterranean ecosystems, chap 1. Springer
Verlag, Italy, pp 1-8

Aiello G, Angelino A, Marsella E, Ruggieri S, Siniscalchi A (2004)
Carta magnetica di alta risoluzione del Golfo di Napoli (Tirreno
meridionale). Boll Soc Geol Ital 123:333-342



Mar Geophys Res

Aiello G, Angelino A, D’ Argenio B, Marsella E, Pelosi N, Ruggieri S,
Siniscalchi A (2005) Buried volcanic structures in the Gulf of
Naples (Southern Tyrrhenian sea, Italy) resulting from high
resolution magnetic survey and seismic profiling. Ann Geophys
48(6):883-897

Aiello G, Marsella E, Di Fiore V, D’Isanto C (2009) Stratigraphic and
structural styles of half- graben offshore basins in Southern Italy:
multichannel seismic and Multibeam morpho- bathymetric
evidences on the Salerno Valley. Quad Geofis 77:1-33

Alessio M et al (1973) University of Rome Carbon-14 dates XI.
Radiocarbon 15:382-387

Argnani A, Trincardi F (1990) Paola slope basin: evidence of regional
contraction on the Eastern Tyrrhenian margin. Mem Soc Geol
Ital 44:93-105

Barberi F, Innocenti F, Lirer L, Munno R, Pescatore TS, Santacroce R
(1978) The Campanian Ignimbrite: a major prehistoric eruption
in the Neapolitain area (Italy). Bull Volcanol 41(1):10-27

Bellucci F, Woo J, Kilburn RJ, Rolandi G (2006) Ground deformation
at Campi Flegrei, Italy: implications for hazard assessment. Geol
Soc Lond Spec Publ 269:141-157

Berrino G, Corrado G, Luongo G, Toro B (1984) Ground deformation
and gravity changes accompanying the 1982 Pozzuoli uplift.
Bull Volcanol 44:187-200

Bianchi R, Coradini A, Federico C, Giberti G, Luciano P, Pozzi JP,
Sartoris G, Scandone R (1987) Modelling of surface ground
deformation in volcanic areas: the 1970-1972 and 1982-1984
crises of Campi Flegrei, Italy. J] Geophys Res 92:14139-14150

Bigi G, Cosentino D, Parotto M, Sartori R, Scandone P (1992)
Structural model of Italy. Monografie Progetto Finalizzato
Geodinamica, CNR, Roma

Blockley SPE, Ramsey CB, Pyle DM (2008) Improved age modelling
and high-precision age 3 estimates of late Quaternary tephras, for
accurate paleoclimate reconstruction. J Volcanol Geoth Res
177:251-262

Bodnar RJ, Cannatelli C, De Vivo B, Lima A, Belkin HE, Milia A
(2007) Quantitative model for magma degassing and ground
deformation (bradyseism) at Campi Flegrei, Italy: implications
for future eruptions. Geology 35(9):791-794

Bonafede M (1990) Axi-symmetric deformation of a thermo-poro-
elastic half-space: inflation of a magma chamber. Geophys J Int
103:289-299

Bonafede M, Dragoni M, Quareni F (1986) Displacement and stress
field produced by a centre of dilation and by a pressure source in
a viscoelastic half-space: application to the study of ground
deformation and seismic activity at Campi Flegrei. Geophys J
Astron Soc 87:455-485

Bonomo R, Ricci V (2010) Application of unconformity-bounded (UBS)
unit to the geological survey of the volcanic island Ustica (Italy). In:
Groppelli G, Goette LV (eds) Stratigraphy and geology of volcanic
areas, GSA Special Papers, ISBN 9780813724645

Burnham CW (1979) Magmas and hydrothermal fluids. In: Barnes HL
(ed) Geochemistry of hydrothermal ore deposits. Wiley, New
York, pp 71-136

Caliro S, Chiodini G, Moretti R, Avino R, Granieri D, Russo M,
Fiebig J (2007) The origin of the fumaroles of La Solfatara
(Campi Flegrei, South Italy). Geochem Cosmochim Acta
71:3040-3055

Casertano L, Oliveri Del Castillo A, Quagliariello MT (1976)
Hydrodynamics and Geodynamics in the Phlegrean Fields area
of Italy. Nature 264:161-164

Catalano R, Milia A (1990) Late Pliocene-Early Pleistocene structural
inversion in offshore western Sicily. In: Pinet B, De Bois C (eds)
The potential of deep seismic profiling for hydrocarbon explo-
ration. IFP Research Conference, Aules

Chiappini M, Meloni A, Boschi E, Faggioni O, Beverini N,
Carmisciano C, Marson I (2000) Shaded relief magnetic

anomaly map of Italy and surrounding marine areas. Ann
Geophys 43(5):983-989

Chiodini G, Frondini F, Cardellini C, Granieri D, Marini L, Ventura G
(2001) CO2 degassing and energy release at Solfatara volcano,
Campi Flegrei, Italy. J Geophys Res 106:16213-16222

Cinque A, Rolandi G, Zamparelli V (1985) L’estensione dei depositi
marini olocenici nei Campi Flegrei in relazione alla vulcano-
tettonica. Boll Soc Geol Ital 104:327-348

Cinque A, Aucelli PPC, Brancaccio L, Mele R, Milia A, Robustelli G,
Romano P, Russo F, Santangelo N, Sgambati D (1997)
Volcanism, tectonics and recent geomorphological change in
the Bay of Napoli. Suppl Geogr Fis Dinam Quat III:123-141

Civetta L, Orsi G, Pappalardo L, Fisher RV, Heiken G, Ort M (1997)
Geochemical zoning, mingling, eruptive dynamics and deposi-
tional processes—the Campanian Ignimbrite, Campi Flegrei
caldera, Italy. J Volcanol Geoth Res 75(3—4):183-219

Clark DA, Emerson DW (1991) Notes on rock magnetization
characteristics in applied geophysical studies. Explor Geophys
22:547-555

Corradi N, Ferrari M, Giordano F, Giordano R, Ivaldi R, Sbrana A
(2009) SAM source and D-Seismic system: the use in Marine
Geological Mapping C.A.R.G and P.n.r.a projects. In: 27th IAS
meeting of sedimentologists, Alghero (Italy), pp 85-90

Corrado G, Guerra I, Lo Bascio A, Luongo G, Rampolli F (1976)
Inflation and microearthquake activity of Phlegrean Fields, Italy.
Bull Volcanol 40(3):169-188

D’Argenio B, Pescatore T, Scandone P (1973) Schema geologico-
strutturale dell’ Appennino meridionale (Campania e Lucania).
Quaderni dell’ Accademia Nazionale dei Lincei, Problemi Attuali
di Scienza e Cultura 183:49-72

D’ Argenio A, Pescatore T, Senatore MR (2004) Sea level change and
volcano-tectonic interplay. The Gulf of Pozzuoli (Campi Flegrei,
Eastern Tyrrhenian sea) during the last 39 ka. J Volcanol Geoth
Res 133:105-121

De Natale G, Pingue F, Allarde P, Zollo A (1991) Geophysical and
geochemical modelling of the 1982-1984 unrest phenomena at
Campi Flegrei caldera (Southern Italy). J Volcanol Geoth Res
48(1/2):199-222

De Natale G, Troise C, Sacchi M (2007) The Campi Flegrei deep
drilling project. Scientif Drill 4:48-50

De Pippo T, Di Cara A, Guida M, Pescatore TS, Renda P (1984)
Contributi allo studio del Golfo di Pozzuoli: lineamenti di
geomorfologia. Mem Soc Geol Ital 27:151-159

De Vita S, Sansivero F, Orsi G, Marotta E, Piochi M (2010) 40Ar/
39Ar radiometric dating to constrain the volcanic stratigraphy:
the Mt Etna methodological case. In: Groppelli G, Goette LV
(eds) Stratigraphy and geology of volcanic areas, GSA Special
Papers, ISBN 9780813724645

De Vivo B, Lima A (2006) A hydrothermal model for ground
movements (bradyseism) at Campi Flegrei, Italy. In: De Vivo B
(ed) Volcanism in the Campania Plain: Vesuvius, Campi Flegrei
and Ignimbrites, Devel in Volcanol, vol 9, pp 289-317

De Vivo B, Rolandi G, Gans PB, Calvert A, Bohrson WA, Spera FJ,
Belkin HE (2001) New constraints on the pyroclastic eruptive
history of the Campanian volcanic Plain (Italy). Mineral Petrol
73:47-65

De Vivo B, Lima A, Belkin HE (2007) Stato della ricerca
vulcanologica nella regione Campania: modelli interpretativi
alternativi. Napoli Assise, pp. 1-73

De Vivo B, Belkin HE, Lima A (2008) Environmental geochemistry:
site characterization, data analysis and case histories. Elsevier,
Amsterdam, 21 July 2008

Deino AL, Orsi G, De Vita S, Piochi M (2004) The age of the
Neapolitan Yellow Tuff caldera-forming eruption (Campi
Flegrei caldera, Italy) assessed by “°Ar/°Ar dating method.
J Volcanol Geoth Res 133:157-170

@ Springer



Mar Geophys Res

Del Pezzo E, De Natale G, Martini M, Zollo A (1987) Source
parameters and microearthquakes at Phlegrean Fields (Southern
Italy) volcanic area. Phys Earth Plan Inter 47:25-42

Di Vito MA, Isaia R, Orsi G, Southon J, De Vita S, D’ Antonio M,
Pappalardo L, Piochi M (1999) Volcanism and deformation
since 12,000 years at the Campi Flegrei caldera (Italy). J Volc-
anol Geoth Res 91:221-246

Dvorak JJ, Mastrolorenzo G (1991) The mechanisms of recent
vertical crustal movements in Campi Flegrei caldera, southern
Italy. Geol Soc Am Spec Pap 263:1-47

Fabbri A, Argnani A, Bortoluzzi G, Correggiari A, Gamberi F, Ligi
M, Marani M, Penitenti D, Roveri M, Trincardi F (2002) Carta
geologica dei mari italiani alla scala 1: 250.000. Guida al
rilevamento. Presidenza del Consiglio dei Ministri, Dipartimento
per i Servizi Tecnici Nazionali, Servizio Geologico. Quad III
8:1-93

Fedele FG, Giaccio B, Isaia R, Orsi G (2002) The Campanian
Ignimbrite eruption, Heinrich Event 4, and Palaeolithic change
in Europe: a high resolution investigation. Geophys Monograph
139:301-325

Fedele FG, Giaccio B, Hajdas I (2008) Timescales and cultural
processes at 40.000 BP in the light of the Campanian Ignimbrite
eruption, Western Eurasia. J] Hum Evol 55(5):834-857

Florio G, Fedi M, Cella F, Rapolla A (1999) The Campanian Plain
and Phlegrean Fields structural setting from potential fields data.
J Volcanol Geoth Res 91:361-379

Fournier RO (1999) Hydrothermal processes related to movement of
fluid from plastic into brittle rock in the magmatic-epithermal
environment. Econ Geol 94(8):1193-1211

Galdi A, Giordano F, Sposito A, Vultaggio M (1988) Misure
geomagnetiche nel Golfo di Pozzuoli: Metodologia e risultati.
Atti del 7° Convegno GNGTS-CNR 3:1647-1658

Gaullier V, Lofi J and the METYSS Team (2010) Salt tectonics and
crustal tectonics along the Eastern Sardinian margin, Western
Tyrrhenian: new insights from the METYSS cruise (June 2009).
Geophysical Research Abstracts, 12, EGU2010-15469, EGU
General Assembly 2010

Groppelli G, Goette LV (2010) Stratigraphy and geology of volcanic
areas. GSA Special Papers, ISBN 9780813724645, pp 1-291

Helland Hansen W, Gjelberg JG (1994) Conceptual basis and
variability in sequence stratigraphy: a different perspective.
Sedim Geol 92:31-52

Hunt RL, Gawthorpe RL (2000) Sedimentary responses to forced
regressions. Geological Society of London Special Publication,
London

Insinga D, Di Meglio A, Molisso F, Sacchi M (2002) Stratigrafia e
caratteristiche fisiche dei depositi olocenici del Porto di Miseno,
Golfo di Pozzuoli (Tirreno centro-orientale). Il Quaternario
15(2):11-21

Jolivet L, Augier R, Robin C, Suc JP, Rouchy JM (2006)
Lithospheric-scale geodynamic context of the Messinian salinity
crisis. Sed Geol 188:9-33

Latmiral L, Segre AG, Bernabini M, Mirabile L (1971) Prospezioni
sismiche per riflessione nei Golfi di Napoli e Pozzuoli ed alcuni
risultati geologici. Boll Soc Geol Ital 90:163-172

Lucchi F, Tranne CA, Rossi PL (2010) Stratigraphic approach to
geological mapping of the late Quaternary volcanic island of
Lipari (Aeolian Archipelago, southern Italy). In: Groppelli G,
Goette LV (eds) Stratigraphy and geology of volcanic areas.
GSA Special Papers, ISBN 9780813724645

Marianelli P, Sbrana A, Proto M (2006) Magma chamber of the
Campi Flegrei supervolcano at the time of eruption of the
Campanian Ignimbrite. Geology 34(11):937-940

Martinson DG, Pisias NG, Hays JD, Imbrie J, Shackleton NJ (1987)
Age dating and the orbital theory of the ice ages: high-resolution
0 to 300,000 year chronostratigraphy. Quatern Res 27(1):1-29

@ Springer

Masci F, Palangio P, Di Persio M (2008) The INGV tectonomagnetic
network. Adv Geosci 14:65-68

Milia A (2010) The stratigraphic signature of volcanism off Campi
Flegrei (Bay of Naples, Italy). In: Groppelli G, Goette LV (eds)
Stratigraphy and geology of volcanic areas. GSA Special Papers,
ISBN 9780813724645

Milia A, Torrente MM (2000) Fold uplift and syn-kinematic stratal
architectures in a region of active transtensional tectonics and
volcanism, Eastern Tyrrhenian Sea. Geol Soc Am Bull 112:
1531-1542

Milia A, Torrente MM (2007) The influence of paleogeographic
setting and crustal subsidence on the architecture of ignimbrites
in the Bay of Naples (Italy). Earth Planet Sci Lett 263:192-206

Milia A, Torrente MM, Giordano F (2000) Active deformation and
volcanism offshore Campi Flegrei, Italy: new data from high
resolution seismic reflection profiles. Mar Geol 171:61-73

Morhange C, Marriner N, Laborel J, Todesco M, Oberlin C (2005)
Rapid sea-level movements and noneruptive crustal deforma-
tions in the Phlegrean Fields caldera, Italy. Geology 34(2):93-96

Nabighian MN, Grauch VIS, Hansen RO, Lafehr TR, Peirce JW,
Phillips JD, Ruder ME (2005) The historical development of the
magnetic method in exploration. Geophysics 70(6):33-61

Nunziata C, Rapolla A (1987) A gravity and magnetic study of the
volcanic island of Ischia (Naples, Italy). J Volcanol Geoth Res
31:333-344

Nunziata C, Mele R, Natale M (1999) Shear wave velocities and
primary influencing factors of Campi Flegrei—Neapolitan
deposits. Eng Geol 54:299-312

Oliveri Del Castillo A, Quagliariello MT (1969) Sulla genesi del
bradisismo flegreo. Atti Ass Geof Ital Napoli, October 1-4

Orsi G, De Vita S, Di Vito M (1996) The restless, resurgent Campi
Flegrei nested caldera(Italy): constraints on its evolution and its
configuration. J Volcanol Geoth Res 74:179-214

Orsi G, De Vita S, Di Vito M, Isaia R, Nave R, Heiken G (2002) Facing
volcanic and related hazard in the Neapolitain area. In: Heiken G,
Fakundiny R, Sutter J (eds) Earth sciences in the city. American
Geophysical Union Special Publication, Washington, pp 121-170

Orsi G, Di Vito MA, Selva J, Marzocchi W (2009) Long-term
forecast of eruption style and size at Campi Flegrei caldera
(Italy). Earth Planet Sci Lett 287:265-276

Pabst S, Worner G, Civetta L, Tesoro R (2008) Magma chamber
evolution prior to the Campanian Ignimbrite and Neapolitan
Yellow Tuff eruptions (Campi Flegrei, Italy). Bull Volcanol
70:961-976

Palladino DM, Simei S, Sottili G, Trigila R (2010) Integrated
approach for the reconstruction of stratigraphy and geology of
Quaternary volcanic terrains: an application to the Vulsini
volcanoes (central Italy). In: Groppelli G, Goette LV (eds)
Stratigraphy and geology of volcanic areas. GSA Special Papers,
ISBN 9780813724645

Paoletti V, Secomandi M, Fedi M, Florio G, Rapolla A (2005) The
integration of magnetic data in the Neapolitain volcanic district.
Geosphere 1(2):85-96

Pappalardo L, Civetta L, D’ Antonio M, Deino A, Di Vito M, Orsi G,
Carandente A, De Vita S, Isaia R, Piochi M (1999) Chemical and
Sr-isotopical evolution of the Phlegrean magmatic system before
the Campanian Ignimbrite and the Neapolitan Yellow Tuff
eruptions. J Volcanol Geoth Res 91(2-4):141-166

Perrotta A, Scarpati C, Luongo G, Morra V (2010) Stratigraphy and
volcanological evolution of the southwestern sector of Campi
Flegrei and Procida island, Italy. In: Groppelli G, Goette LV
(eds) Stratigraphy and geology of volcanic areas. GSA Special
Papers, ISBN: 9780813724645

Posamentier HW, Allen GP (1993) Variability in the sequence
stratigraphic model: effects for local basin factors. Sedim Geol
86:91-109



Mar Geophys Res

Posamentier HW, Vail PR (1988) Eustatic control on clastic
deposition [I—sequence and system tracts models. SEPM Spec
Publ 42:125-154

Posamentier HW, Erskine RD, Mitchum RM (1991) Models for
Submarine Fan Deposition within a sequence stratigraphic
framework: concepts, examples and exploration significance.
In: Weimer P, Link MH (eds) Seismic facies and sedimentary
processes of submarine fans and turbidite systems. Springer,
New York, pp 127-136

Pyle DM, Ricketts GD, Margari V, van Andel TH, Sinitsyn AA,
Praslov ND, Lisitsyn S (2006) Wide dispersal and deposition of
distal tephra during the Pleistocene Campanian Ignimbrite/Y5
eruption, Italy. Q Sci Rev 25(21/22):2713-2728

Rapolla A, Cella F, Fedi M, Florio G (2002) Improved techniques in
data analysis and interpretation of potential fields: examples of
application in volcanic and seismically active areas. Ann
Geophys 45(6):733-751

Reynolds RL, Rosenbaum JG, Hudson MR, Fishman NS (1990) Rock
magnetism, the distribution of magnetic minerals in the Earth’s
crust, and aeromagnetic anomalies. US Geol Surv Bull 1924:
24-45

Rolandi G, Bellucci F, Heizler MT, Belkin E, De Vivo B (2003)
Tectonic controls on the genesis of ignimbrites from the
Campanian Volcanic Zone, southern Italy. Mineral Petrol
79(1-2):3-31

Rosi M, Sbrana A (1987) Phlegrean fields. Quaderni De La Ricerca
Scientifica, 114(9), 175 pp.

Rosi M, Vezzoli L, Aleotti P, De Censi M (1996) Interaction between
caldera collapse and eruptive dynamics during the Campanian
Ignimbrite eruption, Phlegrean Fields, Italy. Bull Volcanol
57(7):541-554

Rosi M, Vezzoli L, Castelmenzano A, Grieco G (1999) Plinian
pumice fall deposits of the Campanian Ignimbrite eruption
(Phlegrean Fields, Italy). J Volcanol Geoth Res 91(2—4):179-198

Rutgers WR, de Jong I (2003) Multi-tip sparker for the generation of
acoustic pulses. Sensor Rev 23(1):55-59

Sacchi M, Infuso S, Marsella E (1994) Late Pliocene-Early Pleisto-
cene compressional tectonics in the offshore of Campania. Boll
Geof Teor Appl 36:141-144

Sartori R, Torelli L, Zitellini N, Carrara G, Magaldi M, Mussoni P
(2004) Crustal features along a W-E Tyrrhenian transect from
Sardinia to Campania margins (Central Mediterranean). Tec-
tonophysics 383:171-192

Scandone P, Bellucci F, Lirer L, Rolandi F (1991) The structure of the
Campanian Plain and the activity of Neapolitain volcanoes, Italy.
J Volcanol Geoth Res 48:1-31

Scarpati C, Cole P, Perrotta A (1993) The Neapolitain Yellow Tuff—
a large volume multiphase eruption from Campi Flegrei,
Southern Italy. Bull Volcanol 55:343-356

Secomandi M, Paoletti V, Aiello G, Fedi M, Marsella E, Ruggieri S,
D’Argenio B, Rapolla A (2003) Analysis of the magnetic
anomaly field of the volcanic district of the Bay of Naples, Italy.
Mar Geophys Res 24:207-221

Shackleton NJ, Sanchez-Goni MF, Pailler D, Lancelot Y (2003)
Marine isotope substage 5e and the Eemian interglacial. Global
Planet Change 36:151-155

Signorelli S, Vaggelli G, Romano C, Carroll M (2001) Volatile
element zonation in Campanian Ignimbrite magmas (Phlegrean
Fields, Italy): evidence from the study of glass inclusions and
matrix glasses. Contr Mineral Petrol 5:543-553

Siniscalchi A, Angelino A, Ruggieri S, Aiello G, Marsella E (2002) High
resolution magnetic anomaly map of the Bay of Naples (Southern
Tyrrhenian sea, Italy). Boll Geof Teor Appl 42:99-104

Tibaldi A (2010) A new geological map of Stromboli volcano
(Tyrrhenian sea, Italy) based on 26 application of lithostrati-
graphic and unconformity-bounded stratigraphic (UBS) units. In:
Groppelli G, Goette LV (eds) Stratigraphy and geology of
volcanic areas. GSA Special Papers, ISBN 9780813724645

Torrente MM, Kligfield R (1995) Modellizzazione predittiva di
pieghe sinsedimentarie. Boll Soc Geol Ital 114:293-309

Trincardi F, Correggiari A, Roveri M (1994) Late Quaternary
trasgressive erosion and deposition in a modern epicontinental
shelf: the Adriatic semienclosed basin. Geomar Lett 14:41-51

Turco E, Zuppetta A (1998) A kinematic model for the Plio-
Quaternary evolution of the Tyrrhenian-Apenninic system:
implications for rifting processes and volcanism. J Volcanol
Geoth Res 82:1-18

Turco E, Schettino A, Pierantoni PP, Santarelli G (2006) The
Pleistocene extension of the Campania Plain in the framework of
the Southern Tyrrhenian tectonic evolution: morphotectonic
analysis, kinematic model and implications for volcanism, In: De
Vivo B (ed) Volcanism in the Campania Plain—Vesuvius,
Campi Flegrei and Ignimbrites, Devel. Volcanol, vol 9, pp 27-51

Zollo A, Judenherc S, Auger E, D’Auria L, Virieux J, Capuano P,
Chiarabba C, De Franco R, Makris J, Michelini A, Musacchio G
(2003) Evidence for the buried rim of Campi Flegrei caldera
from 3-d active seismic imaging. Geophys Res Lett 30(19):8-11

@ Springer



	New seismo-stratigraphic and marine magnetic data of the Gulf of Pozzuoli (Naples Bay, Tyrrhenian Sea, Italy): inferences for the tectonic and magmatic events of the Phlegrean Fields volcanic complex (Campania)
	Abstract
	Introduction
	Data and methods
	Geo-volcanologic setting
	Results
	Seismic stratigraphy of the Gulf of Pozzuoli and Phlegrean Fields volcanic complex offshore
	Marine magnetics of the Gulf of Pozzuoli

	Discussion and concluding remarks
	Acknowledgments
	References


