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Abstract

Seismo-stratigraphic data of the Gulf of Pozzuoli have been revised with the aim of identi-
fying the tectonic structures controlling the area in more detail and to highlight the possible
relationships of the morpho-structures with the new bradyseismic crisis, still in course.
In particular, the relationships between the tectonic structures, consisting of both normal
faults and folds, and the possible rising of fluids have been analyzed based on seismic
interpretation. We hypothesize that the normal faults occurring in this area have possibly
controlled the rising of fluids in these extensional structures. The fluid uprising could
possibly be related to the increasing gas activity of the Solfatara–Pisciarelli area onshore
during the active bradyseismic crisis (2024–2025). The proposed mechanism is controlled
by the occurrence of a heat source, possibly a magmatic reservoir, in the continental crust
and/or the mantle, genetically related to the presence of submerged hydrothermal dis-
charges in the coastal areas of the Campania region. To achieve this objective, detailed
seismo-stratigraphic sections of the Gulf of Pozzuoli have been constructed, focusing on the
areas characterized by tectonic activity. Fluid uprising is mainly controlled by the tectonic
setting of the Gulf of Pozzuoli, characterized by anticlines and synclines, representing
important structural and stratigraphic traps.

Keywords: seismo-stratigraphic units; Gulf of Pozzuoli; tectonic structures; bradyseismic
crisis; fluid uprising

1. Introduction
The problem of fluid and gas uprising on seismic sections based on literature data

has been studied in depth, since gas identification on seismic sections is an important task.
Because it offers a quick way to identify and map gas accumulations, reflection seismics
is a crucial instrument for shallow gas investigations [1–21]. The best research areas for
these are the Campi Flegrei buried caldera, the Naples Bay, including Ischia Island, and
the Solfatara–Pisciarelli geothermal zone [4,5,7,22]. The Matese Mountains are among the
regions of the Southern Apennines that are of great significance from a geothermal and
geochemical perspective. Important impregnations of gas have also been detected at the
Volturno river mouth [12,23] and in the Cilento offshore [16]. Moreover, a close relationship
exists between shallow gas occurrence, creeping processes, and high sedimentary supply
at the Volturno and Sarno river mouths [24].

On the Navarian continental margin, the seismic sections and the geochemical data
display the occurrence of hydrocarbon gas at shallow water depths [1]. These hydrocarbons
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and gases are associated with three main types of acoustic anomalies, which prevail in the
northern portion of the basin. On the seismic records of the continental slope, the acoustic
variations are frequently linked to gas hydrates and diagenetic limits.

A basic paper on the detection of shallow gas in marine sediments based on the anal-
ysis of the seismic sections is that of Judd and Hovland [2]. The main seismic evidence
includes acoustic turbidity, enhanced reflections, columnar disturbances or gas chimneys,
and acoustic blanking. Acoustic turbidity is characterized by chaotic reflections, controlled
by the scattering of acoustic energy, and is often associated with a pull-down of seismic
reflections in the presence of gas. A portion of amplified (enhanced) reflections are reflected
by coherent seismic reflections with an increased amplitude, which can indicate the lat-
eral extension of acoustic turbidity zones. While the enhanced reflections are associated
with silty, sandy, and porous deposits, acoustic turbidity is characteristic of fine-grained
sediments, rich in clays. Hovland and Judd [25] have identified gas chimneys as vertical
features where the upwards migration of pore fluids has destroyed the normal sequence
of seismic reflectors. Moreover, bright spots have often been detected on Sparker seismic
sections [2].

One of the most important acoustic anomalies associated with the occurrence of
gas is represented by acoustic blanking, where patches lacking seismic reflectors are in
coincidence with an inferred gas record. This can be managed by either the absorption
of acoustic energy in the surrounding sediments, which are charged with gas, or by the
disruption of sediment layers due to the migration of pore fluids, including the gas [2].
The geochemical signatures include petroleum drilling and mud analysis, seabed sediment
analysis, and sea water sampling.

The seabed surface features associated with the occurrence of gas are pockmarks,
seabed domes, and mud diapirs. Pockmarks are depressions of the seafloor, which are
controlled by the removal of sediments by the escaping fluids. They are widespread on
the Italian continental margins [21], from shallow water depths (Adriatic Sea, Strait of
Sicily) to deep-sea sectors at active continental margins (Ionian Sea) and passive continental
margins (Tyrrhenian Sea). Based on the systematic study of Spatola et al. [21], 93% of
pockmarks are concentrated at water depths less than 800 m and mainly on flat and gently
sloping seafloors, and they also depend on lithology, being concentrated in muddy sands
and sands.

Active seabed domes in the Naples Bay have been discussed [11], focusing on the
Banco della Montagna seabed dome. Less extensive NW-SE alignments are found in the
Banco della Montagna core sector, but the spatial density of the cones and pockmarks
indicates the main NE-SW alignments defining the northeastern and southern boundaries
of the dome. Using ROV observations on the seafloor and echo-sounder images of the
water column, 37 gas emissions have been identified in this region and explained according
to a mechanism of submarine hydrothermal gas manifestations [11].

Mud diapirs, consisting of shale diapirs or clay diapirs, are controlled by the subsurface
overpressure, have a tectonic, diagenetic, or sedimentary origin, and form as a consequence
of underconsolidation in sediments characterized by low permeability. Among others,
Carfagna et al. [19] have shown the occurrence of mud diapirs and mud volcanoes in Nirano,
located in Northern Italy, while Brindisi et al. [20] have used passive seismic measurements
to characterize the gas reservoirs located in mud volcanoes of Northern Italy.

One aim of this paper is to assess the occurrence of gas in the Gulf of Pozzuoli based
on seismo-stratigraphic data, previously collected in the Gulf of Pozzuoli in the frame of
the CARG project (Figure 1) [26]. Another aim is to revise the seismo-stratigraphic data,
previously interpreted [26,27], to obtain an updated geological interpretation.
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Figure 1. Location map of the Sparker profiles analyzed in this paper (Gulf of Pozzuoli). Tie seismic
sections (parallel to the shoreline, red lines): L72_7, L71_7, L70_7, L69_7, L68_7. Dip seismic sections
(perpendicular to the shoreline, black lines): L68_7, L67_7, L74_7. Numbers 1 to 10 in the picture
represent the shot points on the seismic lines.

Shallow gas represents a significant marine geohazard [28], together with earthquakes,
volcanism, tsunamis, submarine mass movements, fluid flows through marine sediments,
cascading, and other significant geological processes [28]. A fluid discharge from the
bottom could be a geohazard to drilling operations or seafloor infrastructure directly, or it
could be a geohazard to vessels, rigs, and floating equipment above by causing a loss of
buoyancy and density [28].

As a general rule, in the Naples Bay and in particular, in the Gulf of Pozzuoli, shallow
gas marine geohazards could represent a primary marine and geological hazard. In the
Gulf of Pozzuoli, tectonic control is prevalent in the eustatic area: here, uplifted seafloor
areas, normal faults genetically related to the apex of the resurgent dome of the caldera
structure, and multiple fluid venting sites occur during the post-caldera phase of activity
of the Phlegrean volcanic complex.

Offshore, in the Naples harbor mounded morphologies, the uprising, pressurization,
and release of He and CO2 from mantle melts and decarbonation reactions of crustal rocks
have been recorded. The presence of a mantle source mixed with crustal fluids beneath
the Gulf of Naples is suggested by the likelihood that these gases are comparable to those
that fuel the hydrothermal systems of the active volcanoes of Ischia, Campi Flegrei, and
Somma-Vesuvius. Non-volcanic disturbances that may precede undersea eruptions and/or
hydrothermal explosions include seabed doming, faulting, and gas discharge and are
genetically related to the caldera unrest.

While our previous papers in this area mainly focused on the distribution of the seismo-
stratigraphic units in the Gulf of Pozzuoli (here, fourteen seismo-stratigraphic units have
been detected, both volcanic and sedimentary) [26,27], in this paper, we reassess the Sparker
seismic sections to highlight the occurrence of gas and the possible relationships with the
present-day bradyseismic crisis. In fact, the structures previously interpreted as volcanic
dykes [26], genetically related to extensional structures, are herein interpreted as possible
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gas impregnations, possibly related to the massive gas emissions at the Solfatara and Piscia-
relli craters during the present-day bradyseismic crisis. In this framework, we hypothesize
that the Solfatara–Pisciarelli geothermal system [7,29–33] could be genetically related to
the gas emissions identified in the Gulf of Pozzuoli based on seismo-stratigraphic analysis.

2. Earthquakes and Bradyseism
Risky volcanoes that have recently seen seismic activity include Vesuvius, Campi

Flegrei, Ischia, and Procida. The Campi Flegrei bradyseism has been primarily responsible
for the recent earthquakes. At least 10 million years have passed since the caldera’s last
eruption. Seismicity, ground deformations, and volcanism are thought to be connected to
the reactivation of the Campi Flegrei caldera. The volcanic structures predominate in the
raised portion of the caldera, causing both short-term deformations, or bradyseism, and
long-term deformation, or resurgence. From 1969 to 1972 and 1982 to 1984, there were two
major bradyseismic crises.

During recent years, significant earthquakes have occurred in Campi Flegrei and
Naples Bay (Table 1; https://terremoti.ingv.it/events, accessed on 27 June 2025). The
earthquakes represent a main marine geohazard in the Naples area [24,34–39].

In 2023, 572 earthquakes occurred at Campi Flegrei and Vesuvius, based on the INGV
catalog. The most significant ones (magnitude between 3 and 4) are reported in Table 1.

Bradyseism and Campi Flegrei earthquakes are genetically connected. A 4.3-
magnitude earthquake hit Campi Flegrei on 27 September 2023 (Table 1). For a few weeks,
it was a part of a seismic sequence involving Campi Flegrei and was the longest-lasting
earthquake to strike the area in forty years. To understand this seismological record, Kil-
burn et al. [40] constructed a seismological model based on the evolution from an elastic
state to an inelastic one. In this model, the rocks fracture more and more, and the breaking
originates beneath the faults. In this framework, the frequency of local earthquakes is
genetically related to the rate of ground deformation, as happens in bradyseismic crises.
A few earthquakes are caused by ground deformation in the early stages, but as crustal
stress grows, the same amount of ground deformation eventually accelerates earthquake
frequency. The published findings provided information for predicting whether the volcano
will erupt or subside before the volcanic eruption, depending on how much the caldera
unrest has affected the crust’s geometry.

Another important earthquake involved Campi Flegrei on 13 March 2025 (Table 1). In
this framework, Giudicepietro et al. [41] suggested a burst model to explain the present-day
volcanic and seismic crisis. The volcanic area of Campi Flegrei is going through a long
period of gradual intensification of activity that began in 2005. During this period, an
increase in general seismicity, an intensification of gas emissions, and an acceleration of
ground deformation have been observed. The zone of maximum deformation coincides
with the central part of the caldera, which has risen by about 140 cm since 2005. The
amount of uplift gradually decreases from the center of the caldera outwards, giving the
deformation field a general bell shape.

Volcanic–tectonic seismic sequences, characterized by very short time intervals be-
tween one seismic event and another one, which have become increasingly frequent since
the beginning of 2021, have been identified [41]. Peculiar seismic swarms known in the
literature as “burst-like swarms” have been recognized among these sequences. These se-
quences, also known as “burst swarms”, are characterized by such short intervals between
one event and another that the individual earthquakes are often difficult to recognize in the
seismogram [41].

https://terremoti.ingv.it/events
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Table 1. Significant earthquakes in the Bay of Naples until March 2025 (https://terremoti.ingv.it/
events, accessed on 9 June 2025).

Time Magnitude (MW) Location Depth Latitude Longitude

27 September 2023 4.2 Campi Flegrei 3 km 40◦82′ 14◦16′

2 October 2023 4.0 Campi Flegrei 3 km 40◦83′ 14◦15′

7 September 2023 3.8 Campi Flegrei 3 km 40◦83′ 14◦15′

16 October 2023 3.6 Campi Flegrei 2 km 40◦8′ 14◦14′

11 June 2023 3.6 Campi Flegrei 3 km 40◦ 83′ 14◦11′

18 August 2023 3.6 Campi Flegrei 2 km 40◦83′ 14◦14′

23 November 2023 3.1 Campi Flegrei 3 km 40◦83′ 14◦14′

17 February 2024 3.0 Campi Flegrei 3 km 40◦84′ 14◦12′

3 March 2024 3.4 Campi Flegrei 3 km 40◦82′ 14◦16′

11 March 2024 3.0 Vesuvius 3 km 40◦85′ 14◦.40′

14 April 2024 3.7 Campi Flegrei 2 km 40◦83′ 14◦14′

14 April 2024 2.1 Vesuvius 8 km 40◦81′ 14◦35′

27 April 2024 3.9 Campi Flegrei 3 km 40◦81′ 14◦09′

28 April 2024 3.1 Vesuvius 0 km 40◦82′ 14◦83′

10 May 2025 3.7 Campi Flegrei 3 km 40◦80′ 14◦11′

20 May 2024 3.9 Campi Flegrei 3 km 40◦83′ 14◦14′

8 June 2024 3.7 Campi Flegrei 3 km 40◦83′ 14◦15′

2 July 2024 3.9 Campi Flegrei 3 km 40◦81′ 14◦16′

18 July 2024 3.6 Campi Flegrei 2 km 40◦83′ 14◦15′

30 August 2024 3.7 Campi Flegrei 2 km 40◦83′ 14◦15′

22 September 2024 2.2 Vesuvius 2 km 40◦82′ 14◦83′

13 October 2024 2.6 Campi Flegrei 2 km 40◦83’ 14◦15′

9 November 2024 2.8 Vesuvius 1 km 40◦81′ 14◦82′

6 December 2024 2.7 Campi Flegrei 0 km 40◦82′ 14◦14′

17 January 2025 3.0 Campi Flegrei 2 km 40◦83′ 14◦13′

28 January 2025 2.6 Vesuvius 1 km 40◦82′ 14◦43′

5 February 2025 3.1 Campi Flegrei 3 km 40◦83′ 14◦15′

9 February 2025 2.5 Vesuvius 1 km 40◦82′ 14◦43′

17 February 2025 3.9 Campi Flegrei 2 km 40◦83′ 14◦15′

17 February 2025 (among others) 2.7 Campi Flegrei 2 km 40◦83′ 14◦15′

18 February 2025 3.1 Campi Flegrei 1 km 40◦83′ 14◦14′

7 March 2025 3.2 Campi Flegrei 1 km 40◦82′ 14◦13′

13 March 2025 4.6 Campi Flegrei 2 km 40◦82′ 14◦16′

The present-day bradyseismic crisis can be compared with the old ones. Instances of
gradual vertical ground movement (bradyseism) have been recorded since ancient Roman
times. Since the 1800s, vertical ground shifts have been noted, as evidenced by the sea level
markings found on the remains of a Roman market (“Serapeo”) in Pozzuoli, indicating a
slow sinking of the region [42–45].

https://terremoti.ingv.it/events
https://terremoti.ingv.it/events
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Thorough ground surveying conducted in the region revealed that the highest level of
subsidence occurred in the municipality of Pozzuoli, gradually diminishing towards the
east and the west [46]. The ground’s elevation continued to drop until 1968, at which point
a method that links the tracking of ground deformation with building behavior was estab-
lished to assess the degree of increasing damage caused by bradyseism to typical Phlegrean
buildings in near-real time. The adopted models (hazard, exposure, and vulnerability) have
been described.

Two primary events of soil elevation affecting the Pozzuoli region during the time
intervals of 1970–1972 and 1982–1984 have contributed to the uplift, measured against the
earlier levels, which were 170 cm and 182 cm at the locations of greatest deformation [46].
The shape of the uplift was contrary to that of the subsidence noted since 1968, with a peak
focused on the city of Pozzuoli, and a consistent reduction in the deformation towards the
edges of the caldera [46].

Another method of bradyseismic analysis involves the reconstruction of vertical
movements through the analysis of the ancient coastal ruins of the Serapis Roman market-
place [44,45]. Three marble columns at Serapis displayed signs of having been submerged
at least 7 m, then raised by a similar height. According to the elevation of other coastal
ruins in proximity to Serapis, the maximum recorded subsidence at Serapis is 12–17 m [44].
Two uplift periods have been identified, the first occurring a few decades prior to the
1538 eruption in the Phlegrean Fields and the second occurring in two separate episodes,
the initial one from 1969 to 1972 and the latter one from 1982 to 1984 [46]. Subsequently,
radiocarbon-dated biological indicators on the columns of the Roman market have indi-
cated three 7 m highstands of relative sea level, occurring during the fifth century, the early
Middle Ages, and just before the 1538 eruption at Monte Nuovo [45]. The assessment of
volcanic hazards is significantly impacted by these cycles of uplift and subsidence, which
do not necessarily correspond with volcanic activity (Figure 2).

 

Figure 2. Sea level changes and bradyseismic cycles, adapted from Vacchi et al. [47] and Morhange
et al. [45], respectively. On the left, Vacchi et al. [47] have summarized the relative sea level reconstructions
at several sites of Southern Italy, including southwestern Sardinia (#8), north–central Latium (#9), the Gulf
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of Gaeta (#10) and the Salerno Bay (#11). The approximate locations of the relative sea level data
points are represented as red dots. Key: Th, Tharros; Mi, Is Mistras; Or, Gulf of Oristano; Pi, Piscinni
Bay and Malfatano Cape; St, Sant’Antioco; Ca, Cagliari; No, Nora; Cv, Civitavecchia; Sm, Santa
Marinella; Ti, Tiber Delta; Fo, Fondi coastal plain; Fr, Formia; Po, Pontine Archipelago; Vp, Volturno
coastal plain; Sp, Sele coastal plain. On the right, the data of Morhange et al. [45] have been reported.
These data regard the Pozzuoli marketplace (“Serapeo”) and the construction of a new relative sea
level curve, as compared with previous curves, adapted from Parascandola [42] and Cinque et al. [43].

The use of advanced techniques, including geodesy, numerical simulations, and
petrology, has allowed us to map the volcanic movements within the caldera over a 16-year
period (2007–2023), that is, from the beginning of the new bradyseismic phase of the volcano
which is still active [48]. This study suggests that the primary driver of volcanic–tectonic
activity is magma rising to depths of less than 8 km, with a gradual and continuous ground
uplift that has reached about 1.3 m in the Rione Terra of Pozzuoli between 2006 and the
present [48]. Over time, the depth of the deformation source has decreased from roughly
6 km to about 4 km, becoming increasingly shallow. The rising of magma and gas from the
primary accumulation area, which is 8 km deep, to lower depths is the cause of this source.
Furthermore, the rise of magma and magmatic gases has contributed to the intensification
of seismic activity and to the increase in gas emission phenomena, particularly in the
Solfatara area. The vertical cumulated displacements have been obtained by combining
InSAR ENVISAT (2007–2011) and COSMO-SkyMed data (2011–2023; Figure 3) [48].

 

Figure 3. (a,b) Vertical cumulated displacements obtained by combining InSAR ENVISAT (2007–2011)
and COSMO-SkyMed data (2011–2023), respectively. (c,d) Horizontal and vertical GNSS cumulated
displacements, respectively, separated into seven time periods during 2007–2023. (e) Vertical dis-
placement time series measured at RITE (black dots) and projected vertical time series from ENVISAT
and COSMO-SkyMed datasets (modified after Astort et al.) [48].
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Patanè et al. [49] have discussed the seismic images of the pressurized sources and the
migration of fluids during the tectonic uplift of the Campi Flegrei caldera in the timespan
from 2020 to 2024. After the subsidence period that followed the 1982–1984 bradyseismic
crisis, a slow-paced ground uplift at Campi Flegrei caldera began in 2005. Since 2018, the
frequency and intensity of volcanic–tectonic earthquakes have progressively increased,
with a noticeable increase since 2023 [49]. A new tomographic investigation with data
gathered between 2020 and June 2024 was carried out. Three-dimensional velocity models
offered higher-resolution pictures of the structure of the central caldera down to about 4 km
depth, in contrast to earlier tomographic investigations. The geophysical inversions of the
two datasets collected in 2020–2022, characterized by moderate seismicity, and 2023–2024,
characterized by severe seismicity, have revealed significant velocity differences across these
time periods, ranging from 5% to 10%. These 2023–2024 fluctuations suggest two pressured
sources at various depths. The first, situated 3.0–4.0 km below Pozzuoli and offshore,
could be a deposit of pressured, high-density fluids or a magma intrusion enriched in
supercritical fluids; this conclusion is consistent with current ground deformation research
and estimated source depths. Furthermore, a secondary, shallower pressurized source was
created at a depth of about 2.0 km beneath the Solfatara–Pisciarelli region because of the
upward movement of magmatic fluids interacting with the geothermal system.

3. Geo-Volcanological Setting
Volcanism has been occurring in the Campi Flegrei volcanic area, which encircles the

western portion of Naples Bay, since 50 ky B.P. With a diameter of 12 km2 (a Phlegrean
caldera), Campi Flegrei is a resurgent caldera [50–61] that was created by the volcanic–
tectonic collapse brought on by the volcanic eruption of the pyroclastic flow deposits of
the Campanian Ignimbrite (37 ky B.P.) [62–73]. Following the eruption of the Campanian
Ignimbrite pyroclastic flow deposits, the volcanic–tectonic collapse of the caldera itself
controlled the individuation of the submerged margin of the Phlegrean caldera, which
is represented by the Gulf of Pozzuoli. Coastal deposits, ranging in age from 10 ky B.P.
to 5.3 ky B.P., crop out at about 50 m above sea level at La Starza marine terrace (Gulf of
Pozzuoli), indicating a volcanic–tectonic uplift of the caldera center [44,45,59].

The monogenetic volcanic edifices are coincident with the submerged caldera rim
representing relict volcanic morphologies, characterized by polycyclic erosional surfaces,
cropping out at the seafloor, carving the volcanic deposits and overlain by Holocene
sediments, which are highly variable in thickness (Figure 4). In these sections, volcanic
edifices are mixed with sedimentary units (Figure 4), as in the case of the Procida Channel
(inset a) and the Gulf of Pozzuoli (inset b and c).

The geology and stratigraphy of the Phlegrean Fields were summarized by Rosi and
Sbrana [50] and then updated by Sbrana et al. [74]. The graben of the Campania Plain is in
a central position in Campi Flegrei, which is a Quaternary volcanic area. A huge caldera,
known as the Phlegrean caldera (Figure 5), which was designated after the volcanic–tectonic
collapse that occurred after the eruption of the Campanian Ignimbrite, serves as the primary
structural element. Up until historical times, there was continuous volcanic activity inside
the Phlegrean caldera and around its edges. Small, dispersed volcanic structures that
release pyroclastic deposits and lavas are the sites of pre-caldera volcanic activity.
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Figure 4. Composite sketch diagram of the seismic sections of the Ischia offshore and the Gulf of
Pozzuoli, showing significant seismic sections collected in the two areas (inset (a): Ischia offshore;
inset (b,c): Gulf of Pozzuoli. Shot points are reported on the horizontal scale, while two-way times
are reported on the vertical scale. Red lines in the inset (c) represent small-scale normal faults.

 

Figure 5. Geologic and geomorphologic sketch map of the Gulf of Pozzuoli (modified from Aiello
et al.) [27]. Black line indicates the coastline.

The corresponding outcrop, located at the coastal cliff of M.te di Procida (Figure 6;
https://www.facebook.com/photo/?fbid=1015372813977389&set=pcb.1015372903977380;
accessed on 1 August 2025), shows a thick pyroclastic sequence with interlayered paleosols.
The post-caldera activity has developed in four main phases, identified through radiometric
determinations and paleogeographic evolution, from 37 ky B.P. to historical times.

The oldest phase was established based on the stratigraphy of deep wells in the
Phlegrean area (geothermal areas of Mofete and San Vito; Figure 7) and includes thick
volcaniclastic deposits (tuffs) interlayered with minor lava bodies, covered by large yellow
tuff outcrops. The second, third, and fourth eruptive phases between 10.5 ky and 1538 A.D.
produced subaerial deposits separated by paleosols [56].

https://www.facebook.com/photo/?fbid=1015372813977389&set=pcb.1015372903977380
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Figure 6. The coastal cliff of Monte di Procida (Gulf of Naples, Italy https://www.facebook.com/
photo/?fbid=1015372813977389&set=pcb.1015372903977380, accessed on 1 August 2025). Note the
occurrence of several paleosols interstratified in the volcanic sequence.

The stratigraphy of the Campi Flegrei volcanic complex has been further refined by
Sbrana et al. (Figure 8) [74]. A new volcanological map of the Campi Flegrei volcanic
complex, coupled with the Procida Island, has been synthesized, showing the geological
and volcanological evolution of the region. This map, at the 1:25,000 scale, represents the
volcanic and structural evolution of the area, showing both the phases of activity and the
phases of quiescence, and is based on up-to-date geological and seismo-stratigraphic data,
with a focus on the evolutionary history of the volcanic field. As a result of the construction
of this map, seven phases of volcanic activity have been recognized, representing the evolu-
tion history of the area, which have been integrated with the Roman archeological data, to
analyze the processes of subsidence and uplift in the area [74]. Based on volcanological
data, the Campi Flegrei caldera was formed around 39.3 ky B.P., after the eruption of the
Campanian Ignimbrite, which has significantly impacted the volcanic structure. Moreover,
the map shows the fault systems that influenced the collapse and the successive evolution
of the caldera. Moreover, a renewal of the caldera evolution has been suggested at about
12 ky B.P. Seven phases of volcanic activity have been identified based on the up-to-date
data on the volcanic eruptions, showing periods of volcanism alternating with phases of
quiescence. Each phase is characterized by distinctive characteristics and different impacts
on the morphology of the area. The first phase corresponds to the ancient volcanic field
with monogenetic volcanoes, including the Ischia regional markers, the Epomeo welded
ignimbrites, and the Pignatiello Plinian tephra layers (Figure 8) [74]. The second phase
corresponds to the eruption of the Campanian Ignimbrite and the caldera formation, which
are genetically related. The third phase corresponds to the intra-caldera volcanic activity,
with submarine eruptions, including the Posillipo and Gauro multivent hydromagmatic
eruptions, and the post-NYT (Neapolitan Yellow Tuffs) caldera collapses, including Bagnoli,
San Vito, and Toiano. On the Procida Island, the Solchiaro tuff ring was formed, before
the NYT eruption, due to the contemporaneous activity of the Gauro and Posillipo tuff
cones. The fourth phase corresponds to the activity of tuff rings, tuff cones, and Plinian and
sub-Plinian eruptions. The activity of tuff rings and tuff cones continued during the fifth
phase. The sixth phase corresponds to recent volcanic activity, with the formation of the
Capo Miseno tuff cone and the Plinian eruption, namely Agnano-Monte Spina [74]. Finally,
the seventh phase is distinguished from the eruption of M.te Nuovo in 1538 A.D.

https://www.facebook.com/photo/?fbid=1015372813977389&set=pcb.1015372903977380
https://www.facebook.com/photo/?fbid=1015372813977389&set=pcb.1015372903977380
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Figure 7. Stratigraphy and geochemistry of the geothermal area of Mofete (Phlegrean Fields). The
stratigraphic data are modified from Rosi and Sbrana (1987) [50] and Aiello et al. (2012) [26]. The
mineralization and geochemical data have been modified from https://doi.org/10.5066/P9HNDG4F
(accessed on 19 May 2025) and have been provided by Harvey Belkin, Ryan McAleer, Benedetto De
Vivo, and Mary R. Croke (record source: https://www.usgs.gov/ais; accessed on 1 August 2025).

https://doi.org/10.5066/P9HNDG4F
https://www.usgs.gov/ais
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Table 2. Volcanic phases and corresponding details of Campi Flegrei volcanologic evolution (modified
from Sbrana et al.) [74].

Phase 1: Pre-caldera activity

Oldest trachytic volcanoes of Miliscola and Vita Fumo.
Spatters and lava domes of S. Martino. Torregaveta lava
field (Monte di Procida). Pignatiello Formation. Ischia
regional markers.
Lava dome of Cuma. San Severino quarries (PDCs).
Punta Marmolite deposits. Northern border of Quarto
plain. Volcanic deposits of the Camaldoli hill. Torre di
Franco tuffs. White tuffs.
Volcanic deposits of the Naples town: San Martino hill,
Funicolare di Chiaia, Parco Grifeo, Parco Margherita, San
Sepolcro, M.te Echia, Castel dell’Ovo, Capodimonte,
Soccavo, Camaldoli.
Volcanic tuff rings and tuff cones at Fiumicello and
Vivara.

Phase 2: Campanian Ignimbrite eruption and genetically
related caldera formation

Campanian Ignimbrite proximal deposits, including a
trachytic to phonolitic Plinian fallout layer, followed by
densely welded and welded trachytic ignimbrites.
Piperno. Campanian Grey Tuffs.
Breccia Museo (lithic breccias) is composed of ash and
pumice-rich PDC deposits, which were erupted during
the phase of caldera collapse.

Phase 3: Neapolitan Yellow Tuff eruption (NYT)

Posillipo and Gauro multivent hydromagmatic eruptions.
Post-NYT nested collapses. CI caldera fills with marine
deposits during the first stages. Trentaremi, Torregaveta
and Monticelli volcanic vents.

Phase 4: Resurgence of the caldera center and volcanism
in correspondence with numerous volcanic edifices

Deposition of coastal and marine sands on the La Starza
marine terrace (Gulf of Pozzuoli). Emplacement of minor
tuff cones, including the Nisida Bank, Bacoli tuff cone, S.
Teresa tuff cone, Porto Miseno tuff cone, Minopoli scoria
vent, Pisani ash ring, La Pietra tuff cone, Montagna
Spaccata scoria and spatter cone, Fondo Riccio scoria and
spatter cone, Concola scoria and spatter cone.
Pomici Principali Plinian eruption (PDCs).

Phase 5: Eruption in correspondence with a few volcanic
edifices

Deposition of coastal and marine sands on the La Starza
marine terrace (Gulf of Pozzuoli). Eruption of the Baia
and Fondi di Baia tuff rings (including the Procida
Island). Lava flow of Monte Spina. Spattered eruptions in
the caldera center, including the Costa S. Domenico and S.
Martino tuff rings.

Phase 6: Collapse of the nested caldera, deposition of
marine sediments, Plinian eruptions and volcanic
eruptions

Deposition of the post-AMS shore sediments. The
volcanic eruption corresponded with the Capo Miseno
tuff cone. Plinian eruption of Agnano-Monte Spina.
Emplacement of the Olibano and Accademia volcanic
domes. Volcanic activity of the Solfatara maar. Astroni,
Senga and Nisida volcanoes.

Phase 7: Renewal of volcanic activity and caldera uplift
Eruption of the Monte Nuovo volcanic edifice.
Volcanic–tectonic uplift of the caldera center in
correspondence with a volcanic dome.



GeoHazards 2025, 6, 46 13 of 25

 

Figure 8. Stratigraphy of the Phlegrean Fields volcanic complex (modified from Sbrana et al.) [74].
For the details of the volcanic phases, refer to Table 2.

The details of the volcanic eruptions occurring in the seven phases are reported in
Table 2.

The sea level fluctuations have significantly impacted the volcanological evolution
and morphology of the Phlegrean Fields (Figure 8) [74]. The archeological features show
that Roman structures have been influenced by these changes. During the last 2 ky, the
observed sea level fluctuations include a sea level rise of more than 2 m at Pozzuoli, and a
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sea level fall between 6 and 8 m at Baia. Moreover, submerged abrasion terraces have been
observed at several water depths. The CI caldera has been influenced by two important
ring faults, namely the Outer Ring Fault (ORF) and the Inner Ring Fault (IRF) [60,61,74]. In
correspondence with these ring faults, clusters of volcanoes have been active. In particular,
the third phase mentioned in Table 2 [74] corresponded with a significant volcanic activity
along the ring fault, namely ORF, while the volcanic activity was scattered in phase 4
(Table 2). The fourth, fifth, and sixth phases are mainly related to the Inner Ring Fault,
namely the IRF. The caldera resurgence started during the fourth phase, with structures of
resurgent domes, occurring both onshore and offshore [60,61,75]. Natale et al. [75] have
highlighted that the eruption of the NYT deposits was followed by intense intra-caldera
activity, and by the resurgence of a central dome. The structural framework of this dome
has been divided into two main parts, including a northern group of normal faults, with
an E-W to WNW-ESE strike, occurring on the continental shelf of Pozzuoli, and forming a
horst and graben structure. Moreover, the trend and the extension of the first set of faults
are in overall agreement with the youngest fractures, which have been mapped onshore in
the emerged part of the resurgent dome [76–78].

4. Seismo-Stratigraphic Framework
The seismo-stratigraphic framework has been reconstructed through the geological

interpretation of a grid of high-resolution seismic profiles recorded in the frame of the
geological and technical activities for the realization of the geological sheet n. 446–447
Napoli, at the 1:50.000 scale (https://www.isprambiente.gov.it/Media/carg/447_NAPOLI/
Foglio.html; accessed on 1 August 2025). The seismic sections available for geological
interpretation (Figure 1) [26] consist of three dip lines (perpendicular to the shoreline),
L67_07, L73_07, and L74_07, and five tie lines (parallel to the shoreline), L68_07, L69_07,
L70_07, L71_07, and L72_07.

The seismic sections for the geological interpretation have been selected taking into
account the areas where gas or fluids possibly occur. These sections are L67_07, L68_07,
L72_07, and L74_07. Seismic signatures of gas and gas criteria, including the enhanced
reflections, are briefly analyzed. Acoustic turbidity, amplified (enhanced) reflections,
columnar disturbances or gas chimneys, and acoustic blanking are the primary forms of
seismic evidence [2]. A pull-down of seismic reflections in the presence of gas is frequently
linked to acoustic turbidity, which is defined by chaotic reflections that are regulated by
the dispersion of acoustic energy. For a portion of their extent, the amplified (enhanced)
reflections are reflected by coherent seismic reflections with an increased amplitude, which
can indicate the lateral extension of acoustic turbidity zones. While porous silty and sandy
deposits are linked to heightened reflections, fine-grained sediments that are rich in clays
are characterized by acoustic turbidity. The limitations of the Sparker profiles in the seismic
interpretation of gas features are their resolution and the fact that bright spots are often
detected. Low-resolution Sparker data may prevent their identification.

The L67_07 seismic profile, whose geological interpretation is reported in Figure 9,
shows the seismo-stratigraphic setting of the Gulf of Pozzuoli in correspondence to the
Miseno Cape tuff cone.

The corresponding volcanic edifice is shown in the lower part of the figure (Figure 9).
The Capo Miseno tuff cone pertains to the post-CI caldera tuff cones, deposited during
the sixth phase [74]. The sixth phase is distinguished from recent intra-caldera Holocene
activity due to the opening of 12 volcanic vents [79].

https://www.isprambiente.gov.it/Media/carg/447_NAPOLI/Foglio.html
https://www.isprambiente.gov.it/Media/carg/447_NAPOLI/Foglio.html
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Figure 9. Sparker profile L67_07 and corresponding geological interpretation. In the first picture, shot
points are reported on the horizontal scale, and two-way travel times are reported on the vertical scale.

Two main seismo-stratigraphic units occur: the pyroclastic deposits and the seismo-
stratigraphic unit of yellow tuffs (Figure 9). Moreover, an important fault has been identified
on the seismic profile, probably corresponding to the Inner Ring Fault, bounding the inner
margins of the caldera structure (Figure 9) [60,61,78].

The geological interpretation of the seismic profile L68 shows the fluid uprising in
correspondence with anticlines, deforming the marine deposits (Figure 10). The fluid
uprising is suggested by the occurrence of acoustically transparent vertical zones, inter-
rupting the lateral continuity of the marine record (Figure 10). Both marine and volcanic
seismo-stratigraphic units have been identified (Figure 10). The lowermost unit, interpreted
as a pyroclastic unit, whose attribution is uncertain, is deformed by anticlinalic structures,
namely three anticlines which are separated by two synclines (Figure 10). These structures
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could be genetically related to the resurgent dome occurring in the area, as highlighted
by previous studies [18,59–61,75–78]. Other important seismo-stratigraphic units include
the Neapolitan Yellow Tuff (NYT), occurring from the Nisida inlet to the Nisida slope
(Figure 10), and the tuff cones of the Nisida complex (Figure 10).

 

Figure 10. Sparker profile L68_07 and corresponding geological interpretation. In the first picture,
shot points have been reported on the horizontal scale, while two-way travel times have been reported
on the vertical scale.

A detailed geological interpretation of the Pleistocene–Holocene marine record
has been carried out, allowing for the identification of eight seismo-stratigraphic units
(Figure 10). The lowermost one (1 in Figure 10) infills the deep depressions identified at
the top of the underlying pyroclastic unit. Two other units (2 and 3 in Figure 10), charac-
terized by oblique to parallel reflectors, overlie the first seismo-stratigraphic unit of the
marine record (Figure 10). The fourth seismo-stratigraphic unit has a wedge-shaped exter-
nal geometry, and is interlayered with the mounded unit of the Nisida volcanic complex
(Figure 10). Units 5, 6, and 7 complete the basin filling of the Gulf of Pozzuoli. Their upper
part is truncated by an erosional unconformity, towards Nisida (Naples), grading into a
paraconformity towards Pozzuoli (Figure 10).

A similar stratigraphic architecture has been detected in the seismic profile L69_07
(Figure 11). Two zones of fluid uprising have been detected in correspondence with
two synclinal structures, highlighting that the fluids may have been concentrated in the
depressed areas (Figure 11).

The seismic profile L72_07 shows an acoustically transparent body associated with
fluid uprising, an anticlinalic structure, and progradational bodies genetically related to
the last glacio-eustatic sea level cycle (Figure 12).
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Figure 11. Sparker profile L69_07 and corresponding geological interpretation. For the key, see
Figure 10. In the first picture, shot points have been reported on the horizontal scale, while two-way
travel times have been reported on the vertical scale.

 

Figure 12. Sparker profile L72_07 and corresponding geological interpretation. For the key, see
Figure 10. In the first picture, shot points have been reported on the horizontal scale, while two-way
travel times have been reported on the vertical scale.
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5. Discussion
Fluid uprising in correspondence with anticlinalic and synclinalic structures has been

highlighted based on geological interpretation of seismic profiles. Different geological
interpretations have been shown for these seismic sections by Aiello et al. [26] and by
Sbrana et al. [74]. For the comprehension of the stratigraphic setting of the area, it is useful
to keep in mind the reported geological interpretations, which are respectively compiled in
Table 3 [26] and in Table 4 [74].

Table 3. Seismo-stratigraphic framework of the Gulf of Pozzuoli based on Aiello et al. [26].

Seismo-Stratigraphic Unit Seismic Facies Geological Interpretation Location

HST Progradational to parallel
seismic reflectors

Highstand system tract Eastern sector of the Gulf of
Pozzuoli

TST Retrogradational seismic
reflectors

Transgressive system tract Eastern sector of the Gulf of
Pozzuoli

Lsl Wedge-shaped, chaotic to
discontinuous seismic unit

Landslide deposits
intercalated in the upper part
of the Lowstand System Tract;
local occurrence of
paleo-channels

Gulf of Pozzuoli (southwards
of the Miseno Cape)

LST Progradational seismic
reflectors, erosionally
truncated at their top

Lowstand System Tract Inner continental shelf (Gulf
of Pozzuoli)

G1 Parallel and continuous
seismic reflectors

Upper sedimentary unit of the
basin fill, attaining maximum
thickness in the depocenter of
the central basin

Gulf of Pozzuoli

lsl2 Wedge-shaped, chaotic to
discontinuous seismic unit

Fossil landslide overlying the
G2 marine unit and
underlying the LST deposits

Eastern sector of the Gulf of
Pozzuoli

NYT/PC NYT: wedge-shaped
acoustically transparent
volcanic seismic unit

NYT: pyroclastic deposits of
the Neapolitan Yellow Tuff (15
ky B.P.)
PC: Tuff cones of the Nisida
volcanic complex in facies
with the Neapolitan Yellow
Tuffs and interstratified with
the G3 marine deposits.

Gulf of Naples
Gulf of Pozzuoli

G2 Parallel and continuous
seismic reflectors

Intermediate
seismic unit of the basin fill;
deformed in correspondence
with growth anticlines (Punta
Pennata anticline, Pozzuoli
anticline, Nisida anticline)
and synclines (central syncline
of the Gulf of Pozzuoli,
Epitaffio syncline).

Gulf of Pozzuoli

Lsl1 Wedge-shaped, chaotic to
discontinuous seismic unit

Wide paleo-landslide,
overlying the V3 volcaniclastic
unit and coeval with the basal
part of the G2 marine unit

Eastern sector of the Gulf of
Pozzuoli
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Table 3. Cont.

Seismo-Stratigraphic Unit Seismic Facies Geological Interpretation Location

Pyr 2 Continuous progradational to
parallel seismic reflectors

Pyroclastic unit deposited
from Capo Miseno to the
Miseno Bank; deformed by
wedging and growth in
correspondence with normal
faults.

Eastern sector of the Gulf of
Pozzuoli

Dk Sub-vertical volcanic bodies,
acoustically transparent,
locally bounded by normal
faults

Volcanic dykes controlled by
the magma uprising in
correspondence with normal
faults

Eastern and central sectors of
the Gulf of Pozzuoli

Pyr1 Discontinuous to sub-parallel
seismic reflectors

Pyroclastic unit filling a
structural depression under
the Miseno Cape volcanic
edifice

Eastern sector of the Gulf of
Pozzuoli

G3 Discontinuous to parallel
seismic reflectors

Lower seismo-stratigraphic
unit; deformed in
correspondence to anticlines
and synclines

Gulf of Pozzuoli

V3 Acoustically transparent to
discontinuous seismic unit;
strongly eroded at its top

Volcaniclastic unit deposited
at the northern margin of the
Pentapalummo Bank

Gulf of Pozzuoli

Table 4. Seismo-stratigraphic framework of the Gulf of Pozzuoli based on Sbrana et al. [74].

Seismo-Stratigraphic Units
and Other Significant
Features

Seismic Facies Geological Interpretation Location

Lower seismo-stratigraphic
unit

Spaced plane parallel
reflections

Marine epiclastic (fossil
reworked tuffs) drilled at the
Mofete and San Vito
geothermal areas under
yellow tuffs of Phase 3 (post
Campanian Ignimbrite?)

Seismic sections L68, L69, L71,
L74

Seismo-stratigraphic unit,
overlying the lower one

Irregular surface at its top,
with hummocks and V-shaped
surfaces, variable lateral
thickness, discontinuous
internal reflectors.

Landslide deposits older than
the NYT deposits

Seismic sections L68, L69; L71;
L74

Seismo-stratigraphic unit of
phase 3 of Sbrana et al. [74]

Well-stratified seismic unit NYT (Neapolitan Yellow Tuff),
Posillipo vent alignment,
Gauro hydromagmatic tuff
cone deposits. Involved in the
dome-shaped resurgence of
the central collapsed portion
of the caldera.

All the seismic sections of the
available grid

Outer and Inner Ring Faults
allowing for the caldera
collapse.

Three orders of marine
abrasion surfaces (90–110 m,
60 m, 40 m, 20–30 m)
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Aiello et al. [26] have shown fourteen seismic units in the Gulf of Pozzuoli (Table 4),
while different units have been highlighted by Sbrana et al. [74], according to the seven
phases of geological evolution of the volcanic complex (Table 3). Geological interpretation
has identified 14 seismic units, including volcanic and sedimentary, that are tectonically
governed by normal faulting and concurrent folding.

Locally restricted by normal faults, volcanic dykes are characterized by acoustically
transparent sub-vertical masses that indicate magma rising in accordance with extensional
processes [26] (Table 3). The emplacement of the Neapolitan Yellow Tuff deposits (Nisida
volcanic complex) is associated with a field of tuff cones interlayered with marine deposits
off Nisida island, on the western border of the Gulf. The Bacoli-Isola Pennata-Capo Miseno
yellow tuffs that appear in the northern Phlegrean Fields are connected to a thick tabular
volcanic unit off the Capo Miseno volcanic edifice that was previously unknown [26]
(Table 3). Seismic profiles have identified large underwater slides that are associated with
important submerged instability mechanisms. Theoretically, pyroclastic flow and surges
associated with the 3.8 ka old Averno eruptions that entered the sea and the Monte Nuovo
eruptions in 1538 A.D. should cause these landslides [26] (Table 3).

Sbrana et al. [74] have related the seismo-stratigraphic units to a volcanological phase
(phase 3) [74] (Table 4). The third phase includes important volcanic edifices and volcanic
seismo-stratigraphic units, such as the Neapolitan Yellow Tuff (NYT), the Posillipo vent
alignment, and the Gauro hydromagmatic tuff cone deposits [74]. The underlying seismo-
stratigraphic units are genetically related to the first phases of caldera filling [74] (Table 4).
During phase 2, the Campanian Ignimbrite (CI) deposits erupted and the CI caldera was
formed [74], but the depth of the available seismic sections has not allowed the identification
of the CI seismo-stratigraphic unit, which is well constrained [26,27,55,59–61].

Resurgent dome faults have been recognized based on the interpretation of seismic
sections offshore of Campi Flegrei [75]. In this region, Natale et al. [75] focused on the
occurrence of volcanic–tectonic faults based on seismo-stratigraphic interpretation. The
gravity cores, previously published [59], have been used to calibrate the upper strati-
graphic interval. Important stratigraphic markers occur in this interval, including (from the
youngest to the oldest) the 1538 C.E. Monte Nuovo tephra, the 79 C.E. tephra (genetically
related to the Somma-Vesuvius) mixed with the 60 C.E. Cretaio eruption (Ischia Island), and
finally, a tephra dated at ~3.9 kyr correlated to Nisida or Capo Miseno. Tephra interlayered
with marine deposits has been correlated with seismic reflectors characterized by high
amplitude and high frequency. In this sequence, alternating sandy and silty deposits and
ash/pumice/lithic layers control strong variations of acoustic impedance in the strati-
graphic sequence. Volcaniclastic deposits, alternating with marine deposits, have also been
recognized and interpreted based on acoustically transparent or chaotic seismic reflectors.

In the Gulf of Pozzuoli, the chronostratigraphic framework of the caldera infill se-
quence has been reconstructed and calibrated by the NYT depth [60,61]. In particular,
the seismic reflectors with a high amplitude have been interpreted as tephra deposits,
corresponding with significant volcanic events, while the acoustically transparent intervals
have been interpreted as marine deposits, with a subordinate volcaniclastic fraction [75].

6. Conclusions
The main conclusions are as follows:

- Fluid uprising is shown by acoustically transparent zones, previously interpreted as
volcanic sequences.

- Fluid uprising is concentrated in anticlinalic and synclinalic structures. This finding is
in agreement with previous studies on reservoir characterization, showing that these
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structures represent structural and stratigraphic traps [80]. In particular, roll-over
anticlines represent valuable stratigraphic traps in hydrocarbon exploration.

- Seismo-stratigraphic data suggest that the fluid uprising could be genetically related
to the new bradyseismic crisis in the Gulf of Pozzuoli, still in course, as suggested by
earthquakes and bradyseism occurring in this area, both onshore and offshore.

- This phenomenon can be compared with similar processes on the fluid uprising
controlling the individuation of seabed domes in the Naples Bay, namely the Banco
della Montagna feature [11]. Active degassing has also been singled out.

- In this volcanic–tectonic framework, the suggested mechanism is controlled by the
occurrence of a heat source (magma reservoir) in the continental crust and/or the
mantle, genetically related to the occurrence of submerged hydrothermal discharges
in the Campania coastal regions.

- Identifying (a) morphologies associated with active seabed deformation and (b) gas
emissions close to heavily populated coastal regions, such as Italy’s Neapolitan vol-
canic area (home to approximately 1 million people), is crucial for assessing the
likelihood of shallow-depth volcanic eruptions.

The main limitation is the lack of a systematic network of geochemical and sedimento-
logical data constraining the suggested mechanism. Geochemical data have been collected
onshore in the Solfatara–Pisciarelli geothermal system, but systematic data collection is still
lacking offshore. Prior to and during the 1982–1984 bradyseismic crisis and the three minor
events, there were significant differences in the concentrations of fumarolic effluents’ major
and minor gas species. Specifically, the H2O/CO2 and S/C ratios gradually increased be-
fore each deformation episode, and they sharply decreased afterward [4]. These consistent
alterations implied that the processes controlling ground deformation and hydrothermal
circulation must be related in some way. Measurements of diffuse degassing, which for the
first time demonstrated the remarkable scale of this process, validated the importance of
fluid and heat transmission at La Solfatara [4,15].

At the same time, marine gravity cores, previously published in the Gulf of Pozzuoli,
are scattered [59], and consequently, the sedimentological data must be improved. These
data are limited to the gravity cores C1062, C32, and C23 [59]. The facies analysis has shown
bioturbated muds, with interlayered coarse-grained layers, mostly consisting of sandy silt
rich in bioclasts and/or volcaniclasts, along with three important tephra layers [59]. A
denser network of marine gravity cores in the Gulf of Pozzuoli needs to be acquired in
future geological and geophysical studies using the R/V Gaia Blu of the National Research
Council of Italy.

Future work and suggestions include the acquisition of a dense network of geochemi-
cal and sedimentological data to solve the geological problem of the relationships between
gas and bradyseism in the Gulf of Pozzuoli, and possibly, the acquisition of a densely spaced
grid of seismic profiles (Sparker or multichannel) to improve the seismic interpretation of
the gas features.
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