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Abstract. Campi Flegrei, one of the most monitored and
studied volcanic areas in the world, has recently attracted
significant attention due to the reactivation of its peculiar
activity, consisting of small earthquakes, geothermal phe-
nomena and slow subsidence/rapid uplift cycles, known as
bradyseism. While much of the research and of the attention
focuses on potential eruptions or other volcanic-related ac-
tivities, the potential hazard posed by gravitational instabil-
ities has received little consideration. The interaction of the
destabilized masses with water can trigger tsunamis, poten-
tially affecting the whole coastline of the Gulf of Pozzuoli,
which lies above the Campi Flegrei caldera. Moving from
the limited available geomorphological studies of the area,
a set of four landslide-tsunami scenarios (one subaerial and
three submarine sources) are reconstructed. These are simu-
lated through a sequence of numerical codes, accounting for
all the phases of the tsunami process, providing insights into
the distribution of tsunami energy and identifying the most
affected coastal stretches. Additionally, the study explores
the influence of dispersion effects in the tsunami propaga-
tion and the occurrence of resonance effects in some minor
inlets of the Gulf, emphasizing the importance of accounting
for complex and non-linear coastal processes when treating
landslide-generated tsunamis.

1 Introduction

The recent strengthening of the Campi Flegrei activity
has raised many concerns about the potential impacts of
volcanic-related manifestations on local population and
infrastructures. The caldera, located in correspondence of
an extremely densely inhabited area in the surroundings of

Naples (South Italy), is one of the most active and dangerous
in the world. The study of the hazard correlated to the Campi
Flegrei activity, concerning the tephra dispersal in case of
eruption, has been already treated in the scientific literature
(Selva et al., 2021). On this basis, a National Civil Protection
plan has been realized in case of emergency (https://mappe.
protezionecivile.gov.it/en/risks-maps-and-dashboards/
national-planning-phlegraean-fields/, last access: 20 Jan-
uary 2026). Other considered potential hazards linked to
the eruption of the Campi Flegrei caldera are pyroclastic
flows (Neri et al., 2015), phreatic explosions (Mayer et al.,
2016) and mud flows generated by the interaction between
the ash ejected from the volcano and the rain (Isaia et al.,
2021). Earthquakes are frequent, though characterized by
low magnitude. As an example, according to the September
2025 INGV – Osservatorio Vesuviano bulletin (https:
//www.ov.ingv.it/index.php/monitoraggio-e-infrastrutture/
bollettini-web/bollettini-web-flegrei/anno-2025-5/
1886-bollettinoweb-cf-2025-settembre/file, last access:
20 January 2026), 423 events have been recorded during the
month. Almost 88 % of these had magnitude lower than 1,
four exceeded Md = 2.0 and the maximum was 4.0.

The interaction of volcanic activity with the sea and the
consequent generation of tsunamis received some attention
as well: the work by Paris et al. (2019) tested the effects of
submarine volcanic explosions in the Gulf of Pozzuoli by
means of numerical scenarios and a Probabilistic Tsunami
Hazard Analysis (PTHA) methodology. Grezio et al. (2020)
attempted a comprehensive approach including earthquakes,
submarine landslides and volcanic explosions as potential
sources for tsunami generation affecting the Gulf of Naples,
implementing them into a PTHA providing hazard curves for
different localities along the coasts.
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Specifically, gravitational collapses are one of the least
considered potential sources of natural hazards in the area.
Volcanic activity at Campi Flegrei can induce instability
both in the short term, through seismic shaking, and in
the long term, due to slope steepening associated with
the caldera uplift. The scenarios considered in Grezio
et al. (2020) were purely synthetic, without evaluation
of geological and morphological evidence, of the sliding
dynamics and of possible hydrodynamic effects during
the tsunami propagation. In occasion of the 30 June 2025
earthquake (magnitude 4.6), a rock mass detached from the
coastal ridge of Punta Pennata, in Bacoli, at the western
end of the Gulf of Pozzuoli, provoking some local sea level
oscillations (https://en.cronachedellacampania.it/2025/06/
terremoto-crollata-una-parete-di-punta-pennata-a-bacoli/,
last access: 20 January 2026), and putting in the spotlight
such type of phenomenon.

This work aims to fill these gaps, by assessing the tsunami-
genic potential of local submarine and subaerial landslides,
evaluating the tsunami distribution patterns and the respec-
tive impact on the coasts, at the scale of the Gulf of Pozzuoli
basin. The masses generating the waves are selected based
on a worst-case credible approach (see e.g. Tonini et al.,
2011; Zaniboni and Armigliato, 2026), which relies upon the
present morphology and upon the existing knowledge of the
mass transport processes in the area. The tsunami hazard is
then assessed through a set of numerical codes, already tested
and applied in many other landslide-tsunami cases. This in-
vestigation has been preliminarily performed and reported in
Sabino (2024): here it is extended including the role of dis-
persion in the tsunami propagation, since it can have signifi-
cant influence in the impact of the waves on the coasts.

Campi Flegrei volcano

Campi Flegrei is a complex volcanic system with a his-
tory spanning at least the last 78 000 years (Perrotta et al.,
2006), characterized by intense unrest episodes involving
ground deformation and seismicity (de Natale et al., 2006),
together with explosive eruptions and variable vent locations
(Bevilacqua et al., 2015). Seismic studies have revealed a
large magmatic sill at depth, potentially connected to the sur-
face through deep fractures (Zollo et al., 2008). The heart of
Campi Flegrei is the vast caldera, an almost circular structure
with a diameter of about 10 km (marked by the red dashed
line in Fig. 1) involving the western districts of Naples in its
subaerial expression, with a total potentially affected popu-
lation of more than 360 000, living in the cities of Pozzuoli,
Bagnoli and Bacoli. The submarine part of the caldera is cov-
ered by the Gulf of Pozzuoli, a small, shallow water sub-
basin of the wider Gulf of Naples. The landscape of this area
has been shaped by several volcanic events: the caldera was
formed by a catastrophic volcanic explosion that occurred
approximately 39 000 years ago. This event, an eruption of
100–200 km3 of rock called “Ignimbrite Campana” (Rosi

et al., 1983; Perrotta et al., 2006), shaped the region’s topog-
raphy, creating a unique landscape characterized by hills, fu-
maroles, and hot springs. At the centre of the caldera rises the
Solfatara crater, a focal point for the volcanic and geother-
mal activity in the area. Historical reports from Roman times
reveal a general trend of slow subsidence (rate of about 1–
2 cmyr−1), alternated with occasional episodes of faster up-
lift (Di Vito et al., 2016; De Vivo et al., 2020), a peculiar be-
haviour that took the name of “bradyseism”. Soil subsidence
can lead to coastal flooding, as testified by the submerged
park of Baia, where Roman houses and constructions are still
visible now at 6–8 m depth. The last significant eruption of
Campi Flegrei caldera occurred in 1538, with 0.03 km3 of
erupted products that gave rise to the hill of Monte Nuovo in
one single night (De Vivo et al., 2001). After that, the floor of
the caldera underwent slow and regular subsidence. In more
recent times, some episodes of uplift interrupted this phase:
74 cm in 1950–1952, 159 cm in 1970–1972 and 178 cm in
1982–1984 (Del Gaudio et al., 2010), resulting in a maxi-
mum rise of about 3.5 m of the ground in the city of Pozzuoli,
with shallow micro-seismicity recorded in response to fluid
movement episodes.

At present, bradyseism, which resumed in mid-2023,
is still ongoing. The GNSS network has measured,
since January 2024, an uplift of more than 33 cm in
some stations (see https://www.ov.ingv.it/index.php/
monitoraggio-e-infrastrutture/bollettini-web, last access:
26 January 2026). Seismic activity has been intensi-
fying during this period, although most of the events
are characterized by low magnitudes (about 90 % of
the events had magnitudes less than 1.0, see https:
//www.ov.ingv.it/index.php/monitoraggio-e-infrastrutture/
bollettini-tutti/bollett-mensili-cf, last access: 26 Jan-
uary 2026), with maximum depths around 4 km, predom-
inantly concentrated within the first 2 km (Danesi et al.,
2024).

2 Data and methods

The investigation on the tsunami hazard in the Gulf of Poz-
zuoli associated to the Campi Flegrei activity, triggering po-
tential instabilities interacting with water, is here performed
through numerical methods, which in turn implement ap-
proaches that are described in this section. An initial neces-
sary premise concerns the importance of considering the dis-
persive effects in landslide-tsunami simulations, a task that is
usually underestimated but whose effects could be relevant in
the analysis of the tsunami impact on the coast.

2.1 Landslide-tsunamis and dispersive effects

Tsunamis are oscillations induced by a perturbation of the
equilibrium state involving the whole water body, which can
be produced by sudden changes in the sea bottom (earth-
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Figure 1. Morphological map of the Gulf of Naples (South Italy). The red-dashed circle delimits approximately the Campi Flegrei caldera,
involving a subaerial part (west of Naples) and a submarine portion (Gulf of Pozzuoli).

quakes, submarine landslides, underwater volcanic explo-
sions) or upon the sea surface (subaerial landslides, atmo-
spheric perturbations, cosmogenic tsunamis).

In general, in hydrodynamics, each wave is subject to the
dispersion relation, linking the phase velocity c to the wave
number k (or to its inverse, the wavelength λ): the smaller is
the second (i.e., the bigger is the wavelength), the higher is
the first. In short, longer oscillations are faster than shorter
ones (for a general overview about this topic see for example
Saito, 2019).

A tsunami can be considered generally as a non-
monochromatic wave, resulting from the superposition of
different components, each characterized by a specific wave-
length, then with its own velocity. When λ is much bigger
than the water depth h of the involved basin, the hydrody-
namic equations can be significantly simplified by means
of the shallow-water (SW) approach, in which tsunamis are
treated as “long-waves”. This is generally valid for waves
generated by earthquakes, since the source has dimensions
that is usually much bigger than the typical depth of the sea.
When the tsunami trigger is provided by other phenomena,
such as landslides, SW is known to neglect important hydro-
dynamic effects, such as dispersion, that can affect signifi-
cantly the wave propagation and impact on the coast. It is
generally agreed that SW is considered proper when the ra-

tio λ/h is bigger than 20, while for lower values (i.e., for
“shorter” waves) a more sophisticated and higher-order ver-
sion of the hydrodynamic equations should be considered,
as for example the Boussinesq approximation (hereafter ac-
counted for as non-hydrostatic approach, NH).

A quantification of the dispersive effects on the tsunami
propagation was attempted in Glimsdal et al. (2013). A rear-
rangement of the considerations found in that work leads to
the estimation of the ratio between distance and initial signal
wavelength for which the dispersion becomes relevant and
cannot be neglected anymore. Calling this (non-dimensional)
dispersion distance as D, the expression is:

D = 0.025×
(
λ

h

)2

(1)

For “long waves”, then, λ/h≈ 20 andD ≈ 10: dispersive ef-
fects manifest at least at a distance ten times the initial wave-
length. Table 1 reports some typical values for wavelengths
and water basin depths found respectively for: earthquake-
tsunamis (first line), for which generally SW approach is
applicable; submarine landslide tsunamis (second line) for
which SW is valid only on limited domains; subaerial land-
slide tsunamis (third line), which can be considered in gen-
eral as deep-water (DW) waves, for which the NH approach
is more suitable.
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Table 1. Examples of waves and of computing of respective disper-
sion distance. λ: initial wavelength; h: water depth; D: dispersion
distance, computed by Eq. (1); d: distance for which dispersion ef-
fects become predominant (d =D× λ).

λ (km) h (m) λ/h Wave type D d (km)

100 4000 25 SW 15.6 1562.5
5 500 10 Weakly SW 2.5 12.5
1 200 5 DW 0.625 0.625

In general, we can see that dispersion affects every
tsunami, also the “longer” ones, but it manifests only on very
long distances, where probably the perturbation itself has al-
ready been damped by other propagation effects. Neglect-
ing dispersion means that the different components of the
tsunami travel all together and impact the coast at the same
time; conversely, when considering it, the longer components
travel much faster than the shorter ones. This provokes an
“unpacking” of the tsunami, that is much more evident and
effective with increasing distance from the source: in gen-
eral, then, neglecting dispersion causes an overestimation of
the tsunami effects.

2.2 Overview on numerical techniques

Landslide-generated tsunamis are highly complex processes.
Assessing their impact on the coast through numerical simu-
lations requires numerous approximations and assumptions.
The approach adopted here divides the entire process into
distinct phases: (i) the landslide motion, (ii) the transfer of
energy from the mass to the water, (iii) tsunami propagation,
and (iv) the wave’s impact on the coast. Each phase is treated
independently, and back-interactions are not considered: for
example, the mass-water interaction, where the wave’s prop-
agation can alter the water column and influence the dynam-
ics of the landslide on the seafloor up to 20 % (Harbitz et al.,
2006), is neglected in this study, since those effects do not
affect considerably the tsunami propagation. The phases are
addressed sequentially, with the output of one stage serving
as the input for the next.

2.2.1 Landslide motion

The movement of the mass along the seafloor triggers the
tsunami. Unlike earthquake-generated tsunamis, where the
source process can be considered instantaneous relative to
the wave’s propagation (at least as a first approximation),
landslide-tsunamis exhibit a generation phase that evolves in
comparable time with the ensuing waves. Thus, it is essen-
tial to accurately describe the mass dynamics and the evolu-
tion of shape changes. This is achieved using the numerical
code UBO-BLOCK (see detailed description in Tinti et al.,
1997), which divides the sliding mass into interacting por-
tions. The equation governing the centre of mass (CoM) mo-

tion is determined by the forces acting on the mass: grav-
ity, buoyancy, basal friction, surface drag, and an internal in-
teraction force accounting for energy dissipation due to de-
formation. The last element is crucial, since it accounts for
shape changes of the mass during its motion, a factor that in-
fluences also the wave generation and that can’t be neglected:
it is found, in fact, that rigid block approximation for land-
slide collapses produces an overestimation of the generated
tsunamis (see for example the review in Yavari-Ramshe and
Ataje-Ashtiani, 2016). The resulting time-series of geomet-
ric and dynamic quantities describing the landslide motion is
then generated. Applications of UBO-BLOCK to landslide-
tsunami events can be retrieved in Triantafillou et al. (2020),
Zaniboni et al. (2021), Gallotti et al. (2021, 2023), Gasperini
et al. (2022), Zaniboni et al. (2024) and in the references
therein.

2.2.2 Tsunamigenic impulse

The next step involves assessing the perturbation to the wa-
ter column caused by the sliding motion along the seafloor.
This disturbance provides the dynamic forcing term for the
wave propagation equations, which are not instantaneous but
evolve over time. The change in the seafloor due to the land-
slide is interpolated onto the tsunami grid nodes, with a fil-
ter applied to local sea depths that suppresses high frequen-
cies. These tasks are handled by the intermediate code UBO-
TSUIMP (details in Tinti et al., 2006).

2.2.3 Tsunami propagation and coastal impact

The final two phases are simulated using the JAGURS code,
which solves the fluid dynamics equations using finite differ-
ence methods. Tsunami propagation can be modelled using
either the shallow-water (SW) equations or a more sophisti-
cated approach that accounts for vertical variations in hydro-
dynamic quantities, implementing for example the Boussi-
nesq model (NH). The non-hydrostatic method allows the
code to capture dispersion effects, which are crucial for
landslide-generated tsunamis, as described in Sect. “Campi
Flegrei volcano”. JAGURS supports simulations over com-
putational grids with varying resolutions (using a nested grid
approach) and can model coastal inundation. It is also opti-
mized for parallel computing with MPI and OpenMPI cod-
ing, enabling the simulation of dispersive effects over large
computational domains (see Baba et al., 2015, for further
description). While JAGURS is widely used for earthquake-
generated tsunamis (Ren et al., 2021; Ehara et al., 2023), for
landslide-generated events it requires some adaptations, due
to the nature of the phenomenon itself. As previously men-
tioned, the tsunamigenic impulse for landslide-tsunamis is
not instantaneous: then, it must be provided to the code as a
sequence of single impulses, one for each time step describ-
ing the landslide motion along the sea bottom and producing
the perturbation.

Nat. Hazards Earth Syst. Sci., 26, 631–649, 2026 https://doi.org/10.5194/nhess-26-631-2026



F. Zaniboni et al.: Tsunamigenic potential of unstable masses 635

2.3 Computational grid

The numerical codes applied here require as input a equally-
spaced computational grid, whose definition and assembling
needs a compromise among different aspects: the detailed de-
scription of the morphology, mainly for the coastal areas, re-
quires a huge number of nodes, that on the contrary needs to
be limited basing on the computational resources available.
Additionally, landslide-tsunamis are known to affect limited
domains, due to the dispersive effects characterizing their os-
cillations that produce a rapid damping of their amplitude. In
the specific case studied here, the morphology of the seabed
suggests that the mass instabilities induced by the Campi Fle-
grei activity have typically small volumes, producing waves
that will presumably travel modest distances, with reduced
consequences on the coasts. Under all these considerations,
the selected tsunami computational domain covers the Poz-
zuoli Gulf for an area of 12km× 11km approximately, with
a spatial step of 20 m and a total number of nodes of about
340 000. Raw data have been retrieved from the database
MaGIC for the coastline and the bathymetry (DPC, 2023),
and from the database Tinitaly (Tarquini et al., 2023) as con-
cerns the topography.

From the morphology, that can be inferred from the gen-
eral map in Fig. 1 and with more detail in Fig. 2, it is possi-
ble to infer some insights about landslide triggering and the
ensuing tsunami propagation: (i) the underwater slopes are in
general quite gentle, inhibiting high initial acceleration of the
sliding masses, one of the most important factors in tsunami
genesis (e.g., Lovholt et al., 2015). Only the areas close to the
Gulf’s mouth opposite sides, i.e., Capo Miseno on the west
and Nisida Bank on the east (see Fig. 2 for toponyms), show
steep submarine gradients. (ii) the coastal slope is generally
flat, favoring water ingression and tsunami penetration; only
the two abovementioned areas (Capo Miseno and Nisida)
are characterized by steep coastal profiles, that can also pro-
duce rapidly moving collapses into the water. (iii) the sea is
rather shallow within the Gulf, with maximum depth reach-
ing about 100 m, while it deepens eastward and southward.
This will have consequences on the wave propagation in the
basin, since, as we have seen, the sea depth deeply influences
the tsunami behaviour during the propagation. (iv) finally, but
not less importantly, at this level of detail it is possible to
represent the main piers and harbour structures (well visible
at Pozzuoli and Bagnoli, Fig. 2), which influence the wave
propagation with local effects, such as for example multiple
reflections and resonance.

2.4 Mass instabilities in the Gulf of Pozzuoli and
landslide scenarios

The evaluation of the landslide-tsunami hazard in the Gulf of
Pozzuoli requires, as a first step, to identify the sources, i.e.,
masses that have the potential to generate waves, both in sub-
marine and in the subaerial environments. This investigation

Figure 2. Morphological map of the Gulf of Pozzuoli. Black la-
bels denote the main coastal toponyms, blue ones the submarine
volcanic edifices. The brown contours mark the recognized deposi-
tional areas; the red and magenta lines report the seismic line called
L69_07 and L74_07 respectively. Such features are retrieved from
Aiello et al. (2012).

is here performed through a scenario approach, meaning that
those collapses are hypothesized starting from geological
and morphological evidence, studying their signatures (scars,
slopes, deposits) and the ensuing tsunamis evaluated through
the numerical routine previously illustrated. The assumption
is that such scenarios represent the range of possible and
credible worst events occurring in the area, following the
approach called Worst-case Credible Tsunami Hazard As-
sessment (WCTHA, see Tonini et al., 2011 and Zaniboni and
Armigliato, 2026, for description and application), which is
suitable to phenomena like landslide-tsunamis, where nei-
ther recurrence time are defined nor extensive catalogues of
events are available, contrary to the most adopted approach in
tsunami science (PTHA, see e.g. Behrens et al., 2021). In the
specific case of the Gulf of Pozzuoli, we will see that, lack-
ing detailed bathymetric surveys of the seabed specifically
devoted to map and describe such occurrences, the WCTHA
is not fully applicable: evidence of past collapses is scarce
and a general pattern of the potential mass movements is not
defined. Moreover, in a context like the Campi Flegrei, bradi-
seismic activity, morphology and trigger can change rapidly
in time, defining new threshold for “worst-case credible” sce-
narios. The scenarios that have been individuated, then, must
not be considered as detailed reconstruction of past events,
but as representative of categories of collapse events that po-
tentially occurred, whose potential hazard is here evaluated

https://doi.org/10.5194/nhess-26-631-2026 Nat. Hazards Earth Syst. Sci., 26, 631–649, 2026



636 F. Zaniboni et al.: Tsunamigenic potential of unstable masses

through numerical simulations. In the following, as a first
step, the search for mass collapse traces in the Gulf of Poz-
zuoli within the scientific literature is reported.

Recent magnetic surveys in the larger Gulf of Naples ev-
idenced the presence of consistent deposits on the seabed,
testifying an intense mass transport activity in the whole
area (de Ritis et al., 2024), that could have probably gen-
erated tsunamis affecting the area of interest of this study.
The focus, though, is here centred on local sources, i.e., po-
tential landslides triggered by the seismic shaking related to
the Campi Flegrei caldera, then along the slopes (subma-
rine and subaerial) in the Gulf of Pozzuoli area. As already
mentioned, this is a small, shallow water basin, whose de-
tailed stratigraphic and morphological features have been re-
vealed by high-resolution seismic and bathymetric surveys
(Aiello et al., 2012; Somma et al., 2016). The area is char-
acterized by numerous seismic units, both volcanic and sed-
imentary, and by a complex tectonic setting related to the
intense Campi Flegrei volcanic activity. The northern part of
the basin shows an inner shelf with maximum depth of 50 m,
deepening to 100 m with gentle slopes and delimited by a
belt of submarine volcanic edifices: starting from East, they
are called Miseno Bank, Pentapalummo Bank and Nisida
Bank (see Fig. 2). The morphological investigations have re-
vealed the presence of deposits in the deeper and flat part of
the Gulf, especially around Miseno Bank and in the central
part of the basin (areas in light brown, Fig. 2; Aiello et al.,
2012). The seismic sections reported in the same publica-
tion evidence the presence of buried deposits with peculiar
characteristics, which have been characterized and denoted
as paleo-landslides. Figure 2 reports the profiles along which
they have been found: one lies along the transect L69_07
(in red), extending in the E–W direction and showing a po-
tential deposit close to Nisida; the second refers to the line
L74_07 (in magenta), running in the N–S direction from Poz-
zuoli. The morphological evidence close to Miseno Bank and
the two buried deposits found in the seismic profiles will
be taken as the basis for the submarine landslide scenarios
adopted for this investigation.

Regarding subaerial sliding, a comprehensive geodatabase
(CAFLAG) documents 2302 landslide events from 1828–
2017, most of which consists of rock falls affecting vol-
canic slopes and rainfall-induced slides in pyroclastic de-
posits (Esposito and Matano, 2023). Landslide hazards affect
over 15 % of the subaerial Campi Flegrei area, with varying
risk levels among towns (Calcaterra and di Martire, 2022).
The events of interest here are the ones potentially interact-
ing with water: the candidates are then restricted to collapses
along the coastline that are not simple rockfalls (surely gen-
erating high waves but only locally, dissipating quickly, as in
the case of 30 June 2025, previously cited), but more com-
plex body collapses involving a coherent mass impacting the
water and moving along the seafloor.

Based on all these considerations, a set of four landslide
scenarios has been arranged for the numerical simulations.

Table 2 summarizes their geomorphological characteristics
(volume, area, maximum thickness and initial elevation),
while Fig. 3 reports the position of the initial masses for each
case. Three of them are submarine and cover different posi-
tions over the Gulf of Pozzuoli, while the fourth is subaerial.

Scenario 1 (blue contour in Fig. 3) is located just south of
Capo Miseno, at the western end of the Gulf, and has been
reconstructed starting from the deposit shown in brown in
Fig. 2. The hypothesis is that the mass detached from the
seafloor depression between Capo Miseno and the Miseno
Bank, with the constraint to obtain a volume comparable to
the observed deposit at the toe of the slope: since an accurate
estimate of this does not exist, a conservative approach has
been adopted basing on the hypothesized boundary and on a
reasonable thickness distribution, basing on the seafloor mor-
phology. The volume obtained for this scenario is of almost
3 million m3.

Scenario 2 (in magenta, Fig. 3) lies in the central part of the
Gulf and has been built based on the buried paleo-landslide
recognized in the seismic profile just south of Pozzuoli (ma-
genta line, Fig. 2). Its morphology is quite arbitrary, since
scarce information exist on this hypothesis. Adopting again
a conservative approach, this has been taken similar to Sce-
nario 1, with volume and initial area slightly smaller, though
its shape is more elongated in the sliding direction.

Scenario 3 (green boundary, Fig. 3) is placed in the east-
ern part of the basin, and recalls a buried paleo-landslide as
well, relative to another seismic transect (E–W from Nisida,
see Fig. 2, red line). This scenario shows a slightly larger vol-
ume (around 4 million m3), a slightly larger initial thickness
and moves from shallower water: all these elements suggest
a likely higher capability of triggering relevant waves.

Scenario 4 (in black, Fig. 3) is the only subaerial scenario,
and is located along the coastal cliffs of Capo Miseno, at the
western end of the Gulf of Pozzuoli. It has been chosen by
morphological considerations and recalling the 30 June 2025
rockfall, assuming the large coastal subaerial scar of the east-
ern flank of Capo Miseno – still visible now – originated from
a single, sudden collapse. The resulting scenario is quite dif-
ferent from the other cases: volume much smaller (around
half million m3) and much larger initial thickness (maximum
of more than 50 m).

As mentioned previously, accurate characterisation of
geotechnical properties and rheological behaviour of these
masses are not available. Since these factors can signifi-
cantly influence both the landslide dynamics and the ensuing
tsunami, this study adopts a set of reasonable assumptions,
common to all involved cases. The slides are considered pre-
dominantly translational, allowing for elongation during mo-
tion and descent toward the deeper, central part of the basin.
An exception is Scenario 1, where the presence of a hypoth-
esized depositional area acts as a constraint on the model pa-
rameters regulating the dynamics. Although these assump-
tions are simplified and approximate, and each case would
deserve more accurate reconstruction and characterization,
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Table 2. Morphological characteristics of the Gulf of Pozzuoli landslide scenarios.

Scenario Environment Volume Area Maximum Thickness Initial maximum elevation
(106 m3) (km2) (m) (m)

1 Submarine 2.98 0.77 9.47 −49
2 Submarine 2.30 0.56 10.11 −37
3 Submarine 4.12 0.63 12.73 −27
4 Subaerial 0.58 0.03 56.77 126

Figure 3. Location of the initial bodies for the four landslide scenarios hypothesized: in blue, Scenario 1, between Capo Miseno and Miseno
Bank; in magenta, Scenario 2, south of Pozzuoli; in green, Scenario 3, offshore Bagnoli; in black, Scenario 4, along the cliffs of Capo Miseno.

they are considered acceptable within the context of WC-
THA and for the purposes of this work, aiming at providing
a first glance of the potential hazard of landslide-tsunamis in
the area.

3 Results

3.1 Landslide simulations

The code UBO-BLOCK has been applied to each of the sce-
narios described in the previous section. The software re-
quires as input the initial landslide configuration (the undis-
turbed sliding surface and the upper surface of the mass),
the predefined trajectory of the CoM and the lateral bound-
aries of the surface swept by the sliding motion. In this way

it is possible to obtain the time history of the landslide shape
changes and of its dynamics, representing the input for the
computation of the tsunamigenic impulse.

3.1.1 Scenario 1

The first scenario is submarine, with a volume around 3 mil-
lion m3, and is placed south of Capo Miseno. Figure 4A
shows the initial thickness distribution (yellow-red scale),
and the predefined trajectory for the CoM, that has been de-
termined based on the position of the final deposit found from
the geomorphological survey (dashed-blue boundary). Fig-
ure 4B reports a section of the landslide, taken along the CoM
trajectory: as previously noticed, the slopes are quite gentle,
with an average value of 1.5° for this case. In the simula-
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tion, the sliding mass settles between 80 and 100 m sea depth
(red line, Fig. 4B), reaching a maximum velocity of around
5 ms−1 after 200 s (Fig. 4C), and decelerating quickly due to
low seafloor gradient. Figure 4C reports the Froude number
(Fr) evolution in time as well: this dimensionless quantity
is computed as the ratio between the horizontal component
of the landslide velocity and the tsunami phase velocity in
the shallow-water approximation (

√
gh, with g gravitational

acceleration and h water depth). When Fr approaches the
unity, the velocities of the two quantities are similar, and the
mass-wave system reaches resonance condition; for super-
critical values (Fr > 1) the mass moves faster than the wave:
this occurs mainly in shallow water; in the subcritical regime
(Fr < 1), typical of submarine slides, the wave travels much
faster than the slide, which is then unable to “feed” the main
tsunami front. In other words, Fr provides an indication of
the efficiency of the energy transfer from the sliding mass
to the wave. As already mentioned, in this investigation the
wave-mass feedback (i.e. the effect of the generated tsunami
on the slide motion) is not accounted for. For Scenario 1,
Fr attains maximum values around 0.2 corresponding to the
velocity peak, accounting then for a poor efficiency in the
tsunami generation process.

3.1.2 Scenario 2

The second scenario is still submarine and is placed in the
central part of the Gulf of Pozzuoli, about 1 km offshore from
the piers of the homonymous city (Fig. 5A). The hypothe-
sized initial mass has been placed along the steeper slope
connecting the shallow-water shelf to the deeper sea. The
volume is similar to Scenario 1 (see Table 2), and the pre-
defined sliding direction (black line in Fig. 5A) mainly ex-
tends in the north–south direction. The simulation shows the
deposit reaching the sub-horizontal seafloor at about 100 m
depth (Fig. 5B), with acceleration and deceleration phases
almost symmetric, around the peak velocity value of 9 m s−1

(Fig. 5C). The maximum value of Fr is here higher than
the previous case (more than 0.3), remaining however largely
subcritical and then limiting the build-up of the wave front.

3.1.3 Scenario 3

The last submarine scenario is located on the eastern side
of the basin, just north of the small peninsula of Nisida
and few hundreds of meters offshore Bagnoli (Fig. 6A). As
for the previous cases, the initial thickness is shown by the
area in the yellow-red scale, showing that the mass is not
distributed uniformly, but with the thicker part placed in
deeper water. The sliding motion follows the main bathy-
metric gradient, south-westward (black line, Fig. 6A), stop-
ping at about 100 m depth, where the slope is quite horizon-
tal (Fig. 6B). The dynamics is characterized by a shorter ac-
celeration phase, reaching the maximum velocity of almost
9 ms−1 after around 2 min (Fig. 6C), followed by a longer

deceleration taking 4 min before stopping. Similarly to sce-
nario 2, Fr attains maximum values of 0.3, meaning poor
efficiency in tsunami generation.

3.1.4 Scenario 4

This scenario is the only subaerial one and presents very dif-
ferent morphological features compared to the previously il-
lustrated cases: much smaller volume and initial area (see
Table 2), much larger initial thickness, and an aspect ratio
(length/width) very different from the submarine cases, as
visible from Fig. 7A. The initial mass has been hypothesized
“filling” the subaerial, coastal scar still visible now along the
eastern flank of Capo Miseno. Though purely theoretical, this
type of collapse is not unusual in the whole area of the Gulf
of Naples, as testified by the 30 June 2025 event at Punta
Pennata, located close to this area; this scenario can be con-
sidered an endmember for this category of landslides.

The simulation shows that the deposit reaches a sub-
horizontal area at 70–80 m depth (Fig. 7B), with dynamics
again different from the previous cases: a sudden acceler-
ation brings the sliding mass at about 23 m s−1 within 10 s
(Fig. 7C), due to the very steep slope characterizing the first
part of the trajectory (black line in Fig. 7B); then the sub-
marine shelf in very shallow water provokes an abrupt de-
celeration, down to 5 ms−1, before a second acceleration
due to the increasing slope between 20 and 60 m b.s.l., up to
10 ms−1. Finally, the slide stops about 2 min after the onset.
The Froude number crossed the critical value after around
20 s, when the mass is decelerating and moving along the
shallow water platform offshore Capo Miseno: this configu-
ration turns out to be very efficient in generating the tsunami,
since the waves are moving slower than in deep water and
they are coupled with the mass motion on the seafloor.

3.2 Tsunami simulations

As illustrated previously, tsunamis can be significantly af-
fected, during the propagation, by the hydrodynamic effect
of dispersion, due to the different phase velocity characteriz-
ing its components. This phenomenon is particularly evident
for short oscillations, which are more often induced by land-
slides. It is possible to estimate the distance at which such
effects become predominant through Eq. (1), applying it to
each of the studied scenarios. The dispersion can be quanti-
fied through the ratio λ/h, with λ tsunami wavelength and h
sea depth that can be determined as follows:

– λ, the initial wavelength of the tsunami, can be as-
sessed in a first approximation as twice the longitudinal
length of the slide, called b. This assumption, adopted
in Heidarzadeh et al. (2023), though quite simplistic
and rough, provides a first reasonable indication for this
quantity.
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Figure 4. Panel (A) Map of the initial sliding mass for Scenario 1, with initial thickness shown by the yellow-red scale. The black line
marks the CoM predefined trajectory, defined to fit the observed deposit (dashed-blue boundary). The area swept by the sliding motion is
highlighted in green. Panel (B) Landslide profile along the CoM trajectory: in black the undisturbed sliding surface; in blue the initial mass;
in red the simulated deposit. Panel (C) Sliding velocity (red for average, black for each CoM) and Froude Number (in blue) time histories.

Figure 5. Panel (A) Map of the initial sliding mass for Scenario 2, with initial thickness shown by the yellow-red scale. The black line marks
the CoM predefined trajectory. The area swept by the sliding motion is highlighted in green. Panel (B) Landslide profile along the CoM
trajectory: in black the undisturbed sliding surface; in blue the initial mass; in red the simulated deposit. Panel (C) Sliding velocity (red for
average, black for each CoM) and Froude Number (in blue) time histories.
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Figure 6. Panel (A) Map of the initial sliding mass for Scenario 3, with initial thickness shown by the yellow-red scale. The black line marks
the CoM predefined trajectory. The area swept by the sliding motion is highlighted in green. Panel (B) Landslide profile along the CoM
trajectory: in black the undisturbed sliding surface; in blue the initial mass; in red the simulated deposit. Panel (C) Sliding velocity (red for
average, black for each CoM) and Froude Number (in blue) time histories.

Figure 7. Panel (A) Map of the initial sliding mass for Scenario 4, with initial thickness shown by the yellow-red scale. The black line marks
the CoM predefined trajectory. The area swept by the sliding motion is highlighted in green. Panel (B) Landslide profile along the CoM
trajectory: in black the undisturbed sliding surface; in blue the initial mass; in red the simulated deposit. Panel (C) Sliding velocity (red for
average, black for each CoM) and Froude Number (in blue) time histories.

Nat. Hazards Earth Syst. Sci., 26, 631–649, 2026 https://doi.org/10.5194/nhess-26-631-2026



F. Zaniboni et al.: Tsunamigenic potential of unstable masses 641

Table 3. Computation of the dispersion distance for the four scenar-
ios here studied (b landslide length; λ: initial wavelength, assumed
to coincide with 2b; h water depth (fixed at 105 m); D dispersion
distance, computed by Eq. (1); d: distance for which dispersion ef-
fects become predominant.

Scenario Environment b (m) λ/h D d (km)

1 Submarine 1090 20.8 10.7 11.7
2 Submarine 1260 24.0 14.4 18.1
3 Submarine 1010 19.2 9.2 9.3
4 Subaerial 170 3.24 0.26 0.05

– Since the focus here goes to the minimum value for
the ratio λ/h, delimiting the validity of SW approach,
a value representing the maximum depth h for the
tsunami propagation inside the Gulf of Pozzuoli is as-
sumed: 105 m. The waves that are in the SW regime for
this value, will satisfy this requirement also for shal-
lower water.

Table 3 reports the estimations obtained for the landslide sce-
narios here adopted: the three submarine cases are in the SW
regime, with the dispersion manifesting only for distances
larger than the Gulf of Pozzuoli dimension. The subaerial
case (Scenario 4) generates waves that are suddenly domi-
nated by the dispersive effects: for this case the use of SW
for the propagation on the whole Gulf of Pozzuoli seems not
suitable.

The simulations of the tsunamis generated by the slid-
ing scenarios were performed using the JAGURS software,
employing both the SW and the non-hydrostatic (NH) ap-
proaches, with the non-linear version of the equations in both
cases. The computational grid resolution (20 m) is consid-
ered sufficient to investigate most of the tsunami features of
interest in this work; grid nesting (meaning higher resolution
grid in specific, target areas) is thus not implemented here.
This strategy allows to investigate the suitability of the con-
siderations previously made on the effects of dispersion on
the tsunami propagation. Figure 8 illustrates the maximum
water amplitude on each point of the computational domain
for each scenario, comparing the two approaches: SW (upper
row of plots) and NH (lower row). For the submarine sce-
narios (1, 2 and 3) the differences are negligible; for Case 4
(last column) significant differences are evident, with the NH
approach showing much more localized effects compared to
SW. This confirms the earlier hypothesis that dispersion ef-
fects cannot be neglected for sources of this type.

From a hazard assessment perspective, the submarine sce-
narios here treated generate relatively small tsunamis in the
Gulf of Pozzuoli. In Cases 1 and 2, the maximum wave am-
plitudes are on the order of some tens of centimetres. In Case
3, the maximum amplitude exceeds 50 cm along the coastal
stretch between Bagnoli and Nisida, which, while not catas-
trophic, could still cause damages to small boats and gener-

ate currents in smaller sub-basins. In contrast, Case 4 pro-
duces more significant waves, especially at the local scale.
Although the NH simulations show a rapid damping, local-
ized amplifications can be observed in more distant coastal
stretches, such as around Pozzuoli (northern coast) and the
Nisida peninsula (on the east).

Figure 9 depicts the maximum tsunami amplitude along
the coast vs. the cumulative coastal distance, measured from
the eastern extreme of the computational domain and rep-
resented with the black labels, in the left plot. The SW–NH
simulations are almost indistinguishable for the three subma-
rine scenarios (right plot in Fig. 9), with the respective waves
amplitude that are almost superimposed. Cases 1 and 2 show
limited effects on the coast, while Case 3 generates maxi-
mum amplitudes of over 0.5 m between Pozzuoli and Nisida.
As previously observed, on the contrary, for the subaerial
case (Scenario 4) the dispersive effects play a key role, low-
ering considerably the maximum amplitude at the coast start-
ing from the Pozzuoli coastal stretch (around 20 km of cumu-
lative distance along the coast), with values almost halved
at the opposite side of the Gulf. Conversely, the two ap-
proaches produce similar waves for coastal stretches closer
to the source, since for these the tsunami travels in shallower
water and the dispersive effects are then less intense. As al-
ready observed, this scenario produces the most impacting
tsunami, with peak value close to 5 m in Capo Miseno and
local amplifications at Pozzuoli and Nisida with amplitudes
of almost 2 m.

Figure 10 depicts the sketches of the first minutes of prop-
agation for each scenario: all simulations show the typical
feature characterizing landslide-tsunamis, the almost circular
shape of the tsunami signal, mimicking a point-like source.
This polar symmetry is lost when the wave interacts with
shallow water and non-linear effects become predominant. A
positive front (yellow-red scale, meaning sea level increase)
propagates in the same direction of the sliding motion, while
a negative one (cyan-blue scale) moves in the opposite side.
For cases 2 and 3, the first manifestation of the tsunami at
the coastal stretch close to the source – presumably affected
by the larger waves – is a negative signal, meaning that the
water withdraws and is followed later by a sea level increase:
in terms of early warning this is undoubtedly an advantage,
since it can act as a precursor of an upcoming flooding. For
case 1 the situation is different, since the slide motion does
not have a direction opposite to the dryland: a positive front
enters the Gulf of Pozzuoli, while a negative one moves west
of Capo Miseno, to the coastal stretch out of the basin. As
to case 4, the sliding motion starts in the subaerial environ-
ment, resulting into an always positive tsunami front. Notice
also the sequence of high frequency waves characterizing this
scenario, especially evident in the 3 and 4 min sketches (last
row of plots), reflecting the smaller spatial dimensions of the
tsunami source.

In all cases represented in Fig. 10, the tsunami affects most
of the Gulf of Pozzuoli coasts within 4 min. Figure 11 re-
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Figure 8. Maximum water amplitude on each node of the computational grid for the four scenarios considered: each of them are simulated
through the shallow-water (SW) and the Boussinesq (NH) approach. The coloured boundaries report the initial position of the respective
landslide source.

Figure 9. The map on the left reports the initial boundaries of the landslide scenarios. The cumulative distance along the coast is measured
from the eastern extreme of the computational domain. The plot on the right depicts the maximum water amplitude along the coast for the
four scenarios, with comparison between NH (continuous lines) and SW (dashed lines).

ports the travel time for each point of the computational do-
main, providing precious insights from the warning point of
view: independently from the initial position, the waves take
approximately 3–6 min to affect all the coasts of the basin.
Case 2 is the fastest, also due to its position at the centre
of the Gulf. The north-western coastal stretch, on the con-
trary, is the one reached latest (5–6 min) in every scenario:
the waves are slowed down by the shallow-water shelf that in

this area is particularly large, compared to the other areas (as
confirmed by the morphology, Fig. 4). It is worth to specify
that the code JAGURS registers the first positive signal for
each computational cell: this explains the anomalous pattern
of the tsunami opposite to the slide direction, particularly ev-
ident in Case 1 (westward, upper left panel, Fig. 11) and Case
2 (northward, upper right panel).
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Figure 10. Propagation sketches at 1 min intervals of the four landslide-tsunami scenarios investigated (NH approach). The yellow-red scale
marks the positive values (sea level increase), the cyan-blue scale is for negative ones (sea level sinking). The coloured contours represent
the respective initial landslide boundary.

4 Discussion

The numerical simulations illustrated in the previous section
provide some precious insights about the tsunami hazard pat-
tern within the Gulf of Pozzuoli. Submarine collapses of the
size adopted in this study generate waves that do not repre-
sent a threat for coastal population. However, they can dam-
age harbour facilities and small boats, which are present in
a great number within the Gulf of Pozzuoli. Conversely, the
subaerial scenario produces high waves especially in the near
field (almost 5 m high), which rapidly attenuate with distance
thanks to dispersive effects. Some distant coastal stretches
are affected by local amplifications, with maximum ampli-
tudes reaching almost 2 m (Pozzuoli, Nisida), highlighting

the need to investigate this type of events. In most cases, the
tsunami reaches the shoreline in a few minutes with a pos-
itive signal, meaning that it manifests as a water level in-
crease. Only in limited coastal stretches, and not for all sce-
narios, the first signal is negative, i.e., the sea withdraws for
some minutes, providing a crucial precursor of an incoming
wave in terms of early warning. In a few words, these events
can occur totally unannounced, reflecting the definition of
“surprise tsunamis” given in Ward (2001). In the following,
some specific issues arising from the approach adopted and
the simulation results are discussed.
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Figure 11. Travel time, in seconds, of the tsunamis generated by the four landslide scenarios here hypothesized. The position of the initial
mass is marked by the respective coloured boundaries.

4.1 Landslide-tsunami modelling

As shown, the scenarios considered involve heterogeneous
contexts, occurring both in subaerial and submarine environ-
ment. The use of the same modelling approach for both type
of events deserves some discussion. The interaction of a sub-
aerial slide impacting water encompasses all the three phases
(solid–liquid–air), resulting in a highly three-dimensional,
nonlinear process that is particularly difficult to simulate, es-
pecially near the source area. To address this complexity,
the phenomenon is typically divided into two main phases:
(i) the “splash-zone”, where such unsteady, complex inter-
actions dominate. The signals generated in this area, though
intense and characterized by large amplitude, have high fre-
quency and dissipate quickly (Abadie et al., 2008). Conse-
quently, their effects are confined to a limited area, gener-
ally comparable in size to the slide run-out (Walder et al.,
2006); (ii) the propagation phase, beyond the splash-zone,
where a coherent, longer-period signal travels outward. In-
deed, the tsunamigenic physical mechanism – whole water
column uplift due to the passage of the mass on the seabed –
is the same. These oscillations exhibit peculiar characteristics
but are broadly analogous to submarine-generated tsunamis,
apart from dispersive effects that can be captured by proper
modelling. A comprehensive review about this topic is pro-

vided by Yavari-Ramshe and Ataje-Ashtiani (2016). In this
study, the adopted modelling strategy deliberately neglects
the splash-zone effects, assuming they are confined to a very
narrow coastal stretch at Capo Miseno. Consequently, the
tsunami hazard assessment for the broader Gulf of Pozzuoli
could be considered reliable. This assumption is further sup-
ported by previous applications of the same numerical rou-
tine to other subaerial landslide-generated tsunamis, such as
the 1783 Scilla landslide-tsunami (see Zaniboni et al., 2016;
Zaniboni et al., 2019).

4.2 Landslide scenarios

The scenario approach here adopted is a consequence of
the lack of knowledge about the underwater landslide bod-
ies in the Gulf of Pozzuoli, and it is based on a worst-
case methodology (WCTHA, Tonini et al., 2011; Zaniboni
and Armigliato, 2026). Geophysical and bathymetric sur-
veys have evidenced the presence of some ancient collapses,
buried by the sediments, in the deeper part of the basin at
the toe of the slopes, but a general pattern of mass transport
processes in the Gulf of Pozzuoli, with recurrence time and
volume estimation, does not exist. The sources adopted have
been reconstructed based on the pieces of evidence found in
the scientific literature and on geomorphological consider-
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ations (margin slopes, existing scars, basin depth), assum-
ing that they are representative of the maximum credible
occurrences expected in the area with the present morphol-
ogy and knowledge of the area. As a result, three submarine
masses have been reconstructed, with similar volumes (few
million m3), thickness (a maximum of about ten meters) and
detachment depth (in shallow water, between 30 and 50 m).
The fourth case is a coastal subaerial collapse and is char-
acterized by a very different morphology: it can be consid-
ered as the endmember of this type of landslide, since no
direct evidence exists of bigger collapses interacting with the
sea. Specific characteristics of each sliding scenario could
not be retrieved from the available geological and geophysi-
cal evidence: then, reasonable and standard assumptions have
been made for their rheology, hypothesizing for all of them a
moderate translational behaviour. These scenarios cover the
whole extent of the Gulf, providing then a general idea of the
impact expected from the ensuing tsunamis. However, larger
collapses cannot be ruled out, especially in case of intensifi-
cation of the Campi Flegrei volcanic activity providing pos-
sible triggers and, in the long term, slope oversteepening.

4.3 Dispersion effects

For tsunamis of non-seismic origin, the effect of disper-
sion should be always taken into consideration, since it can
change consistently the propagation pattern with respect to
the classic SW approach. The discrepancy grows with the
distance from the source, depending on the wavelength of
the initial signal and on the depth of the basin where the
perturbation propagates. Equation (1) provided rough esti-
mates of this distance for the scenarios considered (reported
in Table 3), suggesting that for the submarine cases the dis-
persion is negligible within the Gulf of Pozzuoli domain.
Numerical simulations confirmed this hypothesis: the appli-
cation of the code with (NH) and without (SW) dispersion
produced almost identical tsunamis, proving that the sim-
pler and faster approach is sufficient to assess properly the
tsunami hazard for these cases. For the subaerial case, on the
contrary, the difference is marked, as evidenced in Fig. 9 by
the maximum amplitudes along the coast. The modelling ef-
fort, then, should consider the morphological features of the
source generating the tsunami, keeping in mind that subaerial
masses collapsing into the sea usually generate shorter per-
turbations. In these cases, dispersive effects can become rel-
evant even for brief distances, and the application of the SW
approach could produce an overestimation of the tsunami im-
pact on the coasts.

4.4 Coastal and non-linear phenomena

From the propagation plots (Fig. 10) it is possible to in-
fer some peculiar features of the tsunami close to the coast,
where the interaction with shallow water and minor basins
can induce non-linear effects. For example, for case 2 a pos-

itive signal propagating in the Bacoli Bay – a minor inlet
just north of Capo Miseno on the western part of the Gulf
(see also Fig. 12 for location) – can be noticed, evident espe-
cially in the t = 3 and 4 min sketches. This is visible, while
less marked, also for the other scenarios, and suggests the
possibility of the excitation of the normal modes of this sub-
basin by the tsunami: this phenomenon, known as resonance,
can occur for every basin affected by an external perturba-
tion, and is for example the mechanism at the basis of the
generation of the meteotsunamis (Vilibic et al., 2016). The
morphology of the basin determines the periods of the reso-
nant modes typical of the basin. Rabinovich (2009) obtained
a set of simple expressions allowing to estimate them for ba-
sic geometries. For example, for an open rectangular basin of
length L and uniform depth h, the period T of the fundamen-
tal mode is:

T =
4L
√
gh

(2)

where g is the gravitational acceleration. Focusing on the
Bacoli Bay case, Fig. 12 reports the marigrams obtained
from two virtual tide gauges placed inside the inlet (tg#1,
in red) and at its mouth (tg#2, in black), depicting the two
respective time histories in the four scenarios considered.
The comparison of the signals shows clearly, for Cases 1, 2
and 3, that inside the bay the perturbations behave as stand-
ing waves, characterized by regular oscillations lasting for at
least 30 min (final simulation time) with an approximate pe-
riod of 200 s and evident amplifications if compared to the
oscillations out of the basin (in black). The tsunami gener-
ated by Case 3, in particular, is amplified five times with re-
spect to the incoming signal. Assuming for the Bacoli Bay a
simplified rectangular geometry (L≈ 1000m, h≈ 5m) and
applying Eq. (2), one can estimate the fundamental mode
as T ≈ 200s, in full agreement with the features deduced
from the virtual tide gauges. Moreover, the subaerial scenario
(Case 4) is less subject to the amplification when entering the
inlet compared to the other cases, due to the shorter period
characterizing its oscillations.

5 Conclusions

The Gulf of Pozzuoli covers a significant portion of the
Campi Flegrei caldera, a region of significant geological
and volcanic activity. Intense seismic and volcanic processes
have the potential to destabilize large sliding bodies both in
the subaerial and in the submarine environment. When these
masses interact with the water, they can generate tsunamis
that may impact the entire basin’s coastline, posing potential
risks to local communities, coastal infrastructures, and ma-
rine activities.

Despite the region being the object of extensive geological
and geophysical investigations, a comprehensive understand-
ing of mass transport processes remains limited. A worst-
case, scenario-based approach is then adopted, analysing
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Figure 12. Virtual tide gauges at the entrance (in black) and inside (in red) the Bacoli Bay. On the left, their location; on the right, the
comparison between the marigrams for the scenarios here simulated.

four representative cases, based on the limited geological evi-
dence and on morphological considerations: three submarine
bodies, with similar volume (few million m3, occurring in
shallow water) and one subaerial slide (smaller mass, occur-
ring on the coastline). These scenarios are not intended to
reproduce actual occurrences, while they aim at quantifying
the tsunami hazard associated to events of this entity, provid-
ing precious insights into the potential tsunami generation
mechanisms and their subsequent impact on coastal areas, as
an important basis for possible risk mitigation strategies.

The sliding dynamics and the resulting tsunamis are sim-
ulated using numerical techniques that account for key hy-
drodynamic phenomena such as dispersion, nonlinear coastal
effects, and resonance.

The simulations results indicate that submarine landslides
generally produce waves of limited amplitude on the coast,
with a maximum height of 0.5 m, as observed for Case 3.
While these tsunamis do not represent a major threat to
coastal communities, they could still cause localized dam-
ages, for example to small boats moored in the harbours
across the Gulf of Pozzuoli. Furthermore, resonance effects
in smaller basins, such as harbours, can amplify an incom-
ing wave, preventing its dissipation and resulting in stand-
ing wave affecting the coast for long time: simulation out-
comes show that in the Bacoli Bay – placed in the western
sector of the gulf – the incoming signal is amplified up to
five times, with a sequence of regular oscillations with a pe-

riod of 200 s, affecting the basin for at least 30 min, which re-
flects the normal modes typical of the inlet. This can repeat in
every coastal basin, each one characterized by its own geom-
etry and fundamental mode and is worthy of specific and de-
tailed investigation, implementing also nested grids at higher
resolution. In contrast, the subaerial slide scenario results in
significantly larger waves, exceeding 4 m close to the source.
The tsunami amplitude dampens rapidly with distance, due
to dispersion, but in some coastal stretches, Pozzuoli on the
north and Nisida on the east, it reaches almost 2 m.

The investigation here presented highlights the complex
interplay between geological processes, hydrodynamic phe-
nomena, and coastal hazard in the Gulf of Pozzuoli. The re-
sults emphasize the need for detailed study and monitoring
of potential unstable masses both in the submarine and in the
subaerial realm, determining their main features (geotech-
nical parameters, possible rheology) which can influence
deeply the tsunamigenesis. Coastal subaerial events, in par-
ticular, can give rise to large tsunamis threatening the whole
Gulf of Pozzuoli, enhancing the need for risk management
strategies to mitigate the potential impact of tsunamis in this
active volcanic region.

Code availability. The numerical codes UBO-BLOCK and UBO-
TSUIMP for landslide dynamics and tsunamigenic impulse com-
putation respectively are available upon request to the authors;
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the code JAGURS can be freely downloaded from https://
github.com/jagurs-admin/jagurs (last access: 20 January 2026) and
https://doi.org/10.5281/zenodo.3737815 (jagurs-admin, 2025).

Data availability. The computational grids have been obtained
from the elaboration of raw datasets available online, which have
been interpolated and readjusted. They are available under request
to the authors.
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