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ABSTRACT

The investigation of submarine volcanoes and the tsunamigenic potential of possible movements on their flanks
is arduous. In most cases, the lack of specific information about the eruptions’ history and their consequences
does not allow a comprehensive analysis in terms of hazard. Nevertheless, useful clues on the possible occurrence
of mass movements on seamounts can be obtained from a series of research fields. These account for morpho-
logical studies, observations of hydrothermal activity, collection of geophysical data (for example, detailed DEM,
seismic profiles, magnetic data), etc. In this context, this study presents new bathymetric data of the Vavilov
submarine volcano (Tyrrhenian Sea, Italy) and a detailed morphological analysis of the structure. The latter
allows the identification of zones potentially prone to mass movements and the development of numerical
scenarios to investigate the tsunami potential associated to these movements on the Vavilov flanks. Results prove
that the waves generated by the mass displacements in the proposed scenarios (involving sliding volumes be-
tween 0.32 km® and 1.7 km®) reach maximum values in the order of centimetres, not considering dispersive
effects. Eventually, a scenario involving the partial collapse of the west flank of the Vavilov Seamount is
simulated, although the occurrence of such an event in the past is still debated due to the uncertainties related to
the origin and development of the volcano dome. In this scenario, water elevation as high as 10 m are found in
large portions of the Tyrrhenian coasts: waves are large enough to emplace sizeable tsunami deposits onshore,
that could have been preserved until today in some specific stretches of the coast and could be detected by a
finalised geological search. This study belongs to a series of works devoted to the submarine structures of the
Tyrrhenian Sea aiming to disclose the tsunamigenic potential of submarine mass movements on their flanks.

1. Introduction

results (for recent reviews, see e.g., Yavari-Ramshe and Ataie-Ashtiani,
2016, and Kirby et al., 2022). The application of these methods to real

The recent lateral collapse of the Anak Krakatau volcano and the
presumed caldera collapse of the Hunga Tonga- Hunga Ha'apai volcano
have boosted the attention of the research community to the local
investigation and understanding of landslide-induced tsunamis in vol-
canic environments (Grilli et al., 2019; Williams et al., 2019; Paris et al.,
2020; Ren et al., 2020). In the numerical investigation of these events,
several aspects must be considered, ranging from the source mechanism
(e.g., Nagai et al., 2021) to the wave propagation in the basin sur-
rounding the source area (e.g., Dao and Tkalich, 2007). To this goal, a
series of techniques have been proposed in the literature with satisfying
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cases requires an a priori fundamental step: a deep and detailed
description of the landslide location (e.g., volcanic islands, seamounts,
submarine volcanoes). In this study, we focus our attention on the
Vavilov submarine volcano, located in the central part of the Tyrrhenian
basin, Italy. In the past years, a series of works have been devoted to the
investigation of the numerous submarine structures of the Tyrrhenian
Sea (Rovere et al., 2016; Cocchi et al., 2017) also in a landslide-
generated tsunami perspective (Fornaciai et al., 2019; Esposti Ongaro
et al., 2021; Gallotti et al., 2020; Gallotti et al., 2021). This latter aspect
is an arduous task on this kind of remote and poorly investigated
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structures due to the lack of specific information about the volcano and
its characteristics. Specifically, two classes of information are needed to
build a tsunami hazard evaluation related to landslide-triggered tsu-
namis. First, detailed geophysical data accounting for the morphology
and structure of the relief potentially affected by gravity instability and
landslides; secondly, the seismological and volcanological history of the
area to estimate recurrence times for the specific event and to perform
probabilistic analyses. The latter aspects are lacking in the case of the
Tyrrhenian seamounts. Thus, the only possible realistic approach to this
problem is the construction of scenarios based on the available
geophysical data and on geomorphological considerations. This pro-
cedure, though incomplete, allows a first important step in the evalua-
tion of the potentially more dangerous structures.

The Tyrrhenian Sea is a back-arc basin consisting of three oceanic
sub-basins, i.e. the Marsili, Magnaghi, and Vavilov basins. They repre-
sent back-arc extensional structures associated with the north-westward
subduction of the Ionian Sea and Adriatic plate below the Calabrian Arc
and Apennine chain, respectively (Malinverno and Ryan, 1986; Fac-
cenna et al., 2001). The Tyrrhenian Sea includes 33 registered volcanic
seamounts (Pensa et al., 2019) and the 2800 m high Vavilov seamount is
among the largest ones measuring about 30 km in length and 14 km in
width. Because of N10°E elongation and occurrence of scars and
morphological wedges, the Vavilov seamount could represent, along
with other seamounts of the Tyrrhenian Sea as the Marsili and Palinuro
seamounts, a source of potential tsunami hazard especially for the
western coasts of mainland Italy. Here, we present new bathymetric data
and analyze the morphology of Vavilov by identifying potentially un-
stable flanks. We perform tsunami simulations on the selected different
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unstable flanks. Our study mainly concentrates on the simulation of
potential mass movements and their effects in terms of generated
tsunami on the coasts of Italy bounding the Tyrrhenian Sea. In addition,
we perform a simulation of a potential past collapse that could have
affected the Vavilov western flank. Our results shed new light on the
morphology and structure of the Vavilov Seamount and have implica-
tions for the evaluation of tsunami hazard from seafloor sliding pro-
cesses affecting volcanic seamounts.

2. Geological setting

The geodynamic evolution of the central Mediterranean Sea is the
result of the collision between African and Eurasian plates. Since the
Oligocene, the tectonic evolution of this area was affected by sinking
and retreating of the Ionian subducting slab inducing an eastward
migration of the entire Apennine-Maghrebide system (Malinverno and
Ryan, 1986; Kastens et al., 1988; Doglioni, 1991; Doglioni et al., 1999,
2004). The eastward migration of the subduction system acted as
stretching of the continental crust and evolving in steps with back-arc
formation occurring first in the Provencal area, then in the Valencia
domain and finally in the Tyrrhenian Sea. Since the Tortonian, the roll
back process occurred in the north Tyrrhenian Sea with a main E-W
direction, triggering a slow extension rate (1-2 cm/y) and the formation
of a set of N-S and NE-SW oriented basins associated to magmatic in-
trusions and minor alkaline volcanism (Fig. 1; Faccenna et al., 1997;
Mauffret et al., 1999). During the Pliocene, the eastward migration of
the subduction system evolved with an increasing of the deformation
rate with a crustal thinning and emplacement of spots of oceanic crust

Fig. 1. Bathymetry map of the Tyrrhenian Sea (data from GEBCO - 15 arc sec resolution, from Tozer et al., 2019) showing major tectonic and volcanic features:
Magnaghi Volcano (MAG); Vavilov Basin (VB) and Vavilov Volcano (VV, marked with a red box); Marsili Basin (MB) and Marsili Volcano (MV); Aeolian Arc (AA);
Palinuro Volcanic Complex (PVC); Latium region (La); Campanian region (C); Calabrian region (Ca). Tindari Letojanni Tear Fault (TL) and Palinuro Step Fault (PSF)
are from De Astis et al. (2003) and Cocchi et al. (2017), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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initially in Vavilov (5.5 Ma) and subsequently in the Marsili (2.0) back-
arc basins (Fig. 1; Royden, 1988; Patacca et al., 1990; Kastens et al.,
1988; Faccenna et al., 1997; Cocchi et al., 2009). Consequently, arc-
related volcanism migrated in a southeast direction, from Sardinia to
the current position of the Aeolian arc, forming the present-day arc and
back-arc configuration of the southern Tyrrhenian area (Fig. 1).

The Vavilov volcano (VV) is a large seamount located 180 km SW of
Vesuvius and 250 km E of the Sardinia coasts in the south-central Tyr-
rhenian Sea (Fig. 1). The VV is made up of tholeiitic to alkali basalts
(Robin et al., 1987) dated at Late Pliocene age (Savelli, 2002; Kastens
et al., 1988) and it is the biggest topographic structure of the homony-
mous basin (Vavilov basin, VB) (Fig. 2). Several studies suggest the
presence of oceanic crust in the Vavilov and Marsili basins (Mascle and
Rehault, 1990; Sartori et al., 2004; Cella et al., 2008; Scrocca et al.,
2012). Otherwise, Manu-Marfo et al. (2019), based on a 3D shear-wave
velocity model, support the hypothesis on an exhumed mantle, as pre-
viously proposed by Prada et al. (2016), who ascribed Vp/Vs and Pois-
son’s ratio to serpentinised peridotite.

The overall morphology of the volcano is dominated by an evident
asymmetry of the two flanks (Fig. 2; Marani and Gamberi, 2004): the
eastern flank has irregular topography, while the western one is
smoother and steeper. K—Ar dating of fragments of pillows showed
Pleistocene ages of 0.37 and 0.09 Ma (Robin et al., 1987), according
with magnetic pattern (Faggioni et al., 1995; Savelli and Ligi, 2017)
showing positive anomaly of the shallower portion of the volcano
related to the Brunhes geomagnetic chron (< 0.78 Ma, Cande and Kent,
1995).

The base of the VV is also asymmetrical in E-W direction since the
western side of the basin is about 200 m shallower than the eastern side
(Fig. 2; 3400 m to 3600 m). Moreover, in the north-western sector of the
VB, N100°E aligned structures produce a narrow-crested, few-hundred-
meter-high relief. The similarities between the VB and the younger
Marsili basin (MB) are known and widely reported in the literature. On
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the basis of the few data from IODP wells, both basins are floored by
oceanic crust (Kastens et al., 1988; Sartori et al., 2004) and character-
ized by deep, flat bottom and axial volcanoes (Savelli and Schrieder,
1991) although Prada et al. (2016) report that the floor of the Tyr-
rhenian Sea basins consist of serpentinised peridotite.

On the basis of the observations and sampling from submersible
Cyana, Robin et al. (1987) recognized 3 volcanic units forming the
eastern flank of VV: W-tilted pillow lava flows (beneath 1500 m deep),
radial lava flows (from 1500 m to 1000 m deep), scoriaceous lava flows
(from 1000 m deep to the summit). Robin et al. (1987) recognized two
principal eruptive centres above the 1500 m of depth and minor centres
toward north and south aligned along a crustal fracture. The same au-
thors speculated about a possible tectonic subsidence of at least 500 m
during the late Pleistocene, and that the summit cones could be formed
in a subaerial environment, despite no evidence of erosion.

3. Data and methods
3.1. Bathymetry data acquisition and processing

High resolution swath bathymetry acquisition of Vavilov seamount
was achieved during oceanographic cruise VAV11 onboard the R/V
Magnaghi of the Italian Navy in summer 2011. A Sea Beam 1050 mul-
tibeam system operating at 70 kHz frequency, featured by 126 beams
and resolution of 1.5°, with a total swath aperture of 153°, was used to
acquire the full coverage of the VV and part of the surrounding flat
basin. The multibeam survey covered an overall area of >1800 km?2.
Geo-referencing of multibeam data was ensured by using the differential
GPS GNSS Trimble Pathfinder XRS-PRO; sound velocity profile casts
were collected twice per day in order to evaluate variations of the sound
velocity throughout the water column.

Raw bathymetric data was then processed using Caris Hips and Sips
8.1 computing an interpolated surface having a cell size resolution of 25

Fig. 2. (a) Bathymetric and (b) slope maps of the Vavilov Basin and Vavilov Seamount. The cross sections A-B in the maps report the variation in depth (left) and

slope (right) across the Vavilov Seamount.
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m of the Vavilov seamount and neighbouring areas. High resolution
bathymetry of the seamount has been integrated with a 200 m grid cell
EMODNET dataset (EMODnet digital bathymetry (DTM), 2023)
obtaining a regional overview of the VB seafloor morphology. The data
are projected in the WGS84 UTM Zone 33 N coordinate system.

3.2. Morphometric analysis and criteria for the detection of landslides

A morphometric analysis of the Vavilov DEM has been carried out by
calculating the slope and aspect maps (both in degrees), and the range
map with the software Surfer 13.0.383 by Golden Software. The range
measures the maximum difference in altitude within a 5 x 5 cell area.
The SagaGIS software (Conrad et al., 2015), version 8.0.1, has been used
to produce the maps of the convergence index (Claps et al., 1996), which
ranges from —100 (valleys) to +100 (ridges) with O representing flat
areas, and geomorphons (Jasiewicz and Stepinski, 2013), which in-
cludes the classes flat, peak or summit, ridge, shoulder, spur, slope,
hollow, footslope, valley, and pit or depression. To identify past slides at
VV, we use the bathymetry, slope, and aspect maps (Fig. 3) to identify
amphitheatre-shaped scars located at the top of elongated morpholog-
ical depressions characterized by a convex-upward bathymetry.
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Following Masson et al. (2006), Hungr et al. (2014), and Zhu et al.
(2015), these are the main geomorphological criteria to recognize sub-
marine and subaerial slides when other data, e.g., deposits detected from
seismic lines, are unavailable. We do not use stability analysis methods
to determine the stability of the VV flanks because information on the
physical properties of the rocks, the rock type, and the attitude of lava
flows and pyroclastics are unknown.

3.3. Numerical codes for landslide and tsunami simulations

The landslide-tsunami scenarios are reproduced by means of a set of
numerical models developed by the tsunami research team of the
Bologna University and already applied to several published scenarios
and historical cases (e.g., Zaniboni et al., 2013; Zaniboni et al., 2014;
Gallotti et al., 2020; Gallotti et al., 2021; Zaniboni et al., 2021). Firstly,
the model UBO-BLOCK2 divides the sliding mass into a series of blocks
passible of deformation but not of changing volume during the motion.
The model computes the surface-adherent slide motion considering
gravity, buoyancy, water drag, and basal friction, adopting a Lagrangian
approach. The blocks’ interaction is governed by a distance-based law in
which the deforming ability of each block is governed by a set of

Fig. 3. (a) Bathymetry, (b) slope, (c) aspect, (d) range, (e) convergence index, and (f) geomorphons of the Vavilov Seamount obtained from the morphometric
analysis of a 25 m x 25 m DSM. The red triangles in (a) are the cone-like morphologies representing possible vents. Some cones are characterized by a summit crater.
The parameters of the morphometric maps (a)-(f) are defined in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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coefficients (for a detailed description of the model, see Tinti et al.,
1997). The latter ones, alongside the basal friction and the water drag
coefficients, are chosen following similar scenarios in submarine envi-
ronments (Gallotti et al., 2020). The code UBO-TSUIMP2 calculates the
time-dependent impulses the slide motion transfers to the column of
water, with proper filtering techniques to manage the wavelengths
smaller than the local sea depth. Eventually, the code UBO-TSUFD (Tinti
and Tonini, 2013) computes the propagation of the waves inside the
basin. The code implements the Navier-Stokes set of equations in the
shallow water approximation. The equations are solved through a Leap-
Frog numerical scheme on staggered grids. Herein, the simulations
consider neither non-linear effects nor wave dispersion. As the waves
propagates in the basin, a 0.2 Manning friction coefficient is considered.
This value has been adopted in other studies (e.g., Sraj et al., 2014) to
consider the effect of debris in the inundation process and/or to reduce
the influence of high frequencies noise amplification in the coastal areas.

The tsunami generation and propagation stages are calculated on
distinct grids. The generation and the initial propagation are computed
on a 150 m regularly spaced grid, obtained from a 25 m spaced finer
grid. The far-field propagation is calculated over a 750 m regularly
spaced grid covering the whole Tyrrhenian basin. The latter is obtained
from a 150 m spaced grid based on the EMODnet dataset. This gridding
method is an efficient tool to avoid an excessive computational effort for
the propagation stage, where the wave characteristics do not require a
detailed resolution.

4. Results
4.1. Geomorphology of the Vavilov volcano

The VV occupies the central sector of the VB, which is characterized
by a flat surface with a mean depth of 3600 m interrupted by two main
morphological heights (Figs. 1, 2). The northern morphological height
departs westward from the northern tip of the VV and consists of two
parallel rectilinear ridges striking N100°E. These two ridges connect, to
the west, to a third, N10°E striking, 35 km long ridge. The southern
morphological high departs westward from the southern tip of the VV
and consists of partly overlapping N10°E, up to 18 km long, elongated
ridges. In a plane view, the southern morphological height shows an
arcuate shape. The VV is a N10°E elongated, 31 km long and 14 wide
volcanic complex. Its top is at 780 m b.s.l. and its height above the VB
seafloor is 2820 m. The VV is characterized by an apical N10°E elon-
gated ridge dividing the volcano in two main sectors (flanks) (Fig. 3).
The east dipping (average aspect of N10°E) flank is up to 9 km wide and
shows slopes between 5° and 28°, whereas the up to 5 km wide, N80°W
dipping western flank has slope values between 15° and 42°. In the
eastern flank, the slope decreases from the summit ridge downward,
whereas no continuous slope variations have been observed in the
western flank (Fig. 3a, b). In addition, while the western flank shows a
relatively smooth surface with few, sub-parallel rectilinear valleys
striking N100°E, the eastern flank is characterized by a rough
morphology with cones, ridges, scars, valleys and near the base, hum-
mocky surfaces (Fig. 3b, d). N10°E aligned cones with craters concen-
trate along the VV summit ridge, while sparse cones without a well-
defined alignment occur on the eastern flank (Fig. 3a). The analysis of
geomorphons as well as the maps of other morphological parameters
(slope, convergence index, aspect; Fig. 3b, e, f) shows that the VV
summit ridge is a relatively complex structure. Toward the north, two
main diverging ridges depart from the summit central VV ridge. These
delimit a morphological wedge (spur) constituting the northern flank of
the VV. To the south, a similar configuration may be recognized
although less evident. The VV summit ridge is almost rectilinear for most
of the length of the seamount but, in its north-western sector, it curves
and connects without significant breaks to the N100°E elongated ridges
located in the VB bathyal plain.

Journal of Volcanology and Geothermal Research 434 (2023) 107745
4.2. Morphological evidence of landslides

Based on the morphological thematic maps reported in Fig. 3, and, in
particular, on the bathymetry, slope, and aspect maps (Fig. 3a-c), we
recognize four main zones depicting morphological evidence of past or
potential landslides (Fig. 4). These zones are characterized by an up-
slope arcuate, steep scar and by downslope, convex-upward elongated
depressions (Fig. 4). Slide A (A in Fig. 4 and inset) is located in the
southern sector of VV and includes a south facing scar with a slope up to
40° and an about 2000 m long elongated depression developing from the
base of the scar to the morphological base of VV. Slide B (B in Fig. 4 and
inset) is located in the south-eastern sector of VV and it is defined by a
42°, west dipping, summit scar from which two main arcuate morpho-
logical ridges depart westward. The depressed, convex upward surface
between the two ridges has a length of about 6 km. Slide C (C in Fig. 4
and inset) is located at the northern tip of VV. This slide is defined by a
35° dipping, arcuate scar and by a downslope N-S elongated depression
at the mouth of which a fan-like morphology occurs. This latter
morphological feature may reflect slide material although more data
need to be collected to better constrain this hypothesis. Slide (D in Fig. 4
and inset) affects the eastern flank of VV. Slide D is characterized by a
32° dipping, arcuate scar along which eruptive vents occur. The
downslope depressed surface is characterized by a hummocky-like
morphology. As a preliminary hypothesis, we suggest that this surface
may represent slide material.

Morphological evidence, e.g., hummocky surfaces in the western
bathyal plain, of past flank collapses affecting the whole VV western
flank are lacking. The asymmetric morphology of the seamount could be
due to an asymmetric growth due to a preferential concentration of the
volcanism along a summit N10°E fissure and in the eastern flank (see
Fig. 2). However, the increase of the slope values from the western
bathyal plain to the summit ridge is difficult to explain with a simple
asymmetric growth. We do not have morphological evidence of past
flank or sector collapses of the whole VV western flank, e.g., well
developed amphitheatre-shaped scarps associated to carved flanks, but
we cannot a priori exclude that this sector of the volcano was affected by
some seafloor sliding. We will take into account this hypothesis in the
simulation of a potential, past tsunami event.

4.3. Potential tsunamigenic events

For each of the four detachment areas depicted in Fig. 4, two mean
slide thicknesses have been selected (20 m and 100 m). These values
represent two possible, although arbitrary due to the lack of detailed
data, extremes to be investigated. They are partially assumed based on
the profiles in Fig. 4, which give some indication of the maximum po-
tential removed thickness. The virtual volume of removed material in
the identified landslides A, B, C, and D vary between about 0.32 km?® and
1.7 km? (see Table 1). The maximum value (100 m) we adopted for the
slide thickness is that of the fan-like deposit located at the base of the
slide C in Fig. 4, which represents the only preserved deposit reasonably
ascribable to mobilized material. All the landslide morphologies we
select are two common features, i.e., a steep, upslope scar and a
downslope, convex-upward, elongated depression.

Simulations’ parameters (basal friction, drag coefficients, etc.) are
chosen following the work by Gallotti et al. (2021) on the Marsili vol-
cano, in virtue of the similar geological framework. Landslides on vol-
canic environments cover a wide range of movements, requiring distinct
modelling efforts (see Schaefer et al., 2019 for a recent review). We
simulate planar rock slides in which the rheology is managed by an
interaction coefficient. This is based on the deformation induced by the
reciprocal block interaction (see Tinti et al., 1997 for details). The
classical rigid slide model approach (both planar and rotational) can
represent a limit for the reconstruction of landslide induced tsunamis.
Yavari-Ramshe and Ataie-Ashtiani (2017) prove that rigid slide model-
ling tends to overestimate the features of induced waves, not considering
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Fig. 4. Location and 3D view of the selected landslides A, B, C, and D. The yellow dashed line delimits the landslide area, and the white dashed lines define the traces
of the bathymetric and slope profiles reported in the inset at lower right. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Table 1
Volumes and maximum slide velocities for the selected scenarios.

Scenario Volume (km®) Maximum Slide Velocity (m/s)
Al 0.32 51
A2 1.28 52
B1 0.36 51
B2 1.66 52
Cl 0.35 34
Cc2 1.50 39
D1 0.39 38
D2 1.70 37

the landslide deformations on water surface fluctuations. Nevertheless,
the UBOBLOCK models are able to simulate also the block deformation
during the motion with the aim of investigating the slide tsunamigenic

potential, which is mostly determined in the acceleration phase of the
motion (see Conway et al., 2012 for details on the main landslide fea-
tures influencing the tsunami generation). This is mainly influenced by
the landslide geometry and the surface steepness. Rotational slides could
imply lower acceleration and thus less tsunamigenic potential. In
Table 1, a recap of the slides’ characteristics is shown. The slides’
thickness is not the prevailing factor influencing landslide dynamics,
while it plays a significant role in the tsunami generation process. We
focus our attention on the water elevations above the sliding areas for
the thicker slides (Fig. 5). These values represent a reference for the
generated tsunamis and allow the understanding of the potentially more
hazardous waves.

The highest values are found in the B2 case (Fig. 6), whose volume is
1.66 km®. For this reason, the wave elevations along the coasts are
shown only for this case. The wave heights are computed on the 10 m
bathymetric line, not considering phenomena related to the local
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Fig. 5. Maximum water elevations computed over a time interval of 400 s on the smaller grid for the A2-D2 scenarios, i.e., the ones related to the most voluminous
slides. Note that different scales for the water elevation are used in the four graphs.

shallower bathymetry. In the numerical simulations all the grid nodes
with depth shallower than 10 m have been levelled to the same depth of
10 m and the coastline is treated as a vertical, perfectly reflecting wall.
This choice is dictated by the fact that the estimation of the actual wave
inundating the coasts requires a much finer topo-bathymetric dataset
and large computational efforts that are not requested at this stage of the
study. Through this kind of graphs our purpose is to elucidate the
stretches of the coast potentially affected by the more dangerous waves.

4.4. The west flank collapse: a debated event

The west flank of the VV shows a peculiar scar-like morphology with
average gradients in the order of 25°. Conversely, the east flank shows
gentler slopes (see Fig. 2 and Fig. 7). The origin of this asymmetry has
not been unveiled and different theories have been proposed. While
some studies have suggested that the scar is the result of a past sector
collapse (Caratori Tontini et al., 2010), evidence of deposits testifying
single or multiple collapses as, for example, hummocky surfaces, are
lacking. For the sake of completeness, in this section, we investigate the
consequences of a past potential sector collapse with the aim of
detecting the stretches of coasts potentially hit by the waves. The sliding
mass initial thickness has been hypothesized as the result of the different
gradients between the two flanks (see Fig. 7). The total volume is in the
range of 19 km®, with a mean slide thickness of 220 m.

For the sake of coherence, the model main parameters are set iden-
tical to those used for the potential events scenarios. The computed
tsunami waves (Fig. 8) show maximum elevations in the range of 6-10 m
on numerous peri-Tyrrhenian coasts. Pointedly, the higher values are

found in the western Sardinian coasts (9 m) and in the southern part of
the Campania region coasts (10 m), that are respectively to the west and
to the east of the source region.

5. Discussion and conclusions

In this study, we have presented new insights about the Vavilov
submarine volcano. Our new data on the location of the eruptive vents
(Fig. 3a) suggest that the volcano grew asymmetrically. Most of the
cones are distributed along the summit, N10°E elongated ridge and
without a preferential alignment on the western flank. Therefore, the
N10°E aligned cones of the ridge represent the surface expression of an
eruptive fissure, i.e., a dike. The analysis of the morphometric param-
eters derived from the bathymetry data and, in particular, the slope and
aspect maps reported in Fig. 3, allow us to identify four past landslides
(Fig. 4). The morphology of such slides is characterized by an arcuate,
upslope scar and downslope elongated depressions. Deposits with a
maximum thickness of about 100 m characterize the slide D (Fig. 4)
which is characterized by volcanic vents located along its scar. We
suggest that the magma erupted along these vents upraised within the
shallowest portion of the volcano by intruding a pre-existing weakness
zone related to gravity instability phenomena. The landslides identified
in this study do not exclude that other sectors of VV may be affected by
smaller gravity instability phenomena; however, our data do not provide
clear, unquestionable evidence of other potential landslides.

The VV steep slopes of the western apical zone of the N10°E summit
ridge may also have acted as scars and favoured potential mass move-
ments in the past. Although the few available data do not permit a
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Fig. 6. Maximum water elevations along the coasts of the larger, 750-m resolution, grid for the B2 scenario within a time interval of 120 min. The black isolines mark

the tsunami travel time, that is expressed in seconds.

Fig. 7. Left panel: initial slide thickness for west flank collapse. Right panel: selected profiles (1-4) with the pre-slide mass represented by the orange profile.

detailed stability analysis of the identified zones (A-D, in Fig. 3b),
nevertheless, seismic or volcanic activity cannot be ruled out and an
investigation of the tsunamigenic potential of mass movements is
needed. This is also supported by other studies of this nature in the
Tyrrhenian basin (Gallotti et al., 2020; Gallotti et al., 2021). For each
zone, two slides of distinct medium thickness have been simulated. Slide
volumes range between 0.32 km® and 3.6 km>. Results prove that the
sliding volume does not influence the general dynamics: maximum ve-
locity values are comparable in each zone (Table 1). The slide reaches
higher velocities in the A and B cases (51-56 km/h), presenting a less

deep detachment area (—1600 m at the headscarp). C and D slides
detach some 600 m and 800 m below, respectively, and in a less steep
section of the volcano. For this reason, velocity maxima are in the order
of 34-39 m/s.

Maximum water elevations in the VV area are shown just for the
more voluminous slide being the volume strongly correlated to the
tsunamigenic potential (Harbitz et al., 2006). Values as high as 2.4 m are
found for B2 case. This is not the case in the other simulations, showing
values in the order of 0.5-0.9 m. Values in the order of a few centimetres
are found for the 20 m-medium-thickness slides since the volumes are
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Fig. 8. Maximum water elevations in the Tyrrhenian basin for the west flank collapse (central panel). Maximum coastal elevations, computed along the 10-m
isobath, are shown in red dots for different coastlines (side panels). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

scaled by a factor of 5 with respect to the thicker ones. Water elevations
along the coasts (Fig. 6 for case B2) prove that average values of 10-20
cm are found in the south-eastern Sardinia coasts, north-western Sicily
coasts, and over portions of the Campania and Latium regions. The other
scenarios are not shown for the sake of brevity since they involve the
generation of potentially not hazardous waves (between 0.10 and few
centimetres). Due to the distance to the surrounding coasts (between
120 and 300 km), the dispersion could play a role in the actual wave
heights along the coasts. Thus, herein the computed values must be
intended as the maximum possible. For more details on the role of wave
dispersion in landslide-generated tsunamis, see Glimsdal et al. (2013).
As a consequence, all the potential scenarios presented in this work
could have slight implications in terms of hazards, if we exclude local
effects in harbours as seen for example in the far field after the 2002
Stromboli mass failure event (Tinti et al., 2005; Maramai et al., 2005).

On the contrary, the potential prehistoric collapse of the western
flank implies the generation of considerable waves in the peri-
Tyrrhenian coasts (maximum values of 6-10 m). Nevertheless, the
reliability of this event is still debated, and no specific studies can be
found in the literature about this aspect. Indeed, this slide scenario must
be considered merely as one of the possible collapses that took place on
the west flank of the volcano. If the sector collapse theory will be
confirmed in future studies, it could be the result of multiples collapses,
also in distinct times. Eventually, signs of a tsunami of this magnitude
could be found in specific stretches of coasts, but the science of tsunami
deposits research is relatively young (see Costa and Andrade, 2020 for a
recent review). For this reason, this study highlights the need of col-
lecting more data on this volcano, and, in general, on the other abundant
structures of the Tyrrhenian Sea.
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