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ABSTRACT

The integrated analysis of successive multibeam bathymetry surveys and seafloor videos acquired from 2005 to
2023 provides crucial insights into the recent morphological evolution of the submerged part of La Fossa Caldera
(Vulcano Island). The caldera floor is carved by a network of gullies and channels that often incise a coastal
platform and submarine depositional terrace. Gullies are short (~15-430 m) and steep (~30°) erosional features
characterized by their V-shaped cross-sections. In contrast, channels are relatively long (~350-1180 m) and flat-
bottomed features. Channels show average slope gradients of ~15° and often host upper-flow regime bedforms
along their thalweg, most of which have wavelengths of ~10-80 and heights of ~0.5-2 m. Despite the
geologically-active setting of the study area, repeated multibeam surveys shows only minor morphological
changes on the seafloor over the last 20 years. Seafloor erosion is dominant and often associated with small-scale
retrogressive slope failures at the channel head, likely triggered by earthquakes or storm-waves that frequently
hit the area. Seafloor erosion due to sediment-laden flows is observed offshore the Rio Grande creek, where
coarse-grained deposits mixed with accumulation of plant debris are common. Small-scale rock-falls dominate
the evolution of a steep escarpment that bounds the coastal platform, as testified by accumulation of squared
metric blocks at their base. This study highlights the importance of multi-temporal and multi-scale geomor-
phological approaches to understand erosional processes that shape submarine volcanic flanks. Our results have
key implications for geohazard assessments in such areas.

1. Introduction

Calderas are volcano-tectonic features developed both on subaerial

close to coastal communities. This is exactly the case of the La Fossa
Caldera (LFC), part of the Vulcano Island in the Aeolian Archipelago, a
UNESCO site attracting hundreds of thousands of visitors per year

and submarine volcanoes (Geyer and Marti, 2008). They are features
that received recent attention due to their catastrophic eruptions, as
witnessed by the recent Hunga Tonga 2022 tsunamigenic eruption
(Lynett et al., 2022; Terry et al., 2022; Seabrook et al., 2023). Moreover,
calderas are typically associated with hydrothermal systems of rele-
vance to geothermal energy resources and ore deposits (Suarez-Arriaga
et al., 2014; Rytuba, 1994). Thus far, little attention has been given to
the erosional-depositional processes controlling the morphological
evolution of calderas through time; yet, processes as these can generate
local geohazards, especially if calderas are located in shallow water at or

(Fig. 1). The LFC has been interpreted as a multi-stage caldera whose NE
portion is submerged (De Astis et al., 2013). The caldera has been the
site of intense volcanic activity in the last 5 ka, as proven by the for-
mation of an active tuff cone (La Fossa Cone in Fig. 1b) that last erupted
in 1888-1890 (Di Traglia et al., 2024). This tuff cone and the adjacent
coastal area are affected by widespread degassing, with the most recent
unrest episode occurring in 2021-2023 (Inguaggiato et al., 2022;
Capecchiacci et al., 2025).

In this paper, we test a multi-temporal and multiscale geomorpho-
logical approach based on repeated multibeam bathymetric data and
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Fig. 1. a) Geographical location of Vulcano Island in the Southern Tyrrhenian Sea (bathymetry downloaded from http://www.emodnet-bathymetry.eu); TLFS:
Tindari-Letojanni fault system from De Astis et al. (2023). b) Satellite image of Vulcano Island, with the trace of the caldera collapses and the subaerial drainage
network, combined with the offshore bathymetry (isobaths every 200 m). V — Vulcanello; LFC — La Fossa Caldera. ¢) Zoom of the submerged part of the LFC (isobaths
every 50 m), with the indication of the submarine rims, intra-calderic volcanic units and main erosional channels.

Modified from Romagnoli et al. (2012) and Casalbore et al. (2019).
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video recordings from ROV/submersible dives, acquired over the last 20
years, to address the following questions:

1) What kind of erosional processes are affecting the morphological
evolution of the LFC over the last 20 years?

2) What are the main factors controlling the formation of upper-flow
regime bedforms within the submerged part of the LFC?

3) In what ways can these features be used in preliminary geohazard
assessments of volcanic islands?

The latter issue is particularly relevant considering that, in case of a
volcanic emergency, the main facility for the evacuation of the Vulcano
Island is the Porto di Levante harbour (Ricciardi et al., 2024), located
within the NE portion of the LFC near a submerged erosional feature
(Fig. 2).

2. Geological setting

The Vulcano Island, located in the SE Tyrrhenian Sea, is the subaerial
tip of a large volcanic complex that extends down to 1200 m below sea
level (mbsl) (Fig. 1a). It is the southernmost edifice of the Aeolian vol-
canic arc, whose origin is related to the NW-directed subduction of the
Ionian oceanic lithosphere below the Calabrian Arc (Gvirtzman and Nur,
1999; Ventura et al., 1999; De Astis et al., 2003). Together with the
Lipari and Salina volcanic edifices, the island forms a NNW-SSE
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elongated volcanic belt controlled by a main strike-slip fault system,
interpreted as the offshore prolongation of the regional Tindar-
i-Letojanni tectonic system in Fig. 1a (Romagnoli et al., 2013; Ventura,
2013). Volcanic activity occurred on the island since 130 ka B.P. (De
Astis et al., 2013).

Two calderas dominate the island's present-day topography (Fig. 1b):
the older Il Piano Caldera (dated ~100 ka) in the southern sector and the
younger LFC in the northern sector. The LFC is a multi-phase and
partially submerged caldera, formed by three main volcano-tectonic
collapses ranging in time between ~80 and ~8.5 ka (De Astis et al.,
2013; Casalbore et al., 2019). The most recent volcanic structures
associated with the LFC are: a) the La Fossa Cone (Fig. 1b) emplaced in
the central part of the caldera since ~5.5 ka, and b) the Vulcanello lava
platform (V in Fig. 1b) in the northern sector of the island (De Astis et al.,
2013). Vulcano and Vulcanello are connected by an isthmus (Fig. 1b)
formed by volcaniclastic sediment resulting from volcanic activity in the
mid sixteenth century CE (Di Traglia et al., 2024). The flanks of the La
Fossa Cone are made up of interbedded fine-grained and coarse-grained
ashes, lava flows, and minor coarse-grained lapilli and bomb deposits,
enabling the formation of low- and high-permeability levels (De Astis
et al., 2013). During heavy rainfall events, the loose and more perme-
able lithologies are mobilized, creating small debris flows eroding the La
Fossa Cone's ephemeral drainage network (Fig. 1b) (Ferrucci et al.,
2005; Di Trapani et al., 2011; Bonasia et al., 2022). Erosional processes
are also favoured by hydrothermal activity that hindered the

Fig. 2. a) Shaded relief map and isobaths (equidistance of 50 m) of the submerged portion of the LFC (location in Fig. 1b), with the mapped erosional-depositional
features. b) Slope gradient map of the submerged portion of the LFC; the threshold slope value (13°) for the formation of bedforms is indicated by magenta colour (see

text for detail).
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development of vegetation (Madonia and Liotta, 2010). Small-scale
slope failures can be also triggered by earthquakes that frequently
affect the area (Agnesi et al., 2005; Falsaperla et al., 2025). As a result of
all these processes, the eastern flank of La Fossa Cone is bounded by a
narrow and short canyon (Rio Grande Canyon in Figs. 1b, ¢ and 2a),
hosting the main water course of Vulcano Island (Di Traglia et al., 2013).

The NE portion of the LFC is submerged at present, being partially
bounded by two steep ridges (Figs. 1c and 2); they have been interpreted
as the offshore extent of the subaerial caldera rims (Gabbianelli et al.,
1991; Romagnoli et al., 2012). Casalbore et al. (2019) recognized a se-
ries of submarine geomorphic features that can be correlated with intra-
calderic volcanic units on land, such as: a) the submarine flank of the
Vulcanello lava platform (vu in Fig. 1c, dated at 900-1050 CE by
Malaguti et al., 2022), b) the submarine volcanic lobes of the Punte Nere
lava flow unit (pn in Fig. 1c, dated between 3683 BCE and 1168 CE by
Malaguti et al., 2022), and c) the submarine extent of the Punta Roia
lava flow units (ro in Fig. 1c; dated at 14-13 ka by De Astis et al., 2013).
A submarine volcanic ridge (If in Fig. 1c) is also observed between Punte
Nere and Vulcanello, but its origin and age are still unknown. The
shallow (< 20 m bsl) parts of these units are characterized by a coastal
platform (CP in Fig. 1c and 2a), with the outer edge located at 5-12
mbsl. The CP edge is affected by small-scale landslide/erosional scars,
representing the head of erosional features. These converge downward
in a main valley that fed a large volcaniclastic fan outside the breached
caldera border (Baia di Levante fan in Fig. 1b; Romagnoli et al., 2012).
One of these erosional features is morphologically linked to a landslide
scar formed in 1988 (red dashed line in Fig. 2b) located on the NE flank
of La Fossa Cone, which mobilized ~200,000 m® of material and pro-
duced small tsunami waves in the northern part of the island (Tinti et al.,
1999).

2.1. Climatological and oceanographic settings

The meteo-marine regimes of the Aeolian Archipelago are dominated
by NW and W winds (Cicala, 2000), leading to the formation of westerly
storm-waves with a maximum significant wave height estimated around
3.5 m near the Lipari Island (Romagnoli et al., 2022). The Archipelago is
secondarily impacted by SE and E storms with maximum wave heights
around 2.5 m. Vulcano Island's climate exhibits typical semi-arid Med-
iterranean conditions with an average annual precipitation of only 615
mm (Di Trapani et al., 2011). Even so, the island is sporadically hit by
heavy rain events, as revealed by the analysis of precipitations extracted
from the nearest available meteorological station located at Salina Is-
land (Bonasia et al., 2022; Fig. 1IESM). These events can trigger mud/
debris flows from the La Fossa Cone to the surrounding plains, which
often reach the coast, as lately occurred on 14 September 2008 (Bonasia
et al., 2022).

3. Materials and methods
3.1. Multibeam bathymetry and backscatter data

Consecutive bathymetric surveys were carried out between 2003 and
2023 to map the submarine portion of LFC from the coastal sectors down
to ~320 mbsl. The first surveys occurred between 2003 and 2005 using
multibeam systems working at frequencies from 455 kHz in the shallow
sectors to 50-240 kHz at greater depths. Data were RTK- and DGPS-
positioned for shallow- and deep-water surveys, respectively. In 2014,
a new PPK-positioned bathymetric survey was performed in the first 150
mbsl onboard a small launch, using a multibeam system working at a
frequency of 400 kHz (Bosman et al., 2015). The most recent bathy-
metric surveys were RTK-positioned and acquired in 2022 and 2023
between 5 and 320 mbsl using multibeam systems working at fre-
quencies of 200-450 kHz. Patch tests, daily acquisition of sound velocity
profiles and tidal data were applied to all the surveys. Multibeam data
were gridded at a cell-size variable from 0.5 m in the first 100 m to 2 m
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at greater depths. For the 2022 and 2023 surveys, backscatter data were
also processed, enabling the generation of a mosaic with a 0.5 m cell-
size.

Bathymetric profiles performed on the Digital Elevation Models
(DEMs) were used to extract the morphometric parameters of 207
erosional features, characterized by incision depths greater than 1 m
with respect to their surroundings, and associated bedforms. Morpho-
metric parameters for erosional features include length, incision depth,
slope gradients and sinuosity index, i.e., the ratio between the along-
channel distance and the straight-line distance of the channelized line-
aments. For bedforms, the morphometric parameters include wave-
length, wave height, average slope gradient, length and slope gradient of
their stoss and lee sides. DEM of Difference (DoD) (Williams, 2012) was
obtained by comparing successive bathymetries (2014 vs 2005, 2022 vs
2014, 2023 vs 2022) using Global Mapper 15. An overall vertical ac-
curacy range of £0.1 m was estimated for each DoD by comparing dif-
ference in depth of stable benchmarks between bathymetric sets. Depth
changes below this error range in the DoD were not considered in vol-
ume estimates.

3.2. Video transects

The video records used in the study were collected at a depth range of
0.5-250 m during four oceanographic cruises carried out between 2020
and 2024. A total of 17 transects and ~ 13 h of video were acquired
(Table 1). The analysis of the video sequences was aimed at the quali-
tative characterization of volcanic outcrops, seafloor textures and the
identification of small-scale erosive-depositional features. Three video
transects were acquired in 2020 by the GEOMAR submersible JAGO,
which was equipped with multiple LED lights, Full-HD video camera,
and Ultra-Short Base Line (USBL) positioning system. Twelve video
transects were shot in 2022 and in 2023 using the Seamore Marine
Steelhead ROV (Remotely Operated Vehicle), equipped with a standard
definition camera, an auxiliary Full-HD video camera (GoPro), parallel
green laser pointers for scale (with a laser distance of 10 cm), and a USBL
system for the positioning of ROV tracks. The USBL system did not work
in very shallow-water stations affected by degassing (ROV_01 and
ROV_02). In such cases, the position was roughly estimated based on
vessel position and morphological features visible on the DEMs. Finally,
three video transects were acquired in 2024 using the ROV POLLUX III
(ROV_13) and the EPRONS ROV D500 (ROV_14 and ROV_15). The ROV
POLLUX III was equipped with both a digital and a high-definition
camera, while the EPRONS ROV D500 was equipped with a 4K colour
camera. In both cases, a USBL system was installed on the ROV and two
parallel red lasers spaced 15 cm apart were used for scale. The USBL data
from all surveys were post-processed to manually remove out-of-
sequence beams, spikes, and to smooth the navigation tracks.

4. Results

The submerged portion of LFC is a depressed area of ~2 km? that
extends down to ~320 mbsl (Figs. 1¢ and 2a). Shallow-water sectors (<
17 mbsl) are generally characterized by terraced features, i.e., coastal
platform and nearshore submarine depositional terraces (CP and NSDT
in Fig. 2a, respectively). The CP has an outer edge at 10-17 mbsl and a
width (from the coast to the edge) variable from 5 to 90 m. Its slope
gradients are 8°-15°, with a marked increase to values >40° beyond its
edge (locally sub-vertical, Fig. 2b). The CP surface is rough due to ac-
cumulations of blocks and volcanic outcrops (BA and VO, respectively in
Fig. 3a), which are typically characterized by high backscatter values. In
a few sectors (as to the NW), the CP displays a smoother morphology and
medium backscatter values in an area of sandy seafloor (SS in Fig. 3c).
The NSDT is well recognizable in the central part of the bay, offshore the
Baia di Levante isthmus (Fig. 2a); it is 210 m wide, with the outer edge
located at 5-12 mbsl. The top of the NSDT has slope gradients <4°,
increasing to 20°-30° beyond its edge (Fig. 2b). The NSDT shows a
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Table 1
Location and characteristics of video transects collected between 2020 and 2024 by submarine and ROV. SoT and EoT: Start and End of the Transect; (*) ROV_01 and
ROV_02 have not length because the USBL system didn't work in shallow water.

Cruise Year Track ID Latitude (SoT) Longitude (SoT) Latitude (EoT) Longitude (EoT) Length (m) Depth range (m)
AL533 2020 JAGO_08 38°24'40.9'N 14°5835.1"E 38°24'37.5'N 14°5834.1'E 188 118 174
AL533 2020 JAGO_10 38°24'41.7'N 14°58'40.5'E 38°24'44.2'N 14°5841.8'E 443 86 205
AL533 2020 JAGO_12 38°24'47.8N 14°58'34.3'E 38°24'44.3'N 14°58'25.5'E 290 150 227
Vulcano 2022 2022 ROV_01 38°24'58.5'N 14°57'40.6'E 38°24'58.8'N 14°57'40.4'E - 0.8 6
Vulcano 2022 2022 ROV_02 38°25'03.3'N 14°57'37.5'E 38°25'03.3'N 14°57'37.5'E - 0.5 2.58
Vulcano 2022 2022 ROV_03 38°24'47.6'N 14°57'52.0'E 38°24'47.2'N 14°57'53.1"E 399 3.5 53
Vulcano 2022 2022 ROV_04 38°24'36.5'N 14°5819.7'E 38°24'36.4'N 14°5816.7'E 153 4.5 67
Vulcano 2022 2022 ROV_05 38°24'26.3'N 14°58'37.0'E 38°24'27.2'N 14°58'32.8'E 156 12 30
Vulcano 2023 2023 ROV_06 38°25'06.9'N 14°57'49.0'E 38°2511.2'N 14°57'47.2'E 189 6 75
Vulcano 2023 2023 ROV_07 38°25'04.7'N 14°57'41.6'E 38°25'04.2'N 14°57'39.7'E 95 5 23
Vulcano 2023 2023 ROV_08 38°24'57.7'N 14°57'48.1"E 38°24'59.8'N 14°57'39.9'E 287 5 60
Vulcano 2023 2023 ROV_09 38°24'50.9'N 14°57'55.3'E 38°24'48.1'N 14°57'53.6'E 116 7 65
Vulcano 2023 2023 ROV_10 38°24'42.7'N 14°5819.9'E 38°24'43.1'N 14°58'16.8'E 117 4 63
Vulcano 2023 2023 ROV_11 38°24'37.3'N 14°58'19.1"E 38°24'35.1'N 14°58'17.8'E 115 5.5 68
Vulcano 2023 2023 ROV_12 38°24'29.5'N 14°58'35.2'E 38°24'26.1'N 14°58'36.5'E 303 21 79
Vulcano 2024 2024 ROV_13 38°25'10.9'N 14°58'23.0'E 38°25'05.6'N 14°58'13.5'E 425 185 227
Vulcano 2024 2024 ROV_14 38°25'05.4'N 14°58'25.2'E 38°25'06.9'N 14°5823.8'E 219 205 246
Vulcano 2024 2024 ROV_15 38°24'30.8'N 14°58'33.7'E 38°24'29.3'N 14°58'37.4'E 124 40 90

Fig. 3. Multibeam backscatter images (location in Fig. 2b), with light-tones corresponding to high-backscatter values. a) Blocky accumulations alternated with
remnants of lava flows on the coastal platform; b) sandy seafloor on the top of the nearshore submarine depositional terrace, with local accumulation of blocks
towards the coast; c) high-backscatter tones associated with the head of a gully; d) coaxial trains of crescent-shaped bedforms along the thalweg of the northern
channels; e) upper reach of the southernmost C1 channel, where high-backscatter flow trails are alternated to volcanic outcrops and local accumulation of blocks.
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smooth morphology and medium backscatter values due to its sandy
seafloor (SS in Fig. 3b), except for occasional block accumulations near
the coast (BA in Fig. 3b). Below the CP and NSDT edges, the volcanic
flank is steep (Fig. 2b) and shows several erosional-depositional features
(Fig. 2a and Section 4.1).

4.1. Channels, gullies and bedforms

The edges of the CP and NSDT are often incised by channels and
gullies, which have steep heads (from 22° to 84°), with the higher slope
gradients observed at the CP's edge. Gully's head (SGH in Fig. 3c) also
shows higher backscatter values with respect to the surrounding areas. A
total of 207 channels and gullies were identified in the study area (Fig. 2
and Table 2).

Gullies are steep, rectilinear features, with lengths from tens to some
hundreds of meters (Fig. 2a and Table 2). They have straight or very
slightly concave-upward longitudinal profiles (Fig. 4a, b). Based on their
morphometric characteristics, gullies can be further divided into two
sub-categories: Type A and Type B gullies.

Type A gullies are the shortest and shallowest features (Table 2),
commonly characterized by their V-shaped cross-sections.

Type B gullies are characterized by their U- or V-shaped cross-
sections in the upper reaches, locally becoming flat-bottomed with
depths (Fig. 2). Knickpoints or trains of small-scale bedforms can occur
along their thalweg (slope gully B7 in Figs. 2a and 4b), while small fan-
shaped depositional features form at their base (Fig. 2a).

Channels are the longest erosional features recognized in the sub-
merged part of the LFC (Table 2); they are located among main volcanic
outcrops and extend over 300 mbsl. They have a slightly sinuous path in
plan-view (Fig. 2) and show slightly concave-upward longitudinal pro-
files (Fig. 4c), with average slope gradients of ~<15° (Table 2). The
southern channels C1 and C2 (Figs. 2a and 4c) are steeper than the
northern channels C3-4 and C5. All of them converge downslope into a
wide depression (Fig. 2a). Channels are flat-bottomed and show a rela-
tively smooth morphology, with small-scale roughness occurring locally
due to volcanic outcrops, sparse blocks and coaxial trains of bedforms
(Figs. 2a and 5). They also show high-backscatter flow trails along their
thalweg (HBF in Fig. 3e).

Coaxial trains of sinuous or crescent-shaped bedforms are present
within the flat-bottomed channels located in the northern sector of the
LFC (Figs. 4c and 5). They develop from 66 to 228 mbsl on slope gra-
dients <13° (locally up to 15°), with wavelengths of 9-78 m and wave
heights of 0.2-2.3 m (Table 3). The cross-sectional shape of the bedforms
is downslope asymmetric, with a longer and gently sloping stoss side
followed by a shorter and steeper lee side (Fig. 5 and Table 3). Based on
their location and morphometric parameters, three bedform fields have
been identified in the channels (Fig. 5 and Table 3). Bedforms generally
show low-backscatter on the stoss side and high-backscatter at the crest
and lee side (Fig. 3d).

4.2. Morphological changes between 2005 and 2023

The comparison of consecutive multibeam surveys in the submerged
part of the LFC has shown small seafloor changes in three different areas
over the last 20 years, especially when considering the 2005-2014
period (Fig. 6).

The first area is located offshore the Vulcanello lava platform, where
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the 2014-2005 DoD shows the occurrence of retrogressive (coastward)
erosion at the B7 gully head, with a maximum mobilized thickness of 5
m (profile 1 in Fig. 6). Minor erosion (up to 1 m in thickness) also occurs
along the thalweg of this gully and is associated with the formation of a
train of crescent-shape bedforms (profile 2 in Fig. 6). Only in the distal
part, the B7 gully shows erosion alternated with seafloor accretion
(Fig. 6b).

The second area is located southward of the Porto di Levante
harbour, where the 2014-2005 DoD (Fig. 6d) shows minor seafloor
erosion both at the head of the C3 channel and along the thalweg of the
C3 and C4 channels, associated with the migration of small-scale bed-
forms (Fig. 6¢ and profiles 3 and 4). Minor slope accretion occurs in the
upper reach of the C3 channel (Fig. 6d), resulting in a slight pro-
gradation of the NSDT edge.

The third area is located offshore the Rio Grande Canyon, where the
2014-2005 DoD shows a marked seafloor erosion of the C1 channel's
thalweg over an area of ~5,000 m? down to 100 mbsl, with thickness of
remobilized sediment up to 6 m, for an estimated volume of ~17,000 m®
(Fig. 6f and profile 6). Comparison between the 2014 and 2023 ba-
thymetry reveals further thalweg erosion, especially along the eastern
side of the C1 upper reach (profile 6 in Fig. 6). The head of the C1
channel also shows severe undercutting at its base, up to 6 m as recog-
nizable in profile 5 of Fig. 6. Seafloor accretion is locally observed along
the C1 thalweg (Fig. 6f), with the highest values due to the emplacement
of large blocks (Fig. 6e), having a diameter around 10 m.

4.3. ROV and submersible video recordings

Three main seafloor types are observed in the video recordings:
outcropping or sub-outcropping rocks, sandy/gravelly sediment, block
accumulations (Figs. 7 and 8).

Outcropping/sub-outcropping rocks are observed near the coast down
to 205 mbsl. They mainly occur on the coastal platform (Figs. 7d, e and
8b), often in relation to lobate volcanic outcrops made up of massive or
fractured lava covered by algal turf (Fig. 9a). This seafloor type also
characterizes sub-vertical escarpments bounding seaward the CP and
NSDT (Figs. 7b, and 8b, c) as well as the base of the main volcanic
outcrops (Figs. 7c and 8a). Escarpments are typically made up by
brecciated or massive lava flows alternated with volcaniclastic layers,
and locally show undercutting at their base (Fig. 9b).

Sandy/gravelly seafloor is mainly observed on the top of NSDT
(Fig. 7b) and in the northern coastal platform (Fig. 7a), often arranged to
form small-scale wavy bedforms (Fig. 9c¢, d) as well as along the thalweg
of slope gullies and channels (orange line in Figs. 7a, c and 8a, ¢) with an
overall decrease in grain size from shallow (Fig. 9e, i, j) to the deeper
sectors (Fig. 9f). Based on qualitative observations, the dominant sedi-
ment fraction is volcaniclastic, with a minor content of bioclastic sedi-
ment. Gravelly deposits are mostly confined to the upper reach of
channels C1 and C2 in the southern sector of the LFC (blue line in Fig. 8b,
c), where they often form narrow and lobate deposits elongated along
the maximum slope direction (Fig. 9e).

Block accumulations due to mass-wasting processes are observed at
the base of the escarpments bounding volcanic outcrops as a debris cone
(Figs. 7b, d and 8a, b); they also occur at the base of channels (Figs. 7c
and 8a) and as isolated or scattered blocks along the thalweg of gullies
and channels down to 250 mbsl (Figs. 7a, ¢ and 8). Typically, the blocks
have sub-metric or metric size and are from angular to sub-angular in

Table 2
Morphometric parameter of the channelized features; SI: sinuosity index.
Gullies and channels Length (m) Incision depth (m) Slope gradients (°) SI
Min Max Mean Min Max Mean Min Max Mean Min Max Mean
Type A gullies (187) 16 415 97 1 15 2.8 13 58 30 1.00 1.13 1.03
Type B gullies (15) 152 427 240 2 12 5.6 21 32 26.6 1.01 1.10 1.03
Channels (5) 349 1177 870 10 13 11.5 11 18 14.9 1.02 1.09 1.05
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Fig. 4. Longitudinal profiles of the channels and gullies mapped in Fig. 2); V.e.: vertical exaggeration. The red profiles indicate the features with bedforms, cor-
responding to the northern channels C3-4 and C5 in Fig. 2a.

Fig. 5. a) Main bedform fields identified in the northern part of the La Fossa Caldera (Fig. 1c for location). Yellow lines are the trace of bathymetric profiles
performed along the bedform fields. Note that vertical exaggeration (V.e.) is 2x for all profiles, but horizontal and vertical scale are different.

Table 3
Main morphometric characteristics of the bedform fields identified in the study area (for location see Fig. 5); slope gradients are represented as an average value.
Bedform Depth range Slope gradient Wave length Wave height Lee side length Stoss side length Lee side slope Stoss side slope
field (m) ©) (m) (m) (m) (m) ©) ©)
Bfla 68-84 12 9-21 0.5-1.3 4-11 3-9 20 3
Bflb 66-79 13 14-19 0.4-0.5 39 6-12 18 9
Bf2a 85-136 11 34-67 0.9-1.8 12-24 14-46 19 9
Bf2b 135-228 8 12-35 0.2-1.2 5-21 2-22 13 4
Bf3a 94-116 9 51-67 1.6-2.3 13-24 29-43 17 4
Bf3b 116-210 8 9-78 0.3-2.2 3-51 6-27 14 5
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Fig. 6. (a, c, e) Shaded relief map of the 2014 bathymetry and (b, d, f) 2014-2005 DoD draped over the 2014 bathymetry for the B7 gully off Vulcanello, C3 and C4
channels off the Porto di Levante harbour, and C1 channel off Rio Grande Canyon, respectively; for location see Fig. 2. On the right, bathymetric profiles show
seafloor variations occurred between 2005, 2014 and 2023 (the latter only for the C1 channel) bathymetries. Profile 5 shows the soundings collected during the 2023
survey, evidencing severe undercutting (up to 6 m) at the base of the escarpment bounding seaward the coastal platform.

shape, witnessing limited transport (Fig. 9g, h). In some areas, blocks are
characterized by white, orange/red and violet colours, suggesting hy-
drothermal alteration. Generally, they show poor or no sedimentary
cover; only in correspondence of some gullies (i.e., gully B7 in Fig. 2),
blocks are partially buried in the seafloor. Accumulations of rounded
blocks are locally found in the nearshore areas on the top of CP and
NSDT (Fig. 7b, d).

Hints on depositional processes are provided by the distribution of

plant debris on the seafloor observed in the videos. Accumulations of
seagrass leaves (Fig. 9i) and terrestrial plant debris (Fig. e, j) occur
within the thalweg of gullies and channels down to 200 mbsl (Figs. 7 and
8). Seagrass was observed forming compact meadows on the CP and
NSDT (at <15 mbsl). Terrestrial plant debris is mostly observed along
the C1 channel, offshore the Rio Grande Canyon (ROV_05 and ROV_12 in
Fig. 8c). It consists of small (1-2 m long) tree branches, lying on the
seafloor or partially buried within sediment.
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Fig. 7. Shaded relief map and contours (equidistance of 20 m; see Fig. 1c for location), with the seafloor types mapped along the ROV/submersible transects. The
white circles with letters indicate the location of the images shown in Fig. 9. Acronyms as in the previous figures.

5. Discussion
5.1. Erosional processes within the submerged portion of La Fossa Caldera
Gullies and channels are due to the interplay between sediment-

laden flows and marine retrogressive activity, as witnessed by compar-
ison of consecutive multibeam surveys integrated by video observations

(Figs. 6 and 9). The marked seafloor erosion occurred between 2005 and
2014 along the C1 channel (Fig. 6f) can be related to flash-flood
generated hyperpycnal flows from the Rio Grande creek. These events
are likely triggered by heavy rainfall events, as those recorded in 2005
and 2011 by the rain-gauge station located in the nearby Salina Island
(Fig. 1ESM). This interpretation is also supported by the presence of
flood deposits along the C1 thalweg, such as downslope elongated,
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Fig. 8. Shaded relief map and contours (equidistance of 20 m; see Fig. 1c for location), with the seafloor types mapped along the ROV/submersible transects. The
white circles with letters indicate the location of the images shown in Fig. 9. Acronyms as in the previous figures.
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Fig. 9. Examples of seafloor types observed in the study area; location in Figs. 7 and 8. a) Algal turf that covers a rough rocky morphology on coastal platform; b)
evidence of undercutting at the base of the scarps; ¢) megaripple field in sandy sediment on the nearshore submarine depositional terrace; d) sandy sediment with
bioturbation on the coastal platform, e) fan-shaped gravelly deposits alternated with sandy seafloor and partially buried terrestrial plant debris along the C2 channel;
f) silty sand in the distal reach of the C2 channel; g) blocks with poor sedimentary cover at the base of the escarpment bounding seaward the southern coastal
platform; h) debris talus along the C1 channel with altered (likely hydrothermalized) blocks; i) sandy sediment with plant debris present along the gully B7; j) sandy
sediment with small tree branches along the C1 channel, just off the Rio Grande Canyon mouth.
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coarse-grained deposits along with accumulations of terrestrial plant
debris (Fig. 9e, j). Sediment-laden flows due to small retrogressive slope
failures are instead observed at the head of the B7 gully (Fig. 6a, b) and
C3 channel (Fig. 6¢, d). They could have been triggered by wave action,
considering the shallow depth of their edge (around 10 mbsl), or
possibly by the M4.6-earthquake occurred in August 2010, which also
caused small landslides and rockfalls along the Vulcano and Lipari
coastlines (Gambino et al., 2014). Seafloor erosion at the head of the C4
channel, located in the proximity of the Porto di Levante harbour, might
have been also enhanced by anthropogenic effects due to the propellers
of the daily ferries connecting the Aeolian Islands, similarly to what was
reported for the Lipari harbour (Anzidei et al., 2016).

At LFC, the spatial distribution of gullies and channels has been
controlled by volcanic activity over the last 14 ka (Casalbore et al., 2019;
Fig. 1c). Narrow and mostly V-shaped gullies erode volcanic outcrops,
while relatively wide and flat-bottomed channels are bounded by the
main volcanic units (Figs. 1c and 2). Gullies and channels have also
different longitudinal profiles (Fig. 4), likely reflecting their different
location and morphological evolution, even if both features have not
reached yet a final equilibrium profile (Mitchell, 2005; Soutter et al.,
2021).

Rockfalls along steep escarpments cut on lavas and volcaniclastics
are testified by the accumulation of polygonal blocks at their base and in
surrounding areas (Fig. 9g, h). The recent occurrence of such processes is
testified by the emplacement of large blocks between 2005 and 2014
along the C1 channel (Fig. 6e, f) that can be related to mass-wasting
processes affecting the steep escarpment bounding the coastal
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platform here present. The rockfalls can be favoured by undercutting at
the base of the escarpment, as evidenced by bathymetric profiles (profile
5 in Fig. 6) and seafloor videos (Fig. 9b). Nearshore undercutting pro-
cesses in rocky coasts have been commonly related to wave action (e.g.,
Sunamura, 2021 and reference therein), but considering the depth range
(30-50 mbsl) where they are recognized at the LFC, and the sheltered
setting of this area from the main high-energy westerly storms, we
suggest a main role of marine retrogressive erosion at the head of gul-
lies/channels. Despite ROV dives did not reveal active seepage from the
seafloor in this area, we cannot exclude a potential contribution on rocks
alteration from hydrothermal activity. The NE subaerial flank of the La
Fossa Cone is, in fact, characterized by active fumaroles that favour the
occurrence of shallow mass-wasting processes (Madonia et al., 2019).

5.2. Factors controlling the development of upper-flow regime bedforms
within the channels

Crescent-shaped bedforms recognized in the study area are gener-
ated by sediment-laden flows under supercritical flow conditions, based
on their similarity in size (Fig. 10), plan-view geometry and cross-
sections (Fig. 5) with upper-flow regime bedforms identified along the
submarine flanks of insular volcanoes (Babonneau et al., 2013; Casal-
bore et al., 2021; Chang et al., 2022), as well as through flume experi-
ments and numerical modelling (Cartigny et al., 2011; Slootman and
Cartigny, 2020). In the submerged part of the LFC, upper-flow regime
bedforms develop only along the thalweg of the northern channels
(Fig. 2) and this is likely due to two main controlling factors: slope

Fig. 10. Plot of wave height versus wavelength for all the recognized bedforms in the La Fossa Caldera and their comparison with similar features identified in the
offshore Baia di Levante fan (see Fig. 1 for location), in the nearby Salina and Stromboli Islands, and offshore Tanna Island in the Vanuatu archipelago; data from

Casalbore et al. (2021).
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gradients and sediment grain-size. A maximum slope gradient of 13° was
observed for the formation of the bedforms at the LFC, similarly to what
reported in other submarine volcanic settings (Casalbore et al., 2021).
Steeper declivities are commonly associated with fully-erosional sedi-
ment-laden flows (e.g., Clare et al., 2023), as testified by V-shaped cross-
section of gullies in the study area (Figs. 2 and 4). Regarding sediment
grain-size, a sandy seafloor is observed along the northern channels,
because they are eroding the edge of a nearshore submarine depositional
terrace, which is interpreted as a sand-rich prograding wedge (Casalbore
et al., 2017; Figs. 7b and 9c). In contrast, the upper reaches of the
southern channels (especially C2) are also floored by blocky and grav-
elly deposits due to the erosion of a sediment-starved coastal platform
(Figs. 8b, ¢, and 9e, g), thus hindering the formation of upper-flow
regime bedforms.

At the LFC, the recent formation of upper-flow regime bedforms is
related to sediment-laden flows generated by minor retrogressive fail-
ures at the head of gullies and channels (Fig. 6a—d). These small-scale
bedforms share a similar wave height — wave length ratio (H/L of 1:25
in Fig. 10), except for the largest ones found in the northern channels
(Bf2a and Bf3a in Figs. 5 and 10). These latter could be the result of
higher-magnitude flows, as also suggested by their fit with the para-
metric field of the bedforms found on the offshore Baia di Levante fan
(Figs. 1b and 10).

5.3. Implications for geohazard assessment and final remarks

Minor seafloor erosion occurred in the submerged part of the LFC
over the last 20 years (Fig. 6), mainly due to local retrogressive slope
failures and related sediment-laden gravity flows. This morphological
evolution is different from what observed in other very active volcanic
settings, such as the nearby Stromboli Island (e.g., Casalbore et al., 2020,
2022, 2025; Di Traglia et al., 2022). The occurrence of limited erosion,
as resulting by comparison among consecutive surveys, is a quite sur-
prising finding considering the well-developed submarine drainage
network of gullies and channels and the multiple predisposing/trig-
gering factors for mass-wasting processes in the study area, including: a)
persistent degassing activity, with the last volcanic unrest phase
occurred in 2021-2023 (Federico et al., 2023; Capecchiacci et al., 2025),
b) deep-seated deformations along the NE sector of the La Fossa Cone
(Tommasi et al., 2007), and c) frequent and strong seismicity in the area
(De Astis et al., 2023). On the other hand, the progressive retrogressive
slope failures at the head of gullies and channels have implications for
geohazard issues, because the Porto di Levante harbour represents the
main evacuation gate for inhabitants and tourists in case of eruptive
crisis (Ricciardi et al., 2024). So far, the morpho-bathymetric moni-
toring over the last 20 years did not evidence relevant seafloor changes
around this harbour. However, we stress the importance of carefully
monitoring its evolution in the future due to its strategic importance and
the active geological dynamics present in the area. More generally, this
study highlights the importance of a multi-scale geomorphological
approach to better constrain the recent most evolution of geologically-
active areas.
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