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* Corresponding author.

Active insular volcanoes are generally characterized by their rapid morphological evolution, as a close interplay
exists between eruptive activity and erosive-depositional processes in such volcanoes. The Sciara del Fuoco
depression, a sector collapse scar on the NW flank of the Stromboli volcano (Italy), is considered a natural
laboratory for studying the response of a volcanic slope to such a dynamic evolution. In this study, we report the
very fast morphological evolution that affected the subaerial and submarine Sciara del Fuoco slope from May
2022 to May 2023, a period of time marked by the occurrence of two crater rim failures, pyroclastic density
currents and multiple lava flows. The analysis of repeated topo-bathymetric surveys demonstrates that a narrow
(100 m wide at maximum) and steep-sided canyon, tens of meters deep, formed in the central part of the Sciara
del Fuoco. The canyon was mainly related to the erosive activity of the pyroclastic density currents, which led to
the remobilization of (at least) 3.7 x 10 m® volcanic material, mainly in the subaerial slope. The canyon was
initially formed by retrogressive erosion upslope, starting from an initial submarine/coastal landslide. It then
evolved through a progressive widening of its flanks through small-scale landslides. The study shows that
landslide location, as well as the final canyon shape, were strongly controlled by the lithological limits of pre-
vious lava flows, highlighting the importance of inherited morpho-stratigraphy and lateral heterogeneities in
slope stability. Since its formation, the canyon has acted as a main conduit for lava flows and volcaniclastic
materials supplied on their way to the sea. About 1 x 10° m® of material filled the subaerial canyon floor through
time, and another 1 x 106 m® of slope accretion was estimated for the submarine part of the Sciara del Fuoco,
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down to 400 m below sea level. Comparing the volumes associated with slope erosion and accretion, it is evident
that a large part of the remobilized material bypassed the Sciara del Fuoco shallow-water sector and was
emplaced at greater depths. This study highlights the relevance of an integrated system for monitoring the
submarine and subaerial morphological evolution of insular volcanic flanks, contributing to an improved geo-
hazard assessment during eruptive crises.

List of the acronyms used in this paper

asl above sea level
bsl below sea level
DEM Digital Elevation Model

DGPS Differential Global Position System
DoD DEM of Difference

ELO Early Lava Overflows

GCP Ground Control Point

GPS Global Position System

INGV-OE Istituto Nazionale di Geofisica e Vulcanologia -
Osservatorio Etneo

LiDAR  Light Detection And Ranging

NEC North-East Crater

PDCs Pyroclastic Density Currents

RMS root mean square

ROV Remotely Operated Vehicle

RTK Real Time Kinematic positioning

SCT Stromboli thermal camera located at Labronzo
SCV Stromboli visible camera located at Labronzo
SdF Sciara del Fuoco

SQV Stromboli visible camera located at 400 m asl

SP InSAR Single-Pass Interferometric Synthetic Aperture Radar

SPCT Stromboli thermal camera located at Punta dei Corvi
SPT Stromboli thermal camera located at Il Pizzo
SWC-CC SW-Central Crater

UAS Unoccupied Aircraft System

UTC Coordinated Universal Time

1. Introduction

The steep flanks of active stratovolcanoes are prone to rapid
geomorphological changes due to their frequent eruptive activity
(Thouret, 1999). One of the best examples is the NW flank of Stromboli
volcano, where the present-day slope of a partially filled collapse scar,
the Sciara del Fuoco (SdF, hereafter), shows significant geomorpholog-
ical changes in short time periods (from days to months). These changes
are associated with the accumulation of volcaniclastic deposits, lava
flows, and their subsequent reworking by mass flows and exogenous
phenomena, such as sea waves (Kokelaar and Romagnoli, 1995; Casal-
bore et al., 2010; Di Traglia et al., 2018a, 2020; Tioukov et al., 2022).
The SdF itself shows persistent small-scale instability phenomena such
as rockfalls and debris slides with a volume of less than 10* m® (Di
Traglia et al., 2018b). Occasionally, larger landslides of tens to hundreds
of millions of cubic metres of rock and volcaniclastic debris occur in its
interior (Chiocci et al., 2008a; Rosi et al., 2019). The gradual and
commonly fast morphologic readjustment of the SdF slope typically
reduces the preservation potential of these features, which tend to be
obliterated in a relatively short time (Chiocci et al., 2008b).

This work analyses the morphological response of SdF to a period of
increased eruptive activity at the Stromboli summit craters between May
2022 and May 2023, with the occurrence of two crater rim collapses,
several pyroclastic density currents (PDCs, hereafter) and lava overflows
from the crater rim (Giudicepietro et al., 2023; Di Traglia et al., 2024).
During this period, a narrow and steep-sided canyon, tens of metres
deep, rapidly (only one week) formed in the subaerial part of SAF. The
development of a similar erosive feature is, to our knowledge, undocu-
mented in the historical evolution of the subaerial SAF reconstructed
since 1868 (e.g., Marsella et al., 2012) and through the setup of an in-
tegrated monitoring system of the SdF slope after the 2002 tsunamigenic
landslide (Bonaccorso et al., 2003; Calvari et al., 2005; Esposito et al.,
2012).

Through the analysis of multi-temporal topographic and bathymetric
surveys, combined with volcanological observations from the fixed
monitoring camera network operated by Osservatorio Etneo (Istituto
Nazionale di Geofisica e Vulcanologia, INGV-OE) and videos recorded
from Unoccupied Aircraft System (UAS), this work is aimed at
addressing the following research questions:

1) Which were the main factors that controlled the formation of the
subaerial canyon on SdF in a very short time period and its later
evolution?

2) How did the canyon formation influence the morphological evolu-
tion of the submarine slope?;

3) Which are the main implications in terms of geohazard assessment?

By answering these questions, this study provides new insights on the
combined morphological response of insular volcanic flanks to eruptive
dynamics, with reference to small/medium-scale instability of volcani-
clastic deposits and deposit-derived PDCs, a topic often overlooked in
literature for large-scale processes. Moreover, the unique possibility to
monitor the canyon formation in such rapid times is potentially of large
interest for geomorphological studies elsewhere as well as for the proper
management of future eruptive crises at Stromboli.

2. Stromboli volcano and its recent activity

Stromboli is a large insular volcano in the Tyrrhenian Sea (see
Fig. 1a, b), known for its persistent and mild explosive “Strombolian”
activity (Mercalli, 1883). Throughout its history, Stromboli has recorded
distinct phases of activity, which were often accompanied by bilateral
flank instability events on its NW and SE slopes (Romagnoli et al.,
2009a, 2009b). The NW flank was affected by a series of significant
lateral collapses in the last 13 ka (Francalanci et al., 2013), the last of
them occurred during the Middle Ages and accompanied by tsunami-
genic events (Rosi et al., 2019; Pistolesi et al., 2020). The NW flank of
the volcano is morphologically dominated by the 2 km-wide SdF
collapse scar, where a summit crater terrace is present with three
emission craters and a variable number of active vents (Civico et al.,
2021) (Fig. 1c). The SdF scar extends down to 700 m below sea level
(bsl, hereafter) and is very steep, with average slope gradients of 35° for
its subaerial part, 30° in the first 200-300 m bsl and 20° at greater
depths (Romagnoli et al., 2009b). The SAF experienced sporadic effusive
eruptions, with volumes ranging from a few tens to several millions of
cubic metres (Marsella et al., 2012; Di Traglia et al., 2020; Casalbore
et al., 2022; Calvari and Nunnari, 2023). Occasionally, prolonged flank
eruptions from eruptive vents on the SdF slope led to the formation of
lava deltas, followed by their gradual erosion (e.g., Bosman et al., 2014;
Di Traglia et al., 2018c).

The accumulation of volcaniclastic and lava flows within the SAF
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collapse scar alternates with erosion and mass flow events (Kokelaar and
Romagnoli, 1995). The French geologist Déodat Guy Silvain Tancrede
Gratet de Dolomieu, during his travel to the Aeolian Islands from 12 to
21 July 1781, reported that “for a long time this volcano has not erupted
any real lavas, but only sand and porous black and reddish lavas” (de
Dolomieu, 1783). Planar and rotational slides developing into rock/
debris avalanches, each with an estimated volume of tens of millions of
cubic metres and tsunamigenic, have been reported in the last century
and directly observed on 30 December 2002 (e.g., Maramai et al., 2005).
The latter event was triggered by magma intrusion into the SdF, leading
to the onset of the 2002-2003 flank eruption (Bonaccorso et al., 2003;
Calvari et al., 2005; Verrucci et al., 2019; Di Traglia et al., 2023a). The
landslide involved a complex mass movement with a slope failure of
about 20 million cubic metres in the subaerial and submarine SdF slopes.
These types of landslides can generate tsunamis with significant impact
on Stromboli and the surrounding coasts (e.g., Tinti et al., 2005; For-
naciai et al., 2019).

After the 30 December 2002 landslide, Stromboli experienced long
periods of material accumulation in the SdF, caused by flank eruptions
(2002-03, 2007, 2014, 2019; Calvari et al., 2005, 2010; Giudicepietro
et al., 2020; Di Traglia et al., 2022). In addition, there were phases of
more intense eruptive activity, characterized by frequent explosions,
lava fountains and lava overflows from the crater terrace and collapses
of the crater rim. These rapidly led to significant slope accumulation and
erosion over the SdF, mostly extending to a depth of 300 m (Fig. 1c;
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Casalbore et al., 2020; Di Traglia et al., 2018a, 2021). Some of these
events were able to generate significant seafloor erosion/slope insta-
bility (Di Traglia et al., 2022, 2023b; Casalbore et al., 2022) and small
tsunami waves (Ripepe and Lacanna, 2024). Conversely, during periods
of reduced explosion frequency and intensity, the dominant processes
observed were subaerial erosion and marine-driven reworking
(Falsaperla et al., 2008; Di Traglia et al., 2018b, 2020; Casalbore et al.,
2020).

2.1. Summary of eruptive activity between May 2022 and March 2023

During this period, the persistent Strombolian explosive activity of
Stromboli volcano was accompanied by some major explosions and lava
overflows from the summit craters, as summarised in Fig. 2 and
Table 1ESM (for more details, see Di Traglia et al., 2024). An event that
significantly altered the SAF morphology occurred between 9 and 15
October 2022 and resulted in the formation of a canyon in the central
part of the SdF.

The sequence began with the destabilisation of the crater rim, with a
minimum mobilized volume of ~6 x 10% m?, leading to the formation of
PDCs at 07:22 of October 9, followed by lava overflow from the
collapsed region (Giudicepietro et al., 2023; Di Traglia et al., 2024). The
PDC rapidly reached the shoreline with a velocity of about 62 m/s. Other
two PDCs reached the coast and beyond at 7:34 and again at 7:43. The
latter, according to SPCT observations, did not originate from the crater

Fig. 1. a) Location of Stromboli Island within the southern Tyrrhenian Sea. b) Shaded relief map and isobaths of the Stromboli edifice, with location of the study area
(black box). ¢) Shaded relief model, based on high-resolution DEMs, revealing the morphology of the island and the submarine part (down to about 400 m depth) of
SdF. Dashed black lines show the lateral limits of SAF and its subdivision in south-western, central and north-eastern SdF sectors. Trajectories of distinct flow zones, as
identified by Di Traglia et al. (2018b), are highlighted with red arrows. The position of the summit crater terrace (dashed white lines), the main eruptive vents and
the fixed monitoring cameras (SPCT, SPT, SCT, SCV and SQV) are also marked. SWC-CC, NEC: South-West-Central and North-East craters.
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Fig. 2. Chronology of data acquisition between May 2022 and May 2023 and main eruptive events in the same period.

but appeared to come from a source located about 400 m below, prob-
ably triggered by blocks detached from the advancing lava front. UAS
observations provided important insights both on the initiation of the
failure of volcaniclastic deposit along SdF, and on the later morpho-
logical changes caused by the erosion of the SdF slope.

In particular, the observations made on 9 October 2022 at 07:59
showed muddy (turbid) water in the marine area facing SdF (Fig. 3a),
probably due to the initial flow of the PDCs into the sea. The same survey
showed that the coastal morphology changed significantly during this
period, with lava accumulation in the central sector of SAF (mainly along

Fig. 3. Photographs taken during the UAS surveys on 9 October 2022 (courtesy of Stefano Cannavo) provide valuable insights on the occurring phenomena. In photo
a), taken at 07:59, an area of muddy (turbid) water is outlined, likely corresponding to the region where the initial PDC reached the water surface, resulting in
subsequent mixing of material with sea water. In b), taken during the same survey as a), a landslide scar in the coastal area is outlined, highlighting the occurrence of
instability phenomena from the early moments of the effusive phase. Photos taken at ¢) 08:11 and d) 16:24 show that the PDCs, involving volcaniclastic material
collected within SAF, were associated with the deposition along the slope and down to its base and had their source in the landslide scar shown in b).
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its SW part, early lava overflows in Fig. 3b) and the appearance of a
landslide scar along the coastline, close to the point where the first PDC
and lava overflows entered the sea (Fig. 3b). Images taken on the same
day showed that the PDCs originating from the volcaniclastic material
within the SAF were initiated upslope of the landslide scar (Fig. 3c, d).
This process continued over the following days, with the initiation point
of the PDCs gradually rising to higher elevations and finally ceasing on
17 October 2022. Following this period, volcanic activity remained at
medium levels, punctuated by powerful explosions and ejection of
bombs and spatter as well as by small lava overflows, as occurred on 16
November 2022 (Giudicepietro et al., 2023; Calvari and Nunnari, 2023).
Another period of repeated crater rim collapses coupled with PDCs and
lava overflows from the crater rim occurred between 4 and 8 December
2022 (Fig. 2 and Table 1ESM). A first major failure from the crater rim
occurred at 14:28 on 4 December 2022, with an estimated volume of
~8.9 x 10* m® (Di Traglia et al., 2024) and caused a PDC spreading
along the SdF slope. This event was followed by at least 3-4 additional
pulses of PDCs occurring between 14:31 and 14:33. These repeated
failures deeply eroded the flank of the northeast crater (NEC, hereafter),
likely enhanced by two lava channels spreading from the breached NEC
along SdF. At 15:18, a new major failure took place from the crater rim,
causing a thick and hot ash cloud. Several failures occurred from this
crater rim and from several points along the SAF slope, feeding PDCs and
a thick ash cloud for about 2 h, then gradually declining. The failures left
half of the NE cone, with the conduit exposed to feed a lava flow
spreading along the SdF slope and reaching the sea, as witnessed by a
white steam cloud spread towards the craters and above the PDC. The
effusive activity continued until 8 December 2022, mostly obscured to
the monitoring cameras field of view because of spreading within the
saddle left by the failure along the SdF. After that, other main lava
overflows occurred on 16, 19, 21, 26-27 December 2022; 2, 4, 17 and 24
January 2023; 27 February 2023; 8, 9, 11 and 23 March 2023 (Fig. 2 and
Table 1ESM). Two major explosions occurred on 25 March and 7 April
2023.

3. Material and methods
3.1. Volcanological observations and webcam images

The continuous monitoring of Stromboli's eruptive activity and the
quantification of explosive events observed at the summit vents were
conducted through a visual analysis of images captured by the fixed
monitoring camera network operated by the INGV-OE. This network
includes three thermal cameras situated at Il Pizzo Sopra La Fossa (SPT),
Punta dei Corvi (SPCT), and Semaforo Labronzo (SCT), as well as one
visible camera positioned at Semaforo Labronzo (SCV) and another
visible camera (SQV) located at 400 m asl along the eastern rim of the
SdF (Fig. 1c, for more details on the main characteristics of the cameras
refer to Di Traglia et al., 2024).

3.2. Topographic and bathymetric surveys

To investigate the geomorphological evolution and dynamics of the
SdF, we conducted multi-temporal topographic and bathymetric surveys
between May 2022 and May 2023 (Fig. 2 and Table 2ESM). Regarding
the subaerial part, we derived Digital Elevation Models (DEMs) from
multiple platforms, including:

i) Single-Pass Interferometric Synthetic Aperture Radar (SP InSAR)
airborne data collected on 12 September 2022 and 17 October
2022 over the entire island. In both surveys, the radar was
installed onboard a Cessna 172, where the SP InSAR layout was
obtained by mounting the different radar antennas on the strut of
the right wing, as described in Natale et al. (2022) and Esposito
et al. (2024). The DEM generation is based on the classical InSAR
technique (Franceschetti and Lanari, 1999; Rosen et al., 2000;
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Esposito et al., 2023 and 2024), allowing to obtain a final DEM
with a cell size of 1 m;

ii) photogrammetric method using PLEIADES-1 tri-stereo satellite
imageries collected on 22 August 2022, 24 October 2022 and 11
February 2023 over the entire island (for more details on the
methodology refer to Di Traglia et al., 2020). The generated
DEMs have a cell size of 1 x 1 m;

iii) photogrammetric method using images acquired by two UASs
only on the SdF slope. The first vehicle was a DJI Matrice 300 RTK
with Zenmuse P1 camera (full-frame CMOS 45MP sensor, 84°
field of view and 24-mm focal length lens) and collected data on
20 May 2022, 15 October 2022, 15 December 2022, 1 February
2023, 22-23 May 2023 (for details on UAS data acquisition and
processing refer to Civico et al., 2021 and 2024). The second
vehicle is a Saturn Mini drone with a Canon IXUS 160 camera
with 20 Megapixel resolution, which collected data on 18
October 2022 and 1 February 2023 (for details on UAS data
acquisition and processing refer to Gracchi et al., 2022). The
obtained DEMs have a cell-size of 0.5 cm. To correct the posi-
tioning of photogrammetric surveys, 15 points from a LiDAR
(Light Detection And Ranging) survey carried out in 2012 were
used as virtual GCPs (Ground Control Points) to co-register all the
PLEIADES-1 and UAS DEMs.

Regarding the submarine part, high-resolution bathymetric data
were collected in two multibeam surveys performed on 31 May 2022
and 23 March 2023 onboard the small vessel Cheetah Marine (Idrosfera
company) along the submarine portion of SdF. In both surveys, the
multibeam R2Sonic was used, operating at a frequency range of
200-450 kHz. Data were DGPS-positioned, allowing obtaining sub-
metric accuracy in the x-y plane and processed with hydrographic
software, using daily sound speed profiles and patch test of transducers
in the survey zone. Moreover, a hull-mounted sound speed sensor was
used to update in real-time the sound velocity values close to the mul-
tibeam transducer. Tidal corrections were performed using data from
the nearby tide gauge stations of Strombolicchio and Ginostra (www.
mareografico.it, last access 23/12/2024). Random and organised
acoustic noise was removed by applying geometrical and statistical fil-
ters as well as manual editing. The final DEM has a cell size of 3 m.

DEM-to-DEM co-registration was based on the minimization of the
root mean square (RMS) error between two DEMs, using a custom-made
algorithm (e.g., Favalli et al., 2018) and following the workflow outlined
in Di Traglia et al. (2020). The morphological changes (slope erosion/
accretion) and associated volumes (V) were calculated from each DEM
of Difference (sensu Williams, 2012) according to the formula V =
TiAx?Az; (where Ax is the grid step and Az; is the height variation within
the grid cell). The volume error was determined by the formula ErrV =
AGAZ, where A is the investigated area, and 6AZ is the mean error of AZ
(Favalli et al., 2010).

3.3. Slope stability analysis

A stability analysis of the SAF slope was performed using the 2D limit
equilibrium method (LEM) implemented in the Slope Stability Analysis
Program (SSAP; Borselli et al., 2011; Borselli, 2020), to assess the stress
state of the slope and understand the failure mechanisms affecting vol-
caniclastic deposits. The factor of safety (FS) for potential slip surfaces
was calculated using shear strength parameters derived from multiple
failure criteria, following the same methodology used by Di Traglia et al.
(2023a, b, and 2024), which successfully replicated past events. The
geo-mechanical stratigraphy of the slope was represented by different
geotechnical units (Fig. 4; Table 1):

1. Volcaniclastic infill: a shallow subaerial deposit of volcaniclastic
material with rockfill-like properties. For this unit, failure was
assessed using both the Generalised Hoek-Brown (GHB) criterion
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Fig. 4. Profile utilized for stability analysis, considering the distribution of volcaniclastic infill, the characteristics of which are detailed in Table 1, as well as the lava-

breccia unit.

Table 1
Geomechanical parameters used in the LEM simulations.

Geomechanical parameters following GHB (Hoek et al., 2002)

Layer ucs GSI mi D ydry (kN/  ysat (kN/
(MPa) ) -) -) m3) m3)
Volcaniclastic 40 30 19 0 15 17
infill
Lava-Breccia 40 30 19 0 19 22

Barton and Kjaernsli (1981) Criterion following parametrization of Lunardi et al.
(1994) and Barton (2013)

Layer JRC JCS or (°) LO L (m) BC) ABC°)
©) (Mpa) (m)
Volcaniclastic 20 10 32.00 1.00 150.00 40.00 20.00

infill

(Hoek et al., 2002; Hoek and Brown, 2019; Haep et al., 2020) and the
Barton-Kjaernsli (B—K) nonlinear envelope (Barton and Kjarnsli,
1981; Barton, 2013), reflecting its local interaction with the under-
lying lava-breccia.

2. Lava-breccia unit: a deeper lithostratigraphic layer of 35-65 % lava
alternating with breccia, representative of the deeper volcanic
structure. The GHB criterion was also applied to this unit, used here
as a geotechnical lower boundary.

This stability analysis used detailed topographic data derived from
Pleiades-1 DEM and multibeam bathymetry.

4. Results
4.1. Morphological changes occurred along the SdF slope

The comparison of topographic and bathymetric surveys realized in
May 2022 and March-May 2023 (the latter for the marine and subaerial
slopes, respectively) shows that the main morphological changes within
the analysed eruptive period occurred in the central part of SdF (Figs. 5
and 6).

The 2022-2023 DEM of Difference (Fig. 5) shows an impressive
continuity between slope erosion and accretion along the submarine and

subaerial parts of SAF. Erosion is largely overwhelming accretion (i.e.,
20 times larger) along the subaerial slope, accounting for estimated
volumes of ~2 x 10° m® and ~92 x 10° m3, respectively (Table 2). On
the contrary, accretion dominates over erosion (i.e., almost the double)
along the submarine slope of the SAF, with estimated volumes of ~1 x
10° m® and ~660 x 10° m3, respectively (Table 2). Two main areas of
accretion (Al and A2 in Fig. 5) are recognizable in the lower subaerial
slope and in facing marine areas.

Al extends between ~100 m asl and ~200 m bsl and morphologi-
cally matches the development of a steep-sided ridge (yellow polygon in
Fig. 6b, see also profiles T3, B1 and B2 in Fig. 7), characterized by
multiple slope breaks and local slope gradients up to 80°. The thickness
of A1 markedly increases in the coastal and nearshore areas, reaching a
maximum value of 17 m (profiles T3 and B1 in Fig. 7), accounting for an
estimated volume of ~220 x 10° m3, ~70 % of which emplaced in the
marine area (Table 2).

A2 is the largest accretion area between 80 m bsl and 400 m bsl (limit
of the bathymetric survey, Fig. 5). A2 has an average thickness of 5.5 m
(locally up to 13 m, profiles B2 and B3 in Fig. 7), accounting for an
estimated volume of ~860 x 10° m® (Table 2). A2 still shows a relevant
thickness at 400 m bsl (Fig. 5), indicating that it extends seaward. A2
shows an overall fan-shaped morphology (pale brown polygon in
Fig. 6b), formed by the juxtaposition/coalescence of smaller fans.

Minor slope accretions are recognizable along the SW part of the
central sector both in the submarine (A3 in Fig. 5 and profile B1 in Fig. 7)
and subaerial slope (A4 and A5 in Fig. 5 and profile T1 in Fig. 7). Area
and volume estimates are given in Table 2.

Slope erosion is mainly recognizable in the subaerial slope (E1 in
Fig. 5), where a narrow and steep-sided canyon developed through time
(Fig. 6b, more details in Section 4.1.1) and secondarily along the coastal
and marine areas (E2-E5 in Fig. 5). E2 is a well-defined incision at the
foot of the subaerial slope (profile T3 in Fig. 7); its submarine part
mobilized up to 10 m of thickness in the first 100-200 m bsl (Fig. 5),
accounting for a volume of ~430 x 10% m® (Table 2). The submarine
part of E2 is morphologically characterized by two landslide scars in the
first 100-200 m bsl, merging downslope in an erosive channel (profiles
B1, B2 and B3 in Fig. 7). E3 is mostly submarine, with a maximum
mobilized thickness of 12 m (Fig. 5 and profile B1 and B2 in Fig. 7),
accounting for a volume of ~180 x 10% m® (Table 2). E3 is morpho-
logically associated with the development of small-scale (~60 m in
diameter) landslide scars in the first 100 m bsl that evolve downslope in
elongated and narrow erosive channels (Fig. 6b). The corresponding



D. Casalbore et al.

Geomorphology 488 (2025) 109961

Fig. 5. DEM of Difference over the entire monitoring period, showing the main topo-bathymetric changes on the SdF slope. E1-E6 and A1-AS5 are areas characterized

by slope erosion and accretion, respectively (see text for details).

coastal sectors, facing E2 and E3, are affected by shallow erosion (Fig. 5
and profile T3 in Fig. 7). Minor areas with slope erosion are present
along the SW and NE coastal/nearshore sectors of SdF (E4 and E5 in
Fig. 5) as well as in the upper SW sector of SdF (E6 in Fig. 5).

4.1.1. Short-term morphological evolution of the subaerial slope

Repeated topographic surveys through UASs were performed be-
tween May 2022 and May 2023 period, enabling to monitor with high
detail the morphological evolution of the subaerial slope (Figs. 8-11),
which can be divided in three different stages:

a) the first stage was dominated by a marked erosion throughout the
central part of SdF, up to ~650 m asl (upper limit of the survey, Fig. 8a),
with an average mobilized thickness of ~21 m (locally up to ~45 m),
accounting for an estimated volume of ~1.9 x 10% m® (Table 3). This
stage mostly occurred between 9 and 15 October 2022, when a series of
PDCs initially related to the 9 October crater rim failure and then to the
crumbling of the lava front overflows were observed (Fig. 3 and
Table 1ESM). The slope erosion was morphologically associated with the
development of a V-shaped, steep-sided and narrow (100 m wide at
maximum) canyon that reached its maximum depth incision during this
period (Figs. 9a and 10a).

The lower part of the canyon was generally less incised and showed
areas of slope accretion along the coastal sector associated with the
development of steep-sided ridges (Figs. 8a and 11a). A main slope ac-
cretion was recognized along the SW part of the canyon (ELO in Figs. 8a

and 11a), matching the location of early lava overflows seen from UAS
images (Fig. 3b).

Once the PDCs activity stopped, the canyon floor was partially filled
by lava overflows as recorded in the 18 October 2022-15 October 2022
Dem of Difference (Figs. 8b, 9b and 10b and Table 3). A small part of this
slope accretion occurred at the base of the NE canyon flank and was
linked with the deposits of the retrogressive erosion of the canyon flank
(Fig. 10b and Table 3).

b) The second stage of canyon evolution was mainly related to the NE
crater rim failure that occurred on 4 December 2022, which breached
half of the NEC and produced multiple PDCs for a few hours (Fig. 2 and
Table 1ESM). The 16/12/2022-18/10/2022 DEM of Difference evi-
denced significant slope erosion at elevation > ~600 m asl (on average
16 m, locally up to 30 m in Fig. 8c). Slope erosion was related both to the
NEC collapsed area and retrogressive erosion of the previous canyon
head (Figs. 8c and 9c¢, and Table 3), with the development of arcuate and
nested landslide scars. At elevation <600 m asl, the canyon floor was
dominated by slope accretion (Figs. 8c and 10c, and Table 3) due to the
emplacement of multiple lava overflows fed from the breached NEC,
whose effusive activity lasted until 8 December 2022 (Fig. 2).

A maximum thickness of 15 m was recognized in the lower slope,
where the stacking of lava flows formed a steep-sided ridge, before
enlarging in the coastal sector to build a small lava delta (Figs. 8c and
11b). Minor slope accretion was present at the base of the canyon flanks
due to deposits associated with retrogressive erosion (Figs. 10c and 11b,
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Fig. 6. Shaded reliefs and isobath maps for the May 2022 DEM (a) and comparison with the isobath-contour map of the March/May 2023 submarine and subaerial
surveys, respectively (b), to evidence the main morphological changes occurred during the studied eruptive period. The main slope accretion areas Al and A2 are
evidenced in yellow and pale brown, respectively. The red dashed lines in (a) are the traces of the topographic and bathymetric sections shown in Figs. 7, and 9-11.

Table 2

Areas and volumes (with associated errors) computed for the main areas with
morphological changes shown in Fig. 5. Note that E1 “above/below 650 m asl”
refers to the dashed black line in Fig. 5.

2022-2023 DEM of Difference Area (m?) Vol (m®) Vol_error (m®)
E2 126,378 —435,912 +56,563
E3 79,767 —178,573 +35,701
E4 44,658 —44,473 419,988
Total submarine erosion 250,803 —658,958 +112,252
Al 27,531 156,340 +12,322
A2 155,187 861,541 +69,457
A3 1412 1315 +632
Total submarine accretion 182,718 1,019,196 +82,411
2022-2023 subaerial changes Area (m?) Vol (m®) Vol_error (m®)
E1 (below 650 m) 117,373 —1,496,444 +22,178
E1 (above 650 m) 29,616 —361,984 +28,356
E2 11,074 —90,792 +2092
E3 7954 —28,853 +1503
E4 9214 —24,156 +1741
ES 6999 —20,091 +1322
E6 18,377 —55,214 +3472
Total subaerial erosion 200,607 -2,077,534 +60,665
Al 13,370 66,842 +2526
A4 6346 6616 +1199
A5 11,539 18,945 +2180
Total subaerial accretion 31,255 92,403 +5906

and Table 3). Besides lava delta formation, the coastal sector was
dominated by slope erosion, mostly occurring outside the subaerial
canyon (Figs. 8c and 11b). The maximum slope deepening in the coastal
sector (up to 15 m) was just SW of the lava delta, forming a marked
coastal scar that cut back up to ~100 m asl (coastal erosion “ELO” in
Figs. 8cand 11b, and Table 3). This area was previously characterized by
early lava overflows emplaced during the initial evolution of the canyon
(Figs. 3b, 8a, and 11a).

c) The last stage of canyon evolution occurred from 16 December

2022 to 22 May 2023, characterized by normal explosive activity
interrupted by different episodes of lava overflows from the crater rim
alternated with major explosions (Fig. 2 and Table 1ESM). During this
period, the NEC collapsed area and the canyon floor were dominated by
slope accretion, with a thickness of several meters as recorded in the
DEMs of Difference for 1 February 2023-16 December 2022 and 22 May
2023-1 February 2023 (Fig. 8d and e, and Table 3). On the contrary,
slope erosion occurred along the upper part of the canyon flanks and the
coastal area as well (Fig. 8d and e, Table 3). In the former case, slope
erosion mobilized an average thickness of ~5 m (locally up to 20 m),
leading to a progressive widening of the canyon (Fig. 9d and e). In the
latter case, slope erosion mostly affected the SW part of the canyon and
the seaward portion of the previously built lava delta (Fig. 11c and d).
The 22 May 2023-1 February 2023 DEM of Difference also evidenced
patchy coastal accretion linked with erosion upslope (Fig. 11d).

4.2. Slope stability analysis

The stability analysis of the SAF slope indicates that the coastal and
nearshore areas, extending to depths of around 100 m, are the most
unstable (see Fig. 12). Additionally, a thin-skinned instability zone (cf.
Ebmeier et al., 2014) was identified between 500 and 200 m above sea
level. These sectors consistently exhibit FS values approaching 1, indi-
cating widespread instability along the subaerial slope and more local-
ised instability within the coastal zone, particularly in the submarine
sector. The analysis has identified potential detachment areas along the
coastline capable of mobilizing deposits some tens of metres thick with
FS values below 1. These results align with natural coastal erosion
processes driven by wave action, mobilizing slope thickness up to 10 m
(Kokelaar and Romagnoli, 1995; Casalbore et al., 2022; Di Traglia et al.,
2022) as well as with larger (thick up to 20-30 m) instability processes
caused by PDCs and lava flows entering the sea (Casalbore et al., 2022;
Di Traglia et al., 2022). The stability models make it possible to identify
the source areas of deposit-derived PDCs along the subaerial slope of the
SdF. This is the result of the failure and mixing of lava overflows and
volcaniclastic deposits.
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Fig. 7. Topographic (T1-T3) and bathymetric (B1-B3) profiles showing slope erosion (in blue) and accretion (in red) over the entire eruptive period; location in

Fig. 5. The labels E1-3 and A1-2 are referred to Fig. 5.

5. Discussion
5.1. Processes controlling canyon formation and evolution

A main role in the canyon formation is due to PDCs, whose erosive
potential along the SdF slope is supported both by previous volcano-
logical observations through real-time cameras (Calvari et al., 2022; Di
Traglia et al., 2022) and studies of the related ash-cloud deposits (Re
et al., 2022). The componentry analysis of the deposits associated with
the May 2021 PDC revealed a preponderance of remobilized material
ingested during its flowing along the SdF slope (Re et al., 2022). Similar
observations have been reported for other PDCs deposits elsewhere (e.g.,
Calder et al., 2000; Cole et al., 2005; Lube et al., 2007; Sarocchi et al.,
2011; Brand et al., 2014), which can include up to 50 % in weight of
non-juvenile material, such as for the 2006 eruption at Tungurahua
volcano in Ecuador (Bernard et al., 2014). In the latter example, PDC
bulking due to slope erosion mostly occurred on the upper and steeper
(> 25°) part of the volcanic flank, in agreement with the marked slope
erosion (Fig. 5) observed on the very steep (on average 35°) subaerial

SdF flank. However, erosion due to PDCs flowing along the SdF slope
(Fig. 13a), as occurred during the July-August 2019 paroxysms (Di
Traglia et al., 2022) or the May 2021 crater rim collapse (Casalbore
et al., 2022), did not produce yet the subaerial canyon, indicating that a
more complex and peculiar chain of events happened during the 2022
eruptive period (Fig. 13). Based on the available data, we can recon-
struct that the canyon formation started with the development of a large
coastal landslide on 9 October 2022 (Fig. 3b and 13b), which rapidly
evolved upslope through retrogressive slope failures within a single
week (Fig. 13 ¢, d). This slope evolution followed the upslope migration
of the lava flow/PDCs transition point and stopped with the ending of
PDCs (Fig. 3c, d), suggesting a feedback loop between the development
of retrogressive failures and PDCs erosion. This is likely due to the ac-
celeration of PDCs at the slope break formed by the landslide scar, which
favoured the formation of further retrogressive slope failure due to the
shear stress applied by PDCs over this area and/or to an increase of the
PDC's erosive activity downslope. In both cases, the retrogressive
erosion upslope led to the formation of a narrow proto-canyon within
SdF, which acted as a topographic constraint for the successive PDCs,
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Fig. 8. a-e) Difference maps of UAS surveys on the SdF, showing the morphological evolution of the subaerial canyon and surrounding areas. f) Difference map
computed over the entire period shown by previous images. ELO = Early Lava Overflows; NEC = North-East Crater.
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Fig. 9. Topographic profiles showing the morphological evolution through time of the upper part of the canyon (location is indicated by a yellow dotted line in maps
on the right, see also profile T1 in Fig. 6a). On the right, the zoom of the difference map refers to the corresponding period. Blue and red areas are slope erosion and

accretion, respectively.

further increasing their basal shear stress and related erosive capacity, as
reported during the 1980 eruption at Mount St. Helens (Brand et al.,
2016).

Regarding the formation of the initial coastal landslide scar, we also
propose the occurrence of retrogressive evolution from a shallow-water
landslide (Fig. 13a), similar to what happened (at larger spatial scale)
during the 30 December 2002 tsunamigenic landslides (Chiocci et al.,
2008a). Unfortunately, the detailed succession of events in the marine
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and coastal area in October 2022 cannot be supported by the bathy-
metric surveys, which were realized several months after the coastal
slide, showing only seafloor accretion due to entrance into the sea of
later lava overflows in the original scar (Fig. 5). However, slope stability
analysis indicates that the nearshore (down to 100 m bsl) was one of the
most critical areas of SAF (Fig. 12), potentially leading to the develop-
ment of a rotational landslide remobilising material up to 30 m thick,
especially if loaded by lava overflows and/or the entrance into the sea of
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Fig. 10. Topographic profiles showing the morphological evolution through time of the median part of the canyon (location is indicated by a yellow dotted line in
maps on the right, see also profile T2 in Fig. 6a). On the right, the zoom of the difference map refers to the corresponding period. Blue and red areas are slope erosion
and accretion, respectively.
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Fig. 11. Topographic profiles showing the morphological evolution through time of the coastal part of the canyon (location is indicated by a yellow dotted line in
maps on the right, see also profile T3 in Fig. 6a). On the right, the zoom of the difference map refers to the corresponding period. Blue and red areas are slope erosion
and accretion, respectively.
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Table 3

Areas and volumes (with associated error) computed for the short-term
morphological changes shown in Fig. 8 in the subaerial SdF. ELO = Early Lava
Overflows; NEC = North-East Crater.

DEM of Subaerial short-term Area Vol (m®) Vol_error

Difference changes (m?) (m%)

15/10/ Erosion (canyon) 92,627 —1,906,425 458,089
22-12/09/
22

18/10/ Erosion (canyon 18,612 —-52,071 +2085
22-15/10/ flanks)
22

18/10/ Accretion (canyon 28,923 45,964 +3240
22-15/10/ thalweg)
22

16/12/ Erosion (summit 7179 —-93,030 +814
22-18/10/ collapse)
22

16/12/ Erosion (canyon 10,559 —164,348 +1197
22-18/10/ upslope 600 m)
22

16/12/ Erosion (canyon 65,677 —310,897 +7448
22-18/10/ flank)
22

16/12/ Erosion (coastal area, 12,685 -90,730 +1439
22-18/10/ ELO)
22

16/12/ Erosion (external 27,300 —129,525 +3096
22-18/10/ coastal areas)
22

16/12/ Total subaerial 116,221 —695,500 +13,180
22-18/10/ erosion
22

16/12/ Accretion (canyon 47,051 342,913 +5336
22-18/10/ thalweg and coast)
22

01/02/ Erosion (canyon 28,064 -121,323 +4256
23-16/12/ flanks)
22

01/02/ Erosion (coastal area) 13,329 —59,193 +2021
23-16/12/
22

01/02/ Total subaerial 41,393 —180,517 +6277
23-16/12/ erosion
22

01/02/ Accretion (canyon 69,395 344,434 +10,523
23-16/12/ thalweg)
22

01/02/ Accretion (NEC 7769 50,190 +1178
23-16/12/ collapse)
22

01/02/ Total subaerial 77,164 394,624  £11,702
23-16/12/ accretion
22

22/05/ Erosion (canyon 53,890 -127,599 +9189
23-01/02/ flank)
23

22/05/ Accretion (canyon 96,821 295,743 +16,509
23-01/02/ thalweg)
23

PDCs. The key role played by PDCs in triggering submarine slope in-
stabilities at SAF was already reported both for the 3 July 2019 and 21
May 2021 events (Di Traglia et al., 2022; Casalbore et al., 2022).
Moreover, a similar slope evolution can be envisaged for the 4 December
2022 PDCs, which are responsible for the generation of slope failures in
the coastal (Fig. 8d) and facing marine sectors (E2-4 in Fig. 5).

As the size and position of the 9 October 2022 coastal landslide are
concerned, they were mainly controlled by litho-morphological limits
due to previous lava flows (Figs. 13 and 14). The NE limit of the land-
slide scar matches a rocky outcrop associated with the emplacement of
the large 2007 lava flow field (Fig. 14b, c; Marsella et al., 2012), which is
not affected by any topographic variations during the entire canyon
evolution (Fig. 14d). The role of the 2007 and (partly overlapping) 2014

14

Geomorphology 488 (2025) 109961

lava flow fields in controlling the later canyon evolution is also
demonstrated by the fact that they acted as a main morpho-lithological
limit for canyon widening through time (Figs. 8, 9, 10, 13, 1l4c, d).
Differently, the SW limit of the 9 October 2022 coastal landslide matches
the remnant of a much smaller morphological ridge formed by the 19
May 2021 lava overflows (Fig. 14a, b, ¢; Casalbore et al., 2022), and it
was totally removed after the 4 December 2022 PDCs (Figs. 8c and 14d).

Beside the gradual widening, the morphological evolution of the
canyon was mainly characterized by its progressive filling due to lava
overflows from the crater rim, which reached a maximum thickness in
the coastal area (Figs. 8, 9, 10) due both to the marked decrease of slope
gradients and difficulties of lava flows in penetrating the sea-land
interface (e.g., Tucker and Scott, 2009; Stevenson et al., 2012; Bosman
et al., 2014). The only exception to this overall canyon filling was
observed just after the 4 December 2022 crater rim collapse, which led
to the last stage of retrogressive upslope evolution of the canyon
(Figs. 8c, 13f and 14d). In this case, the presence of 10-20 m high, sub-
vertical slope breaks due to retrogressive slope failures controlled the
erosive behaviour of lava overflows in the upper part of the canyon, as
testified by the DEM of Difference (Figs. 7c and 8c) and volcanological
observations (Section 2.1). Efficient thermo-mechanical erosion by
small-volume basaltic-andesite lava flows was similarly reported on the
steep-sided Momotombo volcano in Nicaragua (Gallant et al., 2020) and
Sangay volcano in Ecuador (Bedon et al., 2024). In such cases, lava flows
incised into the pyroclastic substrate down to 30 m, indicating that syn-
eruptive erosion may represent a significant morphogenetic process on
steep-sided volcanoes that are predominantly composed of layered py-
roclastic successions, such as at Stromboli.

5.2. Canyon as a preferential conveyor of volcanics to the sea and
implications for geohazard assessment

The prevalent seafloor accretion recognized along the SAF slope
down to 400 m bsl (Fig. 5) can be related to two main inputs: 1) deposits
associated with the PDCs generated during the 9 October 2022 and 4
December 2022 crater rim collapses and/or 2) the funnelling into the sea
of the large amount of lava overflows and volcaniclastic materials from
ordinary explosive activity at the summit craters (especially the
breached NEC) during the eruptive period (Table 1ESM). The first
contribution can be considered low or negligible because of the steep
gradients (> 20°, locally up to 40°) along this submarine part of the SdF,
promoting an erosive behaviour of PDCs as observed just after the 3 July
2019 paroxysm (Di Traglia et al., 2022). The erosive behaviour of PDC's
(or better of the related volcaniclastic density currents, sensu Clare et al.,
2023) in marine environments seems to occur on smaller slope gradients
with respect to their subaerial counterparts (Section 5.1) as suggested
by: a) previous studies of PDCs entering the sea at Montserrat in 2006
(Trofimovs et al., 2006), where about the 30 % of the deposits accu-
mulated in the proximal sectors on slope gradients <11° and the
remaining 70 % transported 40 km away by sedimentary gravity flows
on slopes <2°; b) the critical gradient of 12° for volcaniclastic density
currents to become erosive in a fully submarine setting as observed for
the 2022 eruption of Hunga volcano (Clare et al., 202.3); c) the threshold
of 8°-15° identified for the generation of large- and small-scale upper
flow regime bedforms along the submarine flanks of insular volcanoes
(Casalbore et al., 2021). The marked erosive or by-passing behaviour of
PDCs along the surveyed sector of the submarine SdF is also supported
by the comparison of the total mobilized volumes along the SAF slope
over the monitoring period (Table 2), showing that erosion (~2.7 x 10°
m,3 ~76 % of which in the subaerial slope) is more than the double than
slope accretion (~1.1 x 10° m3, ~92 % of which in the submarine
slope). Furthermore, this volumetric difference is underestimated,
considering that the canyon was progressively filled by lava overflows
from the crater rim (Figs. 7-10), accounting for an additional volume of
~1 x 10°m?.

Most of the recognized seafloor accretion is related to the
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Fig. 12. Results of the LEM stability analysis obtained with slope stability LEM software SSAP (Borselli, 2023). The insets allow comparison between the modelled
zones of lower stability and the field observations recorded during the events of 9 October 2022.

development of a large fan-shaped feature (A2 in Fig. 5 and pale brown
area in Fig. 6b), whose complete extension goes beyond the limit of the
bathymetric survey. Despite the underestimated size and volume, this
fan-shaped feature is much larger than all the previously detected ones
over the last 20 years (e.g., Casalbore et al., 2020 and 2022), pointing
out a key role played by the unprecedented canyon formation in
funnelling volcanics to the sea. This large fan can be interpreted as due
to the seaward transport, through submarine gravity flows, of material
accumulated in the coastal and nearshore sectors from: i) the brecciation
of lava overflows, especially at the coastline during stages of low effu-
sion rates, ii) the deposition of the coarsest-grained fraction of the PDC
entering into the sea, as suggested by experimental observations
(Freundt, 2003), iii) small but countless avalanches from the steep
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subaerial SdF, reaching the coastal and nearshore sectors. The lack of a
current connection between the A2 fan apex with respect to the canyon
mouth (Figs. 5 and 6) can be explained by the combination of two
causes: a) the progressive NE-ward shift of the entry points of lava
overflows through time (Fig. 11), and b) the later superimposition of the
steep-sided ridge Al over the original A2 fan during the last eruptive
stage (Figs. 5 and 6b, yellow area). Al is similar in shape to the
morphological ridges emplaced during the 2007 and 2014 large lava
deltas at Stromboli (Bosman et al., 2014; Casalbore et al., 2021) or to the
smaller ridge formed by lava overflows in the aftermath of the 21 May
crater rim collapse (Fig. 12a; Casalbore et al., 2022). All these ridges are
characterized by different sub-vertical slope breaks along their flanks,
suggesting the presence of coherent lava flows alternated with chaotic
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Fig. 13. Simplified sketch (not in scale) showing the morphological formation and evolution of the subaerial canyon in the central part of the SAF from the crater
area to the coastline (undulated light-blue line) and facing nearshore sector, during the 2022-2023 eruptive period; for details refer to the text.

breccias, as observed in “lobe hyaloclastites” of ancient 'a'a lava deltas
(Smellie et al., 2013). We can also speculate that A1 formation mostly
occurred after the 4 December 2022 crater rim failure, because if pre-
sent, this ridge would have been mostly dismantled by the entrance into
the sea of the 4 December 2022 PDCs, similarly to what happened to the
smaller ridge formed by the May 2021 lava overflows (Figs. 5 and 13).

The reconstructed morphological evolution of the SdF slope in
response to different eruptive dynamics, together with the estimation of
potential volumes (such as the Al ridge or the A2 fan-shaped features,
Table 1) that can be remobilized in case of a further occurrence of PDCs
along SdF, provide input parameters for a proper modelling of the tsu-
namigenic potential associated with these events (e.g., Manzella et al.,
2024). These processes, in fact, can involve mobilized volumes with
different orders of magnitude higher (up to few of millions of cubic
meters) than during normal volcanic activity, as evidenced by
comparing the small-scale erosion observed outside the canyon area
during the 2022-2023 (E3-5 in Fig. 5), that only accounts for ~130 x
10% m3 (Table 2). This is in agreement with the common formation of
local, small-scale landslide scars frequently observed over 20 years of
bathymetric monitoring and associated with severe storm-waves
affecting the NW flank of Stromboli during winter months (e.g., Casal-
bore et al., 2020; Di Traglia et al., 2022). To properly constrain the
eroded volume from PDCs, this paper also indicates the need to perform
topo-bathymetric surveys just after their occurrence, because of the
rapid obliteration of related erosional features due to the emplacement
of lava overflows in the aftermath of these catastrophic events (Calvari
and Nunnari, 2023; Di Traglia et al., 2023b and 2024). This issue is
witnessed by the observation of prevalent slope erosion, recorded by the
survey realized just after the PDCs occurred between 9 and 15 October
2022 (Fig. 8a), with respect to the prevalent slope accretion observed
within the canyon floor in the survey realized 12 days after the 4
December 2022 PDCs (Fig. 8c).
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6. Conclusions

Stromboli volcano, because of its continuous eruptive activity, is one
of the best cases to analyse the fast geomorphologic evolution in an
active volcano, especially for the gradual and ongoing morphologic
readjustment of the SAF slope that occurs here at high rates in response
to different eruptive dynamics. Erosional and depositional processes
have different times of occurrence and frequency, being active both in
the syn-eruptive and post-eruptive stages and overall leading to consis-
tent and rapid morphological variations, thus drastically reducing the
preservation potential of related features.

In the case of the 2022 eruption, relevant erosive and depositional
features developed on the subaerial and submarine SdF slope due to the
9 October 2022 and 4 December 2022 crater rim collapses and PDCs as
well as to later reworking/gravity instability phenomena. Multitemporal
topographic and bathymetric monitoring carried out over a 1-year time
span (May 2022-May 2023) allowed the reconstruction of the main
dynamics controlling the slope morphological evolution and related
volumetric changes. These reconstructions are time-dependent, and thus
the possibility to perform prompt surveys is mandatory for better con-
straining the scale and recurrence times of these phenomena, also in the
view of geohazard assessment of potentially occurring future events.

Moreover, the reconstruction of events through the morphological
monitoring shed light on the predisposing and controlling factors of the
observed phenomena related to slope instability. In the case of SdF,
besides first-order control from slope gradients, further constraints
derive from the marked lithological/stratigraphic heterogeneity of the
SdF filling, where different types of volcanic products are interlayered.
Previous litho-morphological limits of lava flow fields formed in the last
eruptions, in fact, influenced the location and limits of slope instability
features, witnessing the role of inherited morphologies. A key role in the
subaerial canyon formation, a feature that has never been described in
the historical record of the SdF, is related to PDC's erosion that, in turn,
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Fig. 14. a) May 2022 shaded relief map and isobath, with the indication of the 2002 tsunamigenic landslide scars as well as of the main lava flows limits along the
NE, central and SW sectors of SAF. Note that the 2019 effusive event on the SW part is not considered because it has not significantly altered the morphology of this
sector with respect to the older lava flows emplaced during the XX century. C: canyon. b) Zoom of the May 2022 shaded relief map (azimuthal illumination) in the NE
sector of SdF, evidencing two remnants lava outcrops that have guided the location of the 9 October 2022 landslide scar and consequently that of the subaerial
canyon in Fig. c). d) May 2023 shaded relief and isobath map, where a new coastal landslide (mapped with red dots) dismantled the SW limit of the 9 October 2022
slide, leading to the enlargement of the lowermost part of the canyon. Note that canyon enlargement also occurred along its flanks, especially the NE one, up to the
limit of the 2007 lava flow field (blue line) extending down to the outcrop of remnant, massive lava.

triggered retrogressive slope instabilities starting from submarine and
coastal sectors.

More generally, this study highlights how important is the integra-
tion of a land-to-sea monitoring system along the slope of active insular
and coastal volcanoes for a better understanding of their overall
morphological evolution in response to different volcanic dynamics,
information that can be used to set-up a digital twin useful for basic and
applied research, also considering the paucity of similar studies and
available data in the literature.
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