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Abstract



This study analyses the morphological changes induced by eruptive activity at Stromboli volcano
(Italy) during and after events occurring during July-August 2019. This period was characterized
by intense eruptive activity (two paroxysmal explosions, a two-month-long lava emission, and
more intense and frequent "ordinary™ explosive activity) that produced significant changes within
the region known as Sciara del Fuoco, located on the most unstable, north-western flank of the
volcano. Since September 2019, the eruptive activity waned but remained intense, and erosive
phenomena continued to contribute to the re-shaping of the Sciara u>! Fuoco. The morphological
changes described here were documented by integrating torzmuziiic (PLEIADES satellite tri-
stereo Digital Elevation Models) and multibeam bathyme..ic data, acquired before, during, and
after the paroxysmal events. This allowed the study ni *iie cumulative effect of the different
processes and the characterization of the different ~aa<es of accumulation/emplacement, erosion,
remobilization and re-sedimentation of the vol.aniclastic materials.

Data acquired at several periods betweei, September 2018 and April 2020, allowed a comparison
of the subaerial and submarine e*fec's of the 2019 events. We find evidence of localized,
significant erosion following ti.~ twu pyroclastic density currents triggered by the paroxysmal
explosion of the 3 July ?71C We interpret this erosion as being caused by submarine and
subaerial landslides trigy~red by the propagation of pyroclastic density currents down the Sciara
del Fuoco slope. Immediately after the explosion, a lava field accumulated on the sub-aerial
slope, produced by effusive activity which lasted about two months. Subsequently, the newly
emplaced lava, and in particular its breccia, was eroded, with the transfer of material onto the
submarine slope. This work demonstrates how repeated topo-bathymetric surveys allowed
identification of the slope processes that were triggered in response to the rapid

geomorphological variations due to the eruptive activity. The surveys also allowed distinction of



whether estimated volumetric losses were the result of single mass-flows or gradual erosive
processes, with implications on the related geohazard. Furthermore, this work highlights how
submarine slope failures can be triggered by the entry into the water of pyroclastic density
currents, even of modest size. These results are important for the development and improvement
of an early warning system for tsunami-induced by mass flows, both in Stromboli and for island-
based and coastal volcanoes elsewhere, where landslides and pyroclastic density currents can
trigger significant, potentially destructive, tsunami waves.
Highlights

e 2019-2020 eruption-induced morphological chanaes at Stromboli were analysed

e data derived from multi-temporal bathymetry ard > EIADES-1 DEMs

e two paroxysmal explosions, a lava effusin, arJ intense Strombolian activity occurred

e PDCs generated during the first pai >x* smal explosion produced seafloor erosion

e The effusion produced a proximai !ava shield and a medial-to-distal debris field
Keywords
Digital Elevation Models, PL=1~ DES, Repeated bathymetric surveys, volcano geomorphology,
submarine morphology, Suumuuli, active volcano, Aeolian Archipelago
1 Introduction

Volcanoes are active geomorphological systems in which morphogenetic processes are
induced by dynamic endogenous and exogenous phenomena. Eruptive activity generally leads to
the accumulation of material, whereas gravitational processes mainly induce a redistribution of
these products (Thouret, 1999; Németh and Martin, 2007).
In this context, volcanic islands and coastal volcanoes are particularly prone to a wide

range of hazardous phenomena (Roverato et al., 2020), of which tsunamis are one of the most



significant. During an eruption, tsunamis can be triggered either directly, because of volcanic
explosions and the impact of pyroclastic density currents (PDCs) entering the sea (McCoy and
Heiken 2000), or indirectly, due to the mass failure along volcanic flanks made less stable by
inflation-deflation phenomena, such as dike intrusions (Ward, 2001). Stromboli Island (Figure
1), an active volcano in the Southern Tyrrhenian Sea, is no exception, and since the early 20"
century, six significant tsunamis have been recorded which have been generated by mass-flows
on its NW flank (1916, 1919, 1930, 1944, 1954, 2002; Maramai ¢ ~l., 2005; Esposti Ongaro et
al., 2021), from the Sciara del Fuoco depression (see Fig 1%; czoroeri et al., 1993). The most
recent one of these occurred on 30 December 2002 when « 6-7 m wave triggered by submarine-
subaerial slope failures of a volume of ~20 x 10° m*, ni, the NE portion of the Sciara del Fuoco
caused extensive damage on the coast of Stromhd'« (Y30naccorso et al., 2003; Tinti et al., 2005,
2006; Chiocci et al., 2008a, 2008Db).

Such dynamic phenomena are su “ngly related to morphological changes of the volcano.
These are key data in determining the ct2)ility of the slope, the volumes and velocity of unstable
masses that could enter the sea, -nd wie associated hazards. Effective strategies for volcano slope
instability detection involv2= > integration of different methodologies for consistently mapping
and monitoring both the supaerial and submarine environments. Such information is typically
gathered by field-based studies, geomorphological mapping, remote sensing and geophysical
investigations.

The July 2019 - April 2020 eruptive activity at Stromboli is an extraordinary case study
for investigating the morphological changes along a steep slope associated with both effusive
and explosive phenomena. The activity started on 3 July 2019 with a strong paroxysmal

explosion (Giudicepietro et al., 2020; Calvari et al., 2021; Andronico et al., 2021; Giordano and



De Astis, 2021) and continued until the 30 August 2019 with effusive activity (Plank et al.,
2020), and another paroxysmal event on 28 August 2019 (Giudicepietro et al., 2020; Turchi et
al., 2020; Calvari et al., 2021; Andronico et al., 2021; Giordano and De Astis, 2021). Frequent
and intense Strombolian activity and occasional lava overflows from the crater terrace continued
until April 2020 (Giudicepietro et al., 2020; Calvari et al., 2021; Aiuppa et al., 2021). This paper
analyses the subaerial and submarine morphological variations of the Sciara del Fuoco between
September 2018 and April 2020, by using topo-bathymetric deaw. as well as optical images
derived from PLEIADES-1 satellites. Data of the submarine 221 _.:baerial parts of the Sciara del
Fuoco are available for approximately the same time spon, making it possible to assess the
geomorphological link between these two sections across “=veral months and multiple significant
events. This allows the assessment of mobilise¥ ar.d accumulated volumes associated with
different process and help in the understar. tinc of the associated hazards.
2 Materials and Methods

2.1 Study area

The 916 m-high Strombc'i Isiand is the emerged portion of a ~3000 m-high stratovolcano
located in the Southern T ~r.o~an Sea off the southern coast of Italy (Figure 1). The volcano
has experienced severa, large mass-wasting phenomena, which formed two large volcano-
tectonic depressions, one on its NW flank (Sciara del Fuoco) and the other one on its SE flank
(Rina Grande), as a consequence of bilateral flank instability affecting the edifice (Romagnoli et
al., 2009). The Sciara del Fuoco depression is filled with volcaniclastic deposits and lavas that
are emitted from a summit crater terrace located at =~ 750 m a.s.l., and from ephemeral vents
within the Sciara del Fuoco (Kokelear and Romagnoli, 1995; Casalbore et al., 2010). The

distinctive persistent Strombolian activity is characterized by intermittent explosions from the



NE, Central, SW crater areas (NEC, CC and SWC in Fig. 1b) that are located in the summit
crater terrace (Rosi et al., 2013). This activity, characterized by intensity and frequency
fluctuations over time, is often punctuated by lava overflows from the crater terrace and/or by
flank eruptions, with the outpouring of lava flows from ephemeral vents (Di Traglia et al., 2018,

2020).
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Figure 1. a) Geographic location of the .'eolian Arc in the Southern Tyrrhenian Sea; b) Hill shading-derived DEM
of Stromboli Island. Locations of v.''ag.s, Sciara del Fuoco and main craters (NEC: North East Crater; CC:

Central Crater; SWC: South WWesu “rater) are reported.

The Sciara del Fuoco flank is prone to rapid geomorphological changes induced by both
volcanic activity and gravitational processes (Chiocci et al.,, 2008a; Marsella et al., 2012;
Bosman et al., 2014; Di Traglia et al., 2018, 2020). Frequent/intense explosive activity and lava
effusions produce an accumulation of volcaniclastic deposits mainly on the subaerial slope,
whereas periods of less frequent/intense explosions are characterized by erosion of the subaerial

Sciara del Fuoco flank and redistribution of the material toward the submarine slopes (Di Traglia



et al., 2018, 2021; Casalbore et al. 2021). Effusive activity produces significant lava
accumulations on both the subaerial and submarine slopes, and the initial phases of the effusive
flank eruptions are the most critical for the triggering of large landslides (Verrucci et al., 2019;
Casalbore et al., 2020).
The 2019-2020 events

On 3 July 2019, Stromboli experienced a paroxysmal explosion (Giudicepietro et al.,
2020; Turchi et al., 2020). The explosion generated an eruptive plui. e around 6-8.4 km in height
(Giudicepietro et al., 2020; Giordano and De Astis, 2021; AnZrai.ico et al., 2021) and two PDCs
that flowed down the Sciara del Fuoco and generated a s.mall tsunami (LGS 2019a). After the
July explosion, lava began outpouring from the SWC, a = sporadically from the NEC, and this
effusive activity , continued until 30 August 201t (Plank et al., 2019), and intense Strombolian
activity continued until April 2020; Ce var’ et al.,, 2020). On 28 August 2019, a second
paroxysmal explosion occurred (Giudice, ietro et al., 2020; Turchi et al., 2020; Giordano and De
Astis, 2021), again forming a PDC thot moved down the Sciara del Fuoco, generating another
small tsunami (LGS 2019b). < ‘bseguently, Strombolian activity remained intense until mid-
April 2020, with sporadir av2rilows from the NEC, and frequent rockfalls and gravel flows
linked to the accumulaticn of erupted material on the edge of the crater terrace (Calvari et al.,
2020, 2021).

The chronology of the main events that characterized the volcanic activity at Stromboli
between September 2018 and April 2020 are detailed in Plank et al. (2019), and Calvari et al.

(2020, 2021) and are summarized in Table 1.

Table 1. The July 2019 - April 2020 eruptive activity at Stromboli volcano (data from Plank et al., 2019; Calvari et

al., 2020, 2021). After the 3 July 2019 paroxysmal explosion, a lava flow from the SWC occurred until 31 August



2019. During the SWC effusion, Strombolian activity continued, associated with sporadic lava emissions from the

NEC and higher intensity explosions (a paroxysm on 28 August 2019 and a major explosion on 29 August 2019).

Subsequently, Strombolian activity continued uninterrupted, associated with sporadic effusions from the NEC. ME:

Major explosion; PE: Paroxysmal explosion; LF: Lava flow; OF: Overflow.

Date | Type of activity | Description | References
Explosions
25 June 2019 Type 2 (ME) Major explosions from CC crater zone | Calvari et al., 2021
Explosion from the entire crater terrace.
3 July 2019 Type 3 (PE) starting from SWC and NEC. Two Calvari et al., 2021
PDCs along the S F
Paroxysm comprising 3 puls.= from .
28 Aug. 2019 Type 3 (PE) SWC and NEC. PDC alor, SdF Calvari et al., 2021
29 Aug. 2019 Type 2 (ME) Two fountaining di'=*nq ~.a flow Calvari et al., 2021
Effusions
goJllgy 2019-30 August || ¢ Lava flow ,am SWC Plank et al., 2020
12 July 2019 OF Lava ove-flow from NEC This work
18 January 2020 OF Lava cverflo.v from NEC This work
5 February 2020 OF Lav.cverflow from NEC This work
28 February 2020 OF __Lav. overflow from NEC Calvari et al., 2020
;gzl\élarch 2020 - 1 April OF | Sr oradic lava overflows from NEC Calvari et al., 2020

2.3. PLEIADES-1 tri-stereo Digital E'eva..on Models

Topographic change detection o1 the subaerial part of Sciara del Fuoco was analysed by

comparing DEMs generated frc.n PLEIADES-1 tri-stereo satellite imagery (Bagnardi et al.,

2016; Di Traglia et e’., 2°?0,. Data used were acquired on 1 September 2018, 13 June 2019, 8

October 2019, and 7 Apiit 2020 (Figures 2, 3 and 4).

Major Paroxysmal Lava I Lava Q@PLEIADES—1 Multi-beam
Z'S explosion explosion from NEC from SWC <%  acquisition survey
/AJ_/A
O & O & -
7t & £S5 7 7t
01/09/18 13/06/19 11/08/19 08/10/19 07/04/20
o S N
20/09/18 05/07/19 18/02/20




Figure 2. Chronology of data acquisitions between September 2018 and April 2020. It also shows the eruptive

activity, as reported in Table 1.

A syn-eruptive PLEIADES-1 image acquired on 11 August 2019 was used only as an optical
image because the disturbance of ash in the atmosphere over the Sciara del Fuoco prevented the
generation of a high-quality DEM (Figures 3a and 3b). To assess the accuracy of the heights and
their horizontal position in the PLEIADES-1 DEM, ground contrc! points (GCPs) were collected
(cartographic XY standard deviation: 0.15 m). ‘Tie points’ were autc matically collected from the
images and the residuals a (x, Y, z) estimated for each inwe (Table 2). As a result a block

adjustment including all the satellite scenes was undertc<en.

Table 2. Results of the PLEIADES images adjustme’... Me." and root mean square error (RMSE)

Points Residuals (m)

DATE 13 June 2019 | 8 October 2019 7 April 2020

AX AY A7 | AX AY AZ AX AY AZ
MEAN 21595 | 0.0582 050"  3.9519 0.0622 22'80 01600 | 00940 | -0.180
RMSE 3.2791 1.0054 ngal | 40242 | 1.0373 %56 03336 | 02844 1.320

2.4. Multibeam acquisiticns

Three bathymetric survey: off the Sciara del Fuoco were carried out between 2018 and 2020 at
water depths of 2-400 m in the framework of the periodic monitoring of the Sciara del Fuoco,
which began in 2002, after the 2002-03 eruptive crisis (Chiocci et al., 2008a, 2008b). The first
bathymetric survey was realized between 5 and 400 m water depth on 20 September 2018 by
IDROSFERA onboard the small vessel “2NA1932" through the multibeam echosounder
“R2Sonic" operating at a frequency of 200 kHz. The multibeam system emitted 256 beams, each

of them characterized by a beam width of 0.5°x1° (across and along-track, respectively). Data




were positioned through RTK LEICA Serie 1200 and DGPS Hemispher VV103. The bathymetric
data were acquired and processed with Qinsy QPSTM ver. 8.18.3. Processed data were gridded
with a cell-size of 2 m.

The second bathymetric survey was realized on 5 July 2019 (two days after the 3 July 2019
paroxysm) between 5 and 400 m water depth by the “Istituto Idrografico della Marina” onboard
the Research Vessel “Magnaghi” and the small vessel “MBN 118” using the multibeam systems
Kongsberg EM2040 ed EM2040C 8 working at a frequency of 2ul kHz. Data were positioned
through DGPS FUGRO 9205 e SPS855, with differential cr:-aciions obtained by means of the
Marinestar HP/XP G2. Data were processed with Caris Hips «nd Sips using the CUBE algorithm and
gridded with a cell-size of 2 m. However, soundings are ch. “acterized by high level of stochastic and
systematic noise (especially for the outer beams) 1.e .0 bad weather conditions (i.e., rough sea)
occurring during the survey. This noise was "art ally filtered during the processing, but some parts of
the DEM are still characterized by a higi, 'evel 01 noise, making the interpretation of specific features
problematic, and affecting reliable vo.u newic computation in such areas as highlighted in section
2.5.

The third bathymetric surve:s we.s realized between 1 and 400 m water depth on 18 February
2020 by Arena Sub c.ooad the small vessel “Valerio” using the multibeam system Reson 7125
working at a frequency or 200 kHz. Data were positioned through Trimble Applanix Pos Mv and
processed with PDS2000 software. Data were gridded with a cell-size of 2 m.

Tidal corrections for all the multibeam surveys were applied using tide gauge data recorded at
Stromboli by I.S.P.R.A (www.mareografico.it).

2.5. DEM co-Registration, error estimation, and Topographic Change Detection

Topographic change detection (TCD) using multi-temporal DEMs was performed by

differencing two DEMs of the same area derived from data acquired at different times. This



calculation is typically affected by errors associated with mismatches between two DEMs of the
same area, which leads to artefacts in elevation differences (ah) (Favalli et al., 2010). Such errors
can be detected and quantified, and possibly reduced by measuring and minimizing the DEM
differences in areas of the two DEMs considered to be equal, i.e., those areas that are not
affected by relevant changes.

In this work, PLEIADES DEM-to-DEM co-registration was based on the minimization of
the root mean square (RMS) error between one DEM and another v, iteratively varying the three
angles of rotation, the translation, and the magnification or rey:zdon factor of one DEM by
using a custom-made algorithm based on the MINUIT mi.imization library (e.g. Favalli et al.,
2018). MINUIT is a tool that can be used to find the min..wum value of multiparameter functions
(http://www.cern.ch/minuit). We followed the scv1e workflow described in Di Traglia et al.
(2020) for the co-registration of PLEIADEI S [ EMs, which mainly consists of the registration of
one DEM using a second as ground truti, and by taking a given number of areas without relevant
natural changes around the region 2f ‘n’erest as matching areas. After the two DEMs are co-
registered, they are compared nd the RMS displacement error (o,,) calculated over areas
without significant change.

In this work, the “aollowing DEM differences were calculated: i) June 2019 - September
2018 DEMs; ii) October 2019 - June 2019 DEMs; iii) April 2020 - October 2019 DEMs; and iv)
April 2020 - September 2018 DEMs, which covered the whole period of data acquisitions
(Figure 4). The o, were, respectively, 0.56 m, 0.61 m, 0.54 m and 0.61 m.

The bathymetric data were treated with the same method, but the displacement error was
still significant after the co-registration procedure and so no corrections were applied. The

following bathymetric differences were calculated: 1) July 2019 - September 2018; ii) February



2020 - July 2019; and iii) February 2020 - September 2018, which covered the whole period of
data acquisitions (Figure 5). The o,, were, respectively, 3.12 m, 2.63 m and 1.84 m.

The differences between two successive co-registered DEMs were used to detect and
outline the extent of areas that were affected by topographic changes (Figures 4 and 5) and to
calculate the volume and thickness variation inside them (Table 3). Moreover, the
geomorphological mapping of the Sciara del Fuoco was conducted through the analysis of the

orthorectified PLEIADES-1 images. The volume (V) emplaced or 1ost between two acquisitions

was calculated from the DEM difference according to the eructtui: V=13,  Ax%4z; (Favalli
et al., 2010), where 4x is the grid step and 4z; is the heirht ariation within the grid cell i. These
values were then summed for all the cells in the selecte” a ~as in which the volume changes were
calculated. An upper bound on the error for the vo: e estimate was given by assigning to each
pixel the maximum possible error, i.e., vy pign = Aoz, Where A is the investigated area
(Favalli et al., 2010).

3 Results

Based on the results of the araly:is of the PLEIADES-1 imagery, the morphology of the 2019
lava flow field was char7.ciized (Figure 3). Detection of topographic changes were estimated
only in the Sciara del Fuo o area (Figure 4 and Table 3), as a result of the crater terrace covered
by the gas plume in all the PLEIADES-1 images. The 8 October 2019 — 13 June 2019 difference
map (Figure 4b) allowed the estimation of the total volume emplaced on the subaerial slope,
comprising the lava-and-debris field (S1A; 2.130 + 0.157 x 10° m%), and a lava overflow emitted
from the NE craters (S3A; 0.022 + 0.004 x 10° m®). Localized accumulation and erosion zones
have been identified (S2A and S1E).

The last pair of DEMs (comparison 20 April 2020 — 8 October 2019, Figure 4c) allowed



estimation of both the continuous accumulation of material in the proximal areas, in the talus
beneath the NE craters (S5A; 0.070 + 0.013 x 10° m®), and the volume of the overflow emitted
by the NE craters on late March 2020 (S5A; 0.157 + 0.031 x 10° m®, in agreement with previous
estimation of Calvari et al., 2020). The 20 April 2020 — 8 October 2019 comparison (Figure 4c)
shows that marked erosion has occurred in the 2019 volcaniclastic deposits at the foot of the
Sciara del Fuoco slope (S3E; -0.555 + 0.031 x 10° m®; S4E; -0.385 + 0.044 x 10° m®). In Figure
4d it is possible to note the morphological variations in the subaeri.! Sciara del Fuoco, in which
it is possible to note the accumulation and erosion zones tha: ‘v 2 generated during the whole

investigated period.
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Figure 3. Geomorphological mapping of the subaerial part of the Sciara del Fuoco, based on PLEIADES-1 optical
images and tri-stereo DEMSs. In a) and b) the details on the Sciara del Fuoco area during the 2019 eruption (11
August 2019) are evidenced, where it is possible to highlight the initial stages of the 2019 lava flow field (LFF),
with the formation of the proximal shield and the volcaniclastic wedge; in ¢) and d) the Sciara del Fuoco area on 8

October 2019, where the complete development of the 2019 lava flow field is evident; in €) and f) data collected on 7



April 2020 evidenced the erosion of the volcaniclastic wedge, as well as the development of the NEC talus and the
placement of overflows during March 2020. See text for details. (LFF: Lava Flow Field; NEC: North East Crater;
CC: Central Crater; SWC: South East Crater. The geomorphological interpretation of the processes is mainly based
on the textural differences of the PLEIADES-1 optical images. The estimated accumulated/removed volumes are
shown in Figure 4.

Table 3. Topo-bathymetric change detection results (see Figures 4, 5 and 6 for zones location). g,, of sectors T1A
and T1E are calculated combining the a,, of the April 2020 - September 2018 DEMs difference and the the o,, of
April 2020 - September 2018 bathymetric difference, taking into account the “orresponding areas (Figure 6). In
some cases, the error in the thickness estimate is greater than the thickness it -elf. | his is due to the noise of the data,

especially in the survey of 5 July 2019.

\ree Volume Mean 1
. . 4 a H AZ
Zone Description ("5 md) | (x 10° md) ;rnr]w)lckness m)
S1A 2019 Proximal shield | 257.50 2.130+£0.157 | 8.3 0.61
S2A Volcaniclastic wedge 1424 0.042 +£0.009 | 3.0 0.61
S3A 12 July 2019 overflow oy N 6.13 0.022 £0.004 | 3.6 0.61
S4A NEC-Talus o 20.47 0.070+0.013 | 3.4 0.61
ACCU NEC-Talus and March 202u
MULAT S5A overflows 56.33 0.157+0.031 | 2.8 0.54
ION M1A | Submarine accumulation 44.33 0.212+0.117 | 4.8 2.63
M2A | Submarine accumul 'tisn 16.42 0.067 +£0.043 | 4.1 2.63
M3A | Submarine accur..'ati>". 63.72 0.220 +£0.167 | 3.5 2.63
M4A | Submarine acci. wulauon 13.78 0.037 +£0.036 | 2.7 2.63
T1A Subaerial-suk marins accumulation 98.36 0.250+0.154 | 2.5 157
. . -0.111 +
1 “ -
S1E Subaerla_ero?. n 44.85 0.027 2.5 0.61
o Ut -0.027 +
S2E Subaﬂal ¢ ‘osion 7.81 0.009 -3.4 0.61
, . -0.555 +
S3E Subae) al erosion 57.62 0.031 -9.6 0.54
. . -0.385 +
S4E Subaerial erosion 81.39 0.044 -4.7 0.54
M1E Submarine landslide/erosion 51.35 0176 -3.4 3.12
EROSI 0.160
ON . . . -1.119 +
M2E Submarine landslide/erosion 208.63 0.652 5.4 3.12
. . -0.080 +
M3E Submarine erosion 32.45 0085 -2.4 2.63
. . -0.071 +
M4E Submarine erosion 26.38 0.069 -2.7 2.63
M5E Submarine erosion 23.07 0.042 £ -1.8 2.63
0.061
T1E Subaerial-submarine erosion 386.72 015%‘?1 * -4.0 151
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Figure 4. Sciara del Fuoco topograohic ~hange detections between September 2018 and April 2020 through
PLEIADES DEMs comparison. The 1.3end is the same for all frames. a) June 2019 vs. September 2018. No
morphological changes are (etect ble at the scale of observation; b) October 2019 vs. June 2019. The main
morphological changes are du: the 3 July 2019 and 28 August 2019 explosions; ¢) April 2020 vs. October 2019.
The main morphological changes are related to the erosion of the lowest sector of the SdF and to March 2020
overflow; d) April 2020 vs. September 2018 comparison shows the morphological changes of the aerial sector of the
SdF in the whole time of investigations. The frames a), b) and c) were cleaned for the residual mismatching between
DEMs after the coregistration. Frame d) was not cleaned to show the distribution and the magnitude of the residual

mismatching between DEMs.

The survey undertaken two days after the 3 July 2019 paroxysm, enabled a detailed



characterisation of the seafloor changes associated with this event, as well as the following
morphological evolution of the submarine part of the Sciara del Fuoco.

The difference map obtained between the pre- and post-3 July 2019 paroxysm shows that
the morphological changes are largely dominated by submarine erosion, mainly located in the
SW (ML1E in Figure 5a) and central (M2E in Figure 5a) zones. The M1E, occured in an area that
had never been affected by erosion/landslides since the periodic bathymetric monitoring of the
Sciara del Fuoco began in 2002 (Chiocci et al., 2008b; Casalbore ec 21., 2020 and 2021), and was
characterized by a negative difference between the bathymetr:, m 25 September 2018 and that of
5 July 2019. It involves an area of 51.35 x 10® m? with a mean removed thickness of 3.4+3.12
m, equal to an eroded/collapsed volume of 0.176 + 0.16C x 10° m® (Table 3; note that the large
error is due to the noise of the data in the survey ~¢ & July 2019). The area affected by seafloor
erosion in the central part of the Sciara de’ Fur,co (Figure 5a, M2E), affected 208.63 x 10° m? of
the seafloor, with a mean removed thick. ess of 5.4+3.12 m, and an estimated volume of 1.119 +
0.652 x 10° m* (Table 3). The m~xii'm eroded thickness (~20 m) is observed between the
coastward limit of the 5 July 2219 survey in this sector (i.e., 15 m water depth) and the 110 m
water depth, outlining the chap.~ of a possible landslide scar. The volume of this landslide scar is
underestimated because s thickness is still relevant (~10 m) at the water depth of 15 m (limit of
the 2019 survey), indicating that the landslide scar continued coastward, into the subaerial
region. Moreover, the 2019 morpho-bathymetry shows an uneven setting of this area, with the
coalescence and superimposition of multiple small-scale landslide scars and fan-shaped deposits,
suggesting a complex morphological evolution of the seafloor directly associated with the 3 July
2019 paroxysm. A minor amount of accumulation was also detected in shallow water on the SW

SdF slope (see area in yellow outside the field of T1A in Fig. 6); however, its volume has not



been estimated considering the errors associated with the comparison between July 2019 and
September 2018 DEMs.

The comparison between the 18 February 2020 and 5 July 2019 bathymetries shows,
instead, a general seafloor accretion (Figure 5b). It should be noted that the error in the volume
calculation, in some cases, is again particularly high (up to 100%) due to the noise of the data in
the survey of 5 July 2019, and as such the analysis should be tentative. The SW portion of the
Sciara del Fuoco shows an overall accretion (M1A+M2A) down « 350 m water depth over an
area of ~0.35 x 10° m? accounting for an estimated volur:» ¢ ~0.7 x 10° m®. The largest
thicknesses (up to 9 m) are observed in the 20-120 m de,th range, rapidly decreasing in both
downslope and upslope directions (Figure 5b).

In the 18 February 2020 - 5 July 2019 ro.pa.ison, in the central area of the Sciara del
Fuoco major changes occurred (Figure £0). Aere, the submarine slope is characterized by a
patchy distribution of seafloor accretic™ and erosion, mainly affecting the large depression
identified in the 2019-2018 differ~nc~> map (Figure 5a). The area that was affected by the
maximum removal of materiai “etween 2019 and 2018 DEMs (zone M2E in Figure 5a) was
subsequently the location ~f L~*1 accumulation phenomena (M3A and M4A, in Figure 5b) and
further erosion (M3E an.' M4E in Figure 5b). The added volume is 0.220 + 0.167 x 10° m® and
0.037 + 0.036 x 10° m® for areas M3A and M4A, respectively. Seafloor erosion reached volumes
of -0.080 + 0.085 x 10° m® and -0.071 + 0.069 x 10° m® for areas M3E and MA4E, respectively.
Outside the main erosion/landslide depression of the central Sciara del Fuoco, another eroded
area was identified to the East, equal to a volume of -0.042 + 0.061 x 10° m* (zone M5E in

Figure 5b).
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Figure 5. Sciara del Fuoco bathymetric change detections: a) Ju'y -1y - September 2018; isobaths every 100 m
(derived from the 2019 bathymetry). b) February 2020 - July 20.9; ~obaths every 100 m (derived from the 2020

bathymetry).

The 2020-2018 merged topo-bathyme*ric difference map (Figure 6) and profiles (see the
Supplementary Materials to this articte for profiles location and tracks) reveals that the SW and
central part of the slope are the *wo reas affected by the main morphological changes across the
overall monitoring period, hut with different evolutions that are hereafter compared between the
subaerial and submarin. sivpe. In the SW sector, the subaerial slope evolved with the initial
emplacement of the 2019 lava-and-debris field, which was subsequently eroded (April 2020 -
October 2019 DEMs difference; Figure 4c), leaving only the proximal shield as well as a small
part in the coastal area. In the submarine slope, after an initial erosion surpassing deposition (as
derived from the 2019-2018 difference, Figure 5a), the accumulation of material prevails, with
the development of a series of coalescing and smooth fan-shaped morphologies (T1A in Figure
6), likely due to the erosion of the subaerial debris field emplaced during effusive activity in

2019. Additional accretion in the submarine sector is observed at greater depths (down to 350



m), showing an overall patchy distribution. In the central Sciara del Fuoco erosion prevails (T1E
in Figure 6), affecting the volcaniclastic deposits at the foot of the subaerial slope (see
topographic change detection in April 2020 - October 2019 DEMs difference, Figure 4c) and,
particularly, the submarine slope after the 3 July 2019 paroxysm (Figure 5a and section P3 in
Supplementary Material). In the latter area, erosion is not compensated by subsequent

accumulation phenomena observed in the 2020 survey (Figure 5b).
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Figure 6. 2020 - 2018 subaerial-submarine morphological changes. The subaerial part is derived from the April
2020 - September 2018 PLEIADES DEM comparison, the submarine part from the February 2020 - September 2018

bathymetry (isobaths every 100 m are derived from the February 2020 bathymetry; contour lines every 100 m are



derived from the April 2020 DEM). Topo-bathymetric profiles are included in the Supplementary Materials to this

article.

4 Discussion

The availability of both bathymetric and topographic data, acquired in close time windows, has
allowed a comprehensive analysis of the geomorphological changes across the Sciara del Fuoco
over two years of observations between 2018 and 2020. This ¢riod is characterized by the
occurrence of significant eruptive events, with both effusive ar 4 e» plosive phenomena, and by
non-eruptive periods. Analysis of the accumulation-eros’ar. v’ nobilization phenomena in the
Sciara del Fuoco subaerial and submarine slope is p.~sen ed in terms of slope morphological
response to different dynamics (Figure 7).

The 2019 lava flow field is the first to be <1 pie~ed in the SW sector of the Sciara del Fuoco
since the 1967 eruption (Marsella et al. 2012). Some features are typical of other Stromboli lava
flow field morphologies produced by a n.gn-elevation vent, as described for the 2002-2003 lava
flow field (Lodato et al. 2007) ¢nu that of 2014 (Casalbore et al. 2021). These features are: i) a
proximal shield, formed ber.~ath :ne SWC area (Fig 3d); and ii) a volcaniclastic wedge emplaced
from ~ 470 m a.s.l. tc e che.eline (Figure 3d). The main difference between the 2019 field and,
at least for the last four 1ava flow fields (i.e., 1985, 2002-03, 2007 and 2014) is the absence of an
intermediate zone fed by small lava flows in the subaerial part. Another marked difference is the
lack of well-defined morphological ridges in the submarine slope linked with marked seafloor
accretion which were observed in 2007 and 2014 eruptions at Stromboli, being related to a more
coherent lava flow (Bosman et al., 2014; Casalbore et al., 2021). Similar features were seen at
the larger effusive eruption which occurred in 2018 at Kilauea volcano, Hawaii (Soule et al.,

2021). This evidence supports the fact that seafloor accretion during the 2019-2020 effusive



activity was mainly made up of lava breccias likely due to the low effusion rates and vent
location. It is noteworthy that lava breccias dominated the architecture of an ancient submarine
‘a’a lava-fed delta in Antarctica, forming together with coherent submarine emplaced lavas in a
chaotic arrangement collectively termed “lobe hyaloclastite” (Smellie et al., 2013).

During the analysed period, the positive values obtained from the elevation differences between
DEMs in the subaerial slope (Figure 3 and 4; Table 3) are considered due to: the emplacement of
the 2019 lava field, comprising an overflow that began on the *2 July 2019 and multiple
overflows that occurred during late March 2020, and the acci':u.2t.0n of volcaniclastic material
under the NE crater, and along the coastline. The accumu.~tions calculated in this work should
also be added to the deposits of the crater area, whiri, “iave been estimated by Civico et al.
(2021) to a total of =0.5 x 10° m* between Sop:mber 2018 and June 2020. Conversely, the
negative values observed in the subaeric. slupe (Figure 3 and 4; Table 3) are related to the
erosion of the 2019 lava field and of the \ ~Icaniclastic wedge along the coastline.

The main erosion observed in the C-ie~ del Fuoco started in its submarine sector and evolved
later into the subaerial part \T1E in Figure 6), likely due to retrogressive erosion. The
accumulations in the subr-cvu.c area, on the other hand, are due to the erosion of the subaerial
slope and occur after the =nd of the eruption. In fact, the maps in Figures 4 and Figure 5 show
that a large part of the submarine accumulation is due to the erosion, transport and redeposition
of the material that formed in the subaerial part during the 2019 events, indicating a rapid
transfer of material once the eruptive activity waned. While the occurrence of accumulation areas
and their migration over time can be readily explained by the emplacement of the 2019 lava field
and volcaniclastic wedge (Figure 7b), as well as by their subsequent erosion and remobilization

from the subaerial to the submarine slope (Figure 7¢), it is more difficult to explain the presence



of the two main erosion areas in the difference map between the 2018 and 2019 surveys (Figure
7a). Since 2002, the periodic bathymetric monitoring of the Sciara del Fuoco has recorded
appreciable submarine erosion only associated with the 30 December 2002 tsunamigenic
landslide linked to small-scale slope instability induced by major storms (Chiocci et al.,
2008a,b). The size of the depression M2E (Figure 5a) is comparable in size with the erosion
observed just below the entrance point of the 2014 lava flows (Casalbore et al., 2021) and
markedly smaller than that of the landslide scar of the 30 December ?002 (about 10% in volume)
It is, however, much greater than that due to erosion typice!!’ \i=«ed to storm activity on the
shallow submarine slope (see Chiocci et al., 2008b). Obs~rvations made during the explosion
(Giordano and De Astis, 2020) showed that both the ?DCs generated by the paroxysmal
explosion of 3 July 2019 entered the sea exactl*/ .~ th2 location of the M1E and M2E erosional
areas we observe in the bathymetry (Figt <e Fa). It is unclear whether subaerial PDCs, such as
those observed in these events, can u‘ager submarine instability in the Sciara del Fuoco,
although analogue models sugges* thot mass-flow induced overload is capable of generating
retrogressive landslides (Noles.ni et al., 2013), consistent with that observed in the topo-
bathymetric data. The erccive rotential of PDCs entering the sea has been suggested offshore
Montserrat during the 1526-1998 eruptions of the Soufriére Hills volcano, where the entry points
of some PDCs match erosive areas reconstructed in the proximal part of the submarine flank
through bathymetric comparison (Hart et al., 2004). During the same period PDCs were observed

to be highly erosive on land, with extensive removal of vegetation and topsoil (Cole et al. 1998).
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Figure 7. Schematic representation of the evolution of the Sciara del Fuoco slrre.

Using the multi-temporal approach proposed here, it :* thus possible to define the main
geomorphological processes that influence the differe,t parts of the Sciara del Fuoco as a
function of the observed phenomena during syn-ei'ti' /e and post-eruptive stages.

In summary, the accumulation-erosion r.nas:s tnat the slope of the Sciara del Fuoco has
undergone can be summarized as follow:"

a) a strong paroxysmal explosion that took place on 3 July 2019 generated two PDCs that
induced mostly landslid.ero<ion in the upper submarine slope;

b) effusive activity that (o' place between 3 July 2019 and 31 August 2019 generated a
lava field thac ucveivped mainly on the sub-aerial slope, and to a lesser extent on the
submarine one;

c) the end of the intense eruptive activity coincided with the start of the reworking of the
subaerial slope, both with the erosion of the volcaniclastic wedge, and as the
retrogressive evolution of the landslide/erosion depression that was generated in the
central part of the submarine Sciara del Fuoco slope. This subaerial erosional activity has
remobilized material, partially filling the submarine depressions, even if the final

geometry derived from the long-term difference (2018-2020) identifies a single, main



depression with perfect continuity between the submarine and subaerial slopes (T1E).
In general, the proximal area (around the crater terrace) is characterized by accumulation and
erosion (crater-rim slides, vertical collapses and craterization), which depend on the style and
intensity of the eruptive activity. While the Sciara del Fuoco slope experienced mainly subaerial
accumulation processes during the high-intensity (frequent explosions and effusions) eruptive
activity, the volcaniclastic apron located between the coastline and 300-400 b.s.l. (see Chiocci et
al., 2008a and Casalbore et al., 2010) received material from upsicne mostly when the intense
eruptive activity waned, and erosive processes mainly influen~au *iie dynamics of the subaerial
slope. The erosion of material at Stromboli occurs with smali . ncktfalls and debris slides, which evolve

into gravel flows along the Sciara del Fuoco. This increases = landslide hazard in the first tens, and in

some cases hundreds, of meters from the coastline. T s ¢ anceptual scheme is effective for effusive
activity with vents located at high altiti’ues (65u-750 m a.s.l.), while for effusive eruptions
characterized by vents located at low .'titudes (e.g. eruption 2007; Bosman et al., 2014), the
submarine part is directly fed by the e'uptive activity, building lava deltas at the coast and
potentially increasing the submc “ine Slope instability.

Making a comparison with si,milar cases is not easy, considering that data of such high accuracy
and temporal frequency ~re nearly unique, especially in active volcanic areas. Similar volcanoes
to Stromboli, in terms of activity, style and morphology, include Batu Tara in Indonesia (Laiolo
et al., 2018; Spina et al., 2021). However, there are no topo-bathymetric data that allow to
reconstruct a geomorphological evolution of the volcano that can be compared with those of
Stromboli.

Moreover, from the analyses presented here, it is not clear whether the eroded areas detected
following the paroxysmal explosion of 3 July 2019 were produced by landslides triggered by

PDCs, or if instead these are the product of particle entrainment by PDCs on the seafloor, and



therefore of bulking of PDCs. themselves. However, this study demonstrates that there is a need
to consider these phenomena in the modelling of tsunamis induced by PDCs. While the
possibility of triggering submarine landslides caused by overloading has been taken into
consideration (e.g. Nolesini et al., 2013; Casalbore et al., 2020), and refers to the well-known
trigger mechanism of landslides for an undrained load (e.g. Sassa and hui Wang, 2005), this
cascade trigger has not been considered previously in tsunami modelling.
As for PDCs-induced tsunami modelling considering flow buixing, particle entrainment is
studied in PDC motion, deposit and runout, and the effects ~* te.>perature as well (e.g. Roche,
2015; Fauria et al., 2016; Pollok et al., 2016; Shimizu . al., 2019). Unfortunately, there are
currently no numerical models that consider the effect m "OC bulking during tsunami triggering
(e.g. Maeno and Imamura, 2007). Therefore, this .*ad)/ can be considered as the starting point to
develop and validate models of tsunami t «go~.ring by mass-flows, in order to consider both the
cascade triggering effects (tsunamis induced by PDC + landslides), and the effect of PDC
bulking in triggering tsunamis.
5 Conclusions

This study analyse~ u.» morphological variations in the Sciara del Fuoco depression
induced by the 2019 eruption of the Stromboli volcano, as well as in the period following the
eruption. This was possible thanks the collection of bathymetric and topographic data at
comparable time intervals, before, during, and after the 2019 events. Our analysis shows that a
multi-temporal approach with frequent surveys in a highly dynamic environment, at such an
active volcano, is the only way to estimate the emitted/remobilized volumes with a significant
level of detail.

The 2019 events were characterized by intense explosive activity (two paroxysmal explosions,



more intense and frequent "ordinary"” explosive activity), as well as by the emplacement of a
lava-and-debris field in the SW part of the Sciara del Fuoco depression. This began with a
sudden, paroxysmal explosion that occurred on 3 July 2019 and generated two PDCs that flowed
down the volcano’s flanks, which triggered a 1.5 m tsunami less than 1 km from the Sciara del
Fuoco. In correspondence with the entry points of the two PDCs into the water, two depressed
areas formed in the seafloor; a larger one in the centre and a smaller one in the SW part of Sciara
del Fuoco. Their geometry is compatible with the occurrence >t submarine and subaerial
landslide scars. We tentatively suggest a cause-effect relatizns..:s between the entry into the
water of the PDCs and the triggering of submarine instabin: phenomena in the Sciara del Fuoco
slope. The effusive activity produced a lava field consi.*ing of a proximal shield and a debris
field placed on the subaerial slope. The 2019 la‘‘a *0v/ field lack of well-defined morphological
ridges in the submarine slope linked with ' 1arl.ed seafloor accretion which were observed during
previous eruptions Stromboli, as well as in 2018 at Kilauea volcano. The 2019 debris field was
heavily eroded after the end of the ~ru,tion, causing accretion of the seafloor. During the period
following the main eruption, tho eruptive activity remained intense, but exogenous phenomena
also contributed to the re-s»au.~y of the Sciara del Fuoco.

Topographic anu bathymetric data acquired with high acquisition frequency are rare.
Furthermore, bathymetric data acquired close to the coast of an active volcano with persistent
activity are even more rare. These conditions make comparison with other natural cases difficult.
For example, during the recent activity of the Soufriere Hills in Montserrat (1995 - 2010) many
topographical and bathymetric studies were carried out, however: 1) they were conducted
separately, and 2) bathymetric surveys were not made close to the coast, for obvious hazard

reasons.



To conclude, it is possible to state that Stromboli is an exceptional case study for
analysing the geomorphological response of a volcano’s flank in a highly dynamic environment.
The persistent Strombolian explosions of different intensity and frequency, punctuated by
effusive activity, constantly produce considerable quantities volcaniclastic debris at the summit
craters, and sporadically form vents within the Sciara del Fuoco. The volcano’s steep slopes
induce the continuous re-mobilization of the volcaniclastic material, through instability
phenomena at different scales. Effusive eruptions with high-elevaucn vents (> 550 m a.s.l.) will
favour the growth of the subaerial slope, generally being more ctac!c, and which is rebalanced by
erosive phenomena. On the contrary, low-elevation vents fed lava flows that may accumulate
considerable (even > 10° m®) debris (lavas and breccias, ‘i the underwater slope, increasing the
load and the predisposition of accumulated materi.’ to collapse through landslides (>10° m®).

While large landslides (>10” m®) 1av~. been observed mostly in response to magmatic
intrusions in the Sciara del Fuoco, insta.ility phenomena of considerable size (~ 10° m®) can be
caused by explosive eruptions, an”' th» _onsequent load of the seabed by the emplacement of
PDCs. However, the evidence o. the 2019 eruption shows that small PDCs (<10° m%), in addition
to triggering small tsunaris, i~duce seabed erosion / landslides. Studies on the potential of
triggering of tsunamige.ic landslides induced by larger PDCs are necessary. This result is
particularly important in the development and improvement of tsunami early warning systems,
where all the factors causing mass flows, and possibly significant waves, need to be considered
as potentially destructive and dangerous phenomena.
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