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Abstract

The gravitational instability of hot material deposited during eruptive activity can lead to the formation of glowing ava-
lanches, commonly known as deposit-derived pyroclastic density currents (PDCs). These currents can travel hundreds of
metres to several kilometres from the source at exceptionally high temperatures, posing a catastrophic hazard to areas sur-
rounding steep-slope volcanoes. The occurrence of deposit-derived PDCs is often associated with crater rim failure, which
can be triggered by various factors such as magma thrust from dike injection, magma fingering, bulging or less commonly,
powerful explosions. Here, the in-depth study of data from the multi-parametric monitoring network operating on Stromboli
(Italy), including video surveillance, seismicity and ground deformation data, complemented by remote topographic sensing
data, has facilitated the understanding of the events leading to the crater rim collapse on 9 October and 4 December 2022.
The failures resulted in the remobilisation of 6.4 +1.0x 10* m* and 88.9 +26.7 x 10* m® of material for the 9 October and
the 4 December 2022, respectively, which propagated as PDCs along the NW side of the volcano and reached the sea in a
few tens of seconds. These events were characterised by a preparatory phase marked by an increase in magmatic pressure in
the preceding weeks, which correlated with an increase in the displacement rate of the volcano’s summit. There was also an
escalation in explosive degassing, evidenced by spattering accompanied by seismic tremors in the hours before the collapse.
These events have been interpreted as an initial increase in magma vesicularity, followed by the release of gas once per-
colation threshold was reached. The degassing process induced densification of the magma, resulting in increased thrust
on the conduit walls due to increased magmastatic pressure. This phase coincided with crater rim collapse, often followed
or accompanied by the onset of lava overflow phases. A mechanism similar to the one proposed may shed light on similar
phenomena observed at other volcanoes. The analysis performed in this study highlights the need for a multi-parametric
and multi-platform approach to fully understand such complex phenomena. By integrating different data sources, including
seismic, deformation and remote sensing data, it is possible to identify the phenomena associated with the different phases
leading to crater rim collapse and the subsequent development of deposit-derived PDCs.

Keywords Deposit-derived PDC - Crater rim collapse - Volcano monitoring - Topographic change detection - Stromboli -
Aeolian archipelago

Riassunto

L’instabilita del materiale vulcanoclastico caldo depositato durante I’attivita eruttiva pud condurre alla formazione di cor-
renti piroclastiche, dette anche valanghe ardenti. Questi flussi possono spostarsi da distanze che vanno da centinaia di metri a
diversi chilometri dalla sorgente, mantenendo temperature estremamente elevate, rappresentando cosi un rischio significativo
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per le aree circostanti i vulcani caratterizzati da pendii ripidi. La manifestazione di tali fenomeni ¢ frequentemente associata
al collasso del bordo del cratere, evento che pud essere innescato da vari fattori quali la pressione esercitata dal magma,
I’intrusione di dicchi, il rigonfiamento o, meno frequentemente, intense esplosioni. Nel presente studio, 1’analisi dettagliata
dei dati provenienti dalla rete di monitoraggio multiparametrico installata a Stromboli (Italia), che include informazioni
riguardanti sorveglianza video, sismicita e deformazioni del suolo, integrate da dati topografici ottenuti tramite telerileva-
mento, ha facilitato 1’identificazione dei fattori che hanno portato ai crolli del bordo del cratere avvenuti il 9 ottobre e il 4
dicembre 2022. Tali collassi hanno comportato la rimobilizzazione rispettivamente di 6.4 +1.0x 10> m? e 88.9 +26.7x 10°
m? di materiale, il quale si & propagato sotto forma di correnti piroclastiche lungo il versante nord-occidentale del vulcano,
raggiungendo il mare in poche decine di secondi. Questi eventi sono stati caratterizzati da una fase preparatoria caratterizzata
da un aumento della pressione magmatica nelle settimane precedenti, correlato ad un incremento del tasso di deformazi-
one. Inoltre, nelle ore precedenti il collasso, si € registrata una intensificazione del degassamento esplosivo, evidenziata da
frequenti esplosioni di piccola entita accompagnate da un incremento del tremore sismico. Tali eventi sono stati interpretati
come un iniziale aumento della vescicolarita del magma, seguito dal rilascio di gas. Il processo di degassamento ha quindi
portato ad un addensamento del magma, con conseguente aumento della pressione sulle pareti del condotto magmatico.
Questa fase ha coinciso con il crollo del bordo craterico, seguito o accompagnato da fasi di tracimazione lavica. Un mec-
canismo simile a quello proposto potrebbe fornire indicazioni utili per la comprensione di fenomeni analoghi osservati in
altri vulcani. L’analisi condotta in questo studio sottolinea I’importanza di un approccio multiparametrico e a piattaforma
multipla per una migliore comprensione di fenomeni cosi complessi. Integrando diverse tipologie di dati, tra cui informazioni
sismiche, di deformazione del suolo e di telerilevamento, & possibile identificare i fenomeni associati alle diverse fasi che

portano al collasso del bordo del cratere e al conseguente sviluppo di correnti piroclastiche.

Introduction

The gravitational instability of material deposited dur-
ing eruptive activity, whether it is due to the collapse of
crater rims or the failure of hot deposits on the flanks of
volcanic cones, typically results in the formation of glow-
ing avalanches. These extremely hazardous, small-volume
(10°-107 m?), deposit-derived pyroclastic density currents
(PDCs) can suddenly remobilise previously deposited
tephra (Alvarado et al. 2023) and travel at extremely high
temperatures from hundreds of metres to several kilometres
from the source area (Lube et al. 2007; Lerner et al. 2022).
Deposit-derived PDCs are significantly more common than
originally thought, as evidenced by the increase in obser-
vations in recent decades, and are relatively common in
mafic-intermediate volcanoes characterised by steep slope
gradients. Incandescent avalanches have been documented at
several sites, including the 1974 eruption of Fuego volcano
in Guatemala (Davies et al. 1978) and the 1975 eruption of
Ngauruhoe volcano in New Zealand (Nairn and Self 1978).
At Ngauruhoe volcano, deposit-derived PDCs were reported
to have formed from the remobilisation of proximal, poorly
welded volcaniclastic agglutinate (Lube et al. 2007), as also
observed during the 1822 and 1944 eruption of Mt. Vesuvius
(Monticelli and Covelli 1823; Hazlett et al. 1991; Arrighi
et al. 2001; Cagnoli et al. 2015) and the 2002 eruption of
Stromboli (Pioli et al. 2008). Evidence of deposit-derived
PDCs has been found on the flanks of volcanoes such as
Arenal and Rincon de la Vieja in Costa Rica (Alvarado and
Soto 2002; Cole et al. 2005; Baez et al. 2024), Tungurahua
in Ecuador (Kelfun et al. 2009; Bernard et al. 2014, 2016),
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Mt. Etna in Italy (Calvari and Pinkerton 2002; Behnke et al.
2008; Martino et al. 2015a,b; Andronico et al. 2018) and
Mt. Fuji in Japan (Yamamoto et al. 2005). On 3 June 2018, a
deposit-derived PDC sequence occurred once more at Fuego
volcano, and it tragically resulted in an estimated death toll
of > 400 fatalities (Albino et al. 2020; Risica et al. 2022;
Charbonnier et al. 2023) and up to 2900 due to unregistered
people believed to be missing (Naismith et al. 2020). In
general, two types of deposit-derived PDCs can be defined:
(1) those triggered by magma thrust (dike injection, magma
fingering or bulging) or, more rarely, powerful explosions
(Cole et al. 2005; Calvari et al. 2016; Di Traglia et al. 2018a,
2023a) and (ii) those generated by the failure of hot mate-
rial deposited on volcanic flanks (Di Roberto et al. 2014;
Bernard et al. 2014; Salvatici et al. 2016; Giordano and De
Astis 2021). In the latter case, loose volcaniclastic material
may collapse simply by exceeding the angle of friction, or by
additional mechanisms such as undercutting or overloading
of the slope by PDCs or lava flows. Deposit-derived PDCs
are potentially hazardous to communities living near volca-
noes and to tourists. To improve the hazard assessment asso-
ciated with these phenomena, it is necessary to enlarge the
understanding of hot rock failure, considering the role and
effect of different predisposing factors (i.e. lithological fea-
tures; topographic variations) and triggers (i.e. slope over-
loading, magma thrust, seismicity, etc.). All these aspects,
if well understood, can be effectively monitored using
advanced analytical techniques and appropriate numerical
modelling, to anticipate hot rock failure and the development
of glowing avalanches. To this end, an in-depth analysis of
the occurrence of deposit-derived PDCs at Stromboli, Italy,
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during the period October—December 2022 has been under-
taken. The analysis includes direct volcanological observa-
tions, geophysical monitoring data, topographic surveys
and slope stability modelling. The primary objective of this
study is to identify the factors that have contributed to the
predisposition and the mechanisms responsible for the col-
lapse of the deposits and the generation of PDCs. Stromboli
represents an ideal case to study these phenomena due to
their frequent recurrence (Calvari and Nunnari 2023; Di Tra-
glia et al. 2023a) and the large amount of volcanological,
geophysical and geomorphological monitoring data avail-
able for each episode. Our results will help to assess the haz-
ard and to mitigate the risk posed by deposit-derived PDCs

in the short and long term, by contributing to the interpreta-
tion of monitoring data from active volcanoes, to integrated
hazard assessment and to their proper territorial planning.

Stromboli volcano and its recent activity.

Stromboli is a volcanic island in the Aeolian archipelago
in the southern Tyrrhenian Sea (Fig. la-b). The volcano
has undergone different phases of activity, often accompa-
nied by flank instability events on its NW and SE slopes
(Romagnoli et al. 2009a and 2009b). The NW flank of the
volcano, locally referred to as “Sciara del Fuoco” (SdF,
Fig. 1c—d), took shape after a series of lateral collapses,
the most recent of which occurred around the sixth millen-
nium BP (Speranza et al. 2008). This collapse event resulted
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Fig. 1 Geographical context of Stromboli volcano within a the cen-
tral Mediterranean and b the southern Tyrrhenian Sea. ¢ Orthophoto
obtained from the PLEIADES-1 acquisition on 11 February 2023,
showing the island of Stromboli and delineating the positions of the
villages of Stromboli and Ginostra, as well as the two unstable flanks
of the volcano: NW—Sciara del Fuoco and SE—Rina Grande-Le
Schicciole areas. The location of the monitoring stations used in this
study also included SCV (visible webcam), SCT, SPT, SPCT (ther-
mal webcams), GBInSAR NE190 (interferometric radar), STRA and
STRG (seismic stations). The active craters are located in the upper
part of the Sciara del Fuoco, indicated by the red ellipse. d Photo of
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the summit craters (courtesy of F. Ciancitto) from the south on 12
June 2023. The field of view is~300 m wide. SWC, SW crater zone;
CC, central crater zone; NEC, NE crater zone, including the two
vents N1 and N2. e Thermal image taken by the SPT camera on 25
May 2022 at 14:05:36 UTC showing the three crater zones SWC, CC
and NEC. The white line indicates the crater outline. f Thermal image
taken by the SPT camera on 25 March 2023 at 11:11:15 UTC show-
ing the three crater zones SWC, CC and NEC. The white line shows
the crater outline and highlights the changes that have occurred since
May 2022. The view of e and f is similar to the image in d
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in a repositioning of the eruptive activity within the col-
lapsed area. The volcano has three crater areas—WC, CC
and NEC—and a variable number of active vents (N1 and
N2; Fig. le—g) as a function of the magma level within the
conduit (Spampinato et al. 2008) and the resulting intensity
of eruptive activity.

The steep topography and frequent eruptive activity result
in the irregular deposition of heterogeneous layers of vol-
caniclastic materials (both fine- and coarse-grained) and lava
of varying thickness (Kokelaar and Romagnoli 1995; Casal-
bore et al. 2010, 2011; Di Traglia et al. 2018b), that make
both the SAF area and the crater zone (Fig. 1c) at its upper
boundary susceptible to instability events of diverse mag-
nitude (Apuani et al. 2005; Di Traglia et al. 2018c, 2018d).
These events range from persistent, small-scale rockfalls
and debris slides to volcanic slope deformations, occasion-
ally culminating in rock or debris avalanches (Tibaldi 2001;
Apuani et al. 2005; Chiocci et al. 2008; Tibaldi et al. 2009;
Casalbore et al. 2020; Di Traglia et al. 2023b), which can
cause tsunamis that can affect both the coasts of Stromboli
and the surrounding islands and regions (Rosi et al. 2019;
Pistolesi et al. 2020; Turchi et al. 2022).

The style of eruptive activity characteristic of Stromboli
is referred to as “Strombolian” and was first described by
Mercalli in 1883 as “slightly explosive eruptions occur-
ring at discrete but relatively regular intervals of seconds
or minutes”. Over time, various classifications of Strom-
bolian activity have been proposed to distinguish both the
differences in the so-called “ordinary” or persistent activ-
ity, which involves the ejection of materials with varying
grain-size and gas/fragment content to heights that typically
do not exceed 100-200 m above the craters (Patrick et al.
2007; Giudicepietro et al. 2022), and more intense explosive
events, categorised as “major explosions” or “paroxysms”
(also referred as “Basaltic Vulcanian” by Giordano and De
Astis 2021) on the basis of the magnitude of the explosions
(Barberi et al. 1993; Rosi et al. 2013; Bevilacqua et al. 2020;
Calvari et al. 2021; Voloschina et al. 2023). In addition to
explosive activity, Stromboli frequently produces effusive
activity, including both small and short-lived lava flows of
tens of metres in length spreading within the crater terrace,
or lava overflows extending over the crater rim for tens to
hundreds of metres and lava effusions from lateral vents or
central craters, some of which can last for several months,
with lava emissions on the order of 10° to 10’ m? (e.g. Mar-
sella et al. 2012; Bosman et al. 2014; Di Traglia et al. 2020,
2022; Civico et al. 2021; Casalbore et al. 2022; Calvari and
Nunnari 2023). On Stromboli, the occurrence of deposit-
derived PDCs is common and primarily originates from the
collapse of the NE crater rim (Fig. le), although it should
be noted that similar phenomena can occur after paroxys-
mal events/Vulcanian explosions when the spatter accumula-
tion fails, as happened in 1930, 1944 and 2019 (Di Roberto
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et al. 2014; Giordano and De Astis 2021). Crater rim failures
are typically initiated by effusive phenomena, with over-
flows being the most frequent triggers, and less commonly,
flank eruptions (Calvari and Nunnari 2023; Di Traglia et al.
2023a, b). It is even less common for crater rim collapses to
be associated with intense explosive events, although such
instances have been observed, as was the case on 16 Novem-
ber 2020 (Calvari et al. 2021; Vossen et al 2022). During
the period investigated in this work, spanning between May
2022 and March 2023, the persistent Strombolian explosive
activity at the crater terrace was accompanied by some major
explosions and overflows from the craters, as summarised
in Table 1.

Materials and methods

The continuous monitoring of Stromboli’s eruptive activity
and the quantification of the explosive activity recorded at
the summit vents have been carried out by manual analysis of
the images recorded by the fixed monitoring camera network
operated by the INGV-OE (Istituto Nazionale di Geofisica e
Vulcanologia-Osservatorio Etneo). These are three thermal
cameras located at Il Pizzo Sopra La Fossa (SPT), Punta
dei Corvi (SPCT) and Semaforo Labronzo (SCT), and one
visible camera located at Semaforo Labronzo (SCV). The
position of the cameras is displayed in Fig. 1d. The explo-
sion count was carried out mainly on the images recorded
by the SCT camera while, between 14:28 and 17:30 on 4
December 2022, when the PDCs were obscuring the sight
from this position, the explosion count was carried out from
SPT. The list of INGV surveillance cameras in operation on
Stromboli during 2022 and their main characteristics are
reported in the Online Resources.

Seismic network and seismological analysis

The Stromboli permanent seismic network consists of eight
stations equipped with broadband sensors to study seismic
source processes associated with volcanic activity. The
seismic stations, strategically positioned for azimuthal cov-
erage, are spaced at distances ranging from about 350 to
1200 m. Power is provided in remote locations by battery
and solar panel systems. Most of the seismic stations use
Guralp CMG40T broadband velocimeters, and recent new
stations include 3ESPC broadband velocimeters at selected
locations. Data is digitally recorded and transmitted in real-
time to the INGV monitoring centres of Osservatorio Vesu-
viano and Osservatorio Etneo. The network has continuously
monitored Stromboli, serving scientific research and tourism
and contributing to public safety since its installation in 2003
(De Cesare et al. 2009).



Bulletin of Volcanology (2024) 86:69

Page50f21 69

Table 1 List of the eruptive events occurred at Stromboli volcano
during the time span here considered. NEC, NE crater; CC, central
crater; SWC, SW crater; PDC, pyroclastic density current. Times are
reported in UTC. SCT, thermal camera located at Labronzo,~100 m
a.s.l. on the north flank of the volcano. SCV, visible camera located
at Labronzo, same position as SCT. SPCT, thermal camera located

at Punta dei Corvi, western flank of Stromboli volcano, at~100 m
a.s.l. SPT, thermal camera located at Il Pizzo Sopra La Fossa, 850 m
a.s.l. See Fig. 1 for camera locations. Data from Calvari and Nunnari
(2023) and Giodicepietro et al. (2023). For more details, monitoring
reports can be found at https://cme.ingv.it/bollettini-e-comunicati

Date (dd/mm/yyyy) Time (UTM) Eruptive activity Duration Monitoring camera label
03/10/2022 09:08->16:00 Lava overflow from NEC 7h SCT, SCV, SPCT
03/10/2022 09:40 Small failure of NE crater 1h SCT, SCV, SPCT
04/10/2022 09:07->12:00 Lava overflow from NEC 3h SCT, SCV, SPCT
07/10/2022 22:15 Lava overflow from NEC 3h SCT, SCV, SPCT
09/10/2022 07:22 Lava overflow from NEC 5 days SCT, SCV, SPCT
09/10/2022 07:22 NE crater failure + PDCs SCT, SCV, SPCT
09/10/2022 07:43 Several PDC from overflow front crum-  9-10 days SCT, SCV, SPCT
bling. Canyon formation
16/11/2022 14:28 Small failure of NE crater SPT, SCT, SCV, SPCT
04/12/2022 12:08->17:30 Lava overflow from NEC ~5h SCT, SCV, SPCT, SPT
04/12/2022 12:08 NE crater failure + PDCs SCT, SCV, SPCT, SPT
05/12/2022 08:40->17:00 Lava overflow from NEC 9.5h SCT, SCV, SPCT, SPT
06/12/2022 14:48->21:00 Lava overflow from NEC ~8h SCT, SCV, SPT
07/12/2022 00:00-> Intracrater flow + overflow 2.5 days SCT, SCV, SPT
16/12/2022 9:50->16:30 Lava overflow from NEC 6.5h SPT, SCT, SCV, SPCT
19/12/2022 14:00->16:00 Lava overflow from NEC 2h SPCT
2171272022 09:08 Major explosion from SWC SCT, SCV, SPCT
26/12/2022 17:17 Major explosion from SWC+CC SCT, SCV, SPCT
27/12/2022 05:53+20:49 2 Lava overflows ~24 h SCT, SCV, SPCT

We examined data from a seismic station located close
to the craters, specifically STRA, which is about 500 m
from the N2 vent (Fig. 1c). In our analysis, the time
series of seismic amplitude, referred to as RSAM (real-
time seismic amplitude measurement) (Endo and Murray
1991), were computed over different frequency ranges
and with an accuracy of 1-min time window. In particular,
we focused on the 1-7 Hz frequency band, characteristic
of the seismic precursors of overflows identified by Giu-
dicepietro et al. (2023), and the > 10 Hz frequency range,
indicative of landslides and block movement from the
front of lava flows on the Sciara del Fuoco, as argued in
previous work by Giudicepietro et al. (2023). We used the
ObsPy system (Beyreuther et al. 2010; Megies et al. 2011;
Krischer et al. 2015) to filter the signal and produce seis-
mogram and spectrogram plots. We analysed the events of
9 October and 4 December 2022, extending the analysis
over a 6-day period, specifically from 8 to 13 October
and from 3 to 8 December 2022. The aim was to identify
possible seismic signals generated by processes affecting
the volcano’s crater rim, such as landslides and PDCs.

Ground deformation measurements

Ground displacements on Stromboli have been monitored
using a ground-based synthetic aperture radar working in
interferometric mode (GBInSAR) system installed at the
northern edge of the SdF at an elevation of 190 m above
sea level (a.s.l.; GBInSAR NEI190 in Fig. 1d). This system
observes the central and northern areas of the crater ter-
race and the corresponding sections of the SdF, except for
shaded areas (due to irregular morphology) or altitudes
below 200 m a.s.l. (Di Traglia et al. 2021). GBInSAR sys-
tems are remote sensing imaging devices that transmit and
receive microwave pulses while moving physical antennas
along a track (Di Traglia et al. 2021 and references therein).
These systems are designed to measure one-dimensional
ground motion along the line of sight (LOS) of the sensor
by exploiting the phase difference between acquisitions, with
the primary objective of deriving deformation information
in the observed area. At Stromboli, this system operates in
the Ku-band (17.0-17.1 mm) with a revisit time of 6—7 min
and uses a 30-min image averaging process to improve the
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signal-to-noise ratio (Di Traglia et al. 2021). The process
of generating displacement maps, such as interferograms or
cumulative displacement maps, involves a resampling proce-
dure that results in images with a pixel size of approximately
2 ms along both the range and cross-range. Utilising a pixel-
by-pixel stacking algorithm, it becomes possible to recon-
struct cumulative displacement, incorporating coherence
(>0.5) and a power filter (55 dB). This approach facilitates
the tracking of displacement time series for selected points
(averaged over pixels), providing a displacement measure-
ment precision of 0.5 mm (Di Traglia et al. 2021).

Topographic surveys and change detection analysis

To estimate the volumetric changes resulting from the crater
rim collapses that took place on Stromboli on 9 October and
4 December 2022, multiple topographic surveys were con-
ducted using various remote sensing platforms. Specifically,
the changes in topography were estimated by comparing
digital elevation models (DEMs) derived from unmanned
aircraft system (UAS) and single-pass synthetic aperture
radar (sar) airborne data.

UAS-based topographic surveys were conducted on 15
and 16 December 2022 using a DJI Matrice 300 RTK with
Zenmuse P1 camera (full-frame CMOS 45MP sensor, 84°
field of view (FOV), 24-mm focal length lens). A predefined
multi-flight mission was designed with a constant altitude
of 250 m above ground level, 80% forward and side over-
lap, nadir camera orientation and a flight speed of 12 m/s.
The camera’s digital ISO, aperture and shutter speed were
adjusted according to ambient light conditions. Data on cam-
era position were collected using GNSS-RTK information
embedded in the image metadata. Georeferenced images
were then processed using the Agisoft Metashape software
package (version 2.0.3) based on the structure-from-motion
and multi-view stereo photogrammetry algorithm (SfM-
MYVS; James and Robson 2012). For additional details on
the photogrammetric workflow, refer to Civico et al. (2021,
2022) and Schmid et al. (2021).

The analysis carried out with airborne (SAR) data is
based on the exploitation of the classical SAR Interferom-
etry (InSAR) technique, which allows generating the DEM
of the observed area (Franceschetti and Lanari 1999; Rosen
et al. 2000). In particular, we have exploited single pass (SP)
InSAR data (Franceschetti et al. 1999; Rosen et al. 2000)
with the aim of obtaining highly coherent interferograms
suitable to generate accurate DEMs of the observed area.
Specifically, we have used the SP InSAR data acquired dur-
ing two airborne campaigns conducted before and after the
9 October 2022 event. In particular, we have generated a
pre-event and a post-event DEM of the observed area and
compared them to retrieve the co-eruptive topographic
variations that occurred. It is highlighted that we have not
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exploited repeat-pass interferograms, thus overcoming the
limitations of the differential SAR Interferometry (DIn-
SAR) technique (Massonnet et al. 1993; Franceschetti and
Lanari 1999; Rosen et al. 2000), that in this case does not
allow carrying out effective co-eruptive analyses with the
available spaceborne as well as airborne SAR data. This is
due to the abrupt reduction of the interferometric coherence
of the co-event repeat-pass SAR interferograms relevant
to the phenomenon at hand. On the other hand, it must be
stressed that with the applied methodology, based on the
generation of SP InSAR DEMs of the observed area, the
achievable accuracy of the retrieved co-event topographic
variations is worse than the sub-centimetre accuracy that
we would have obtained if the DInSAR technique had been
successfully implemented (Casu et al. 2006). Indeed, the
vertical accuracy of SP InSAR DEMs, which is not uniform
over the observed area and depends on both the geomet-
ric and electromagnetic characteristics of the SAR inter-
ferometer (Franceschetti et al. 1999; Rosen et al. 2000), is
typically on the order of the metres (Rodriguez 2006; Perna
et al. 2016; Rizzoli et al. 2017). For the SP InSAR DEMs
generated in our case, the corresponding vertical accuracy
map is provided in the Online Resources. For the present
analysis, we have used the archive of X-band SP InSAR data
collected by the airborne SAR infrastructure available at the
Institute for Electromagnetic Sensing of the Environment
(IREA)-National Research Council of Italy (CNR), Naples,
Italy (Esposito et al. 2024). From the archive, we extracted
data acquired during the 12 September and 17 October 2022
campaigns with the MIPS system (Natale et al. 2022), which
is based on the FMCW technology and operates at X-band
with a SP InSAR configuration. The system was mounted on
a Cessna 172, and the SP InSAR configuration was obtained
by placing the radar antennas on the right wing strut (Natale
et al. 2022). The volcano was observed by the radar from
different view angles in order to reduce shadowing and
clutter effects in mountainous areas (Esposito et al. 2023;
Franceschetti and Lanari 1999). Specifically, the area was
illuminated using two flight circuits, say C1 and C2, each
consisting of four straight tracks, to counteract shadowing
effects, particularly on the northwest flank (see Fig. S6 in the
Online Resources for track description). Both circuits were
flown twice, except for C2 on 17 October 2022, which was
flown once. Data acquisitions relevant to the same campaign
were made on the same day, with a minimal time gap. This
data redundancy improved the accuracy of the final DEM, as
separate processing chains were applied to the data acquired
from different flight tracks (Berardino et al. 2023; Esposito
et al. 2024). Details of the acquisition method and accuracy
estimate for each of the DEMs generated are given in the
Online Resources.

DEM-to-DEM co-registration was based on the minimi-
zation of the root mean square (RMS) error between one
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DEM and the other (e.g. Favalli et al. 2018). We followed
the workflow outlined in Di Traglia et al. (2020). After the
coregistration, the residual displacement (6, ,) between the
DEMs from September 9, 2022 to October 17, 2022, was
0.94 m, while the 6, , between the DEMs from October 17,
2022 to May 22, 2023, was 2.10 m. The volume (V) added or
lost between two acquisitions was calculated from the DEM
difference according to the formula V= X;Ax*Az; (where Ax
is the grid step and Ag; is the height variation within the
grid cell i, calculated in a given area). The volume error
was determined by the formula Err,=Aoc,,, where A is the
investigated area (Favalli et al. 2010).

Slope stability analysis

The stability analysis of the crater rim was performed using
a 2D limit equilibrium method (LEM) with the slope stabil-
ity analysis program (SSAP; Borselli et al. 2011; Borselli
2023). The aim of this analysis was to investigate the stress
conditions of the slope and to understand the mechanisms
that led to the destabilisation of the volcaniclastic deposits,
ultimately triggering deposit-derived PDCs. The factor of
safety (FS) for potential slip surfaces was assessed using
a 2D LEM analysis by applying shear strength parameters
based on different failure criteria. This analysis used the
same approach as Di Traglia et al. (2023a, b), which had
previously proved effective in replicating landslide events
in the Sciara del Fuoco (30 December 2002) and the crater
rim (67 August 2014 and 19 May 2021). The mechanical
stratigraphy of the crater rim was represented by a set of
geotechnical units (Table 2), including the following:

A shallow layer in the subaerial section of the slope,
composed of volcaniclastic material with rockfill-like
properties. For this layer, the analysis considered the gen-
eralised Hoek and Brown (GHB) criterion (Hoek et al.

Table2 Geomechanical parameters used in the LEM simulations
according to parametrization of Di Traglia et al. (2023a, b). UCS, uni-
axial compressive strength; GSI, Geological Strength Index; mi, fit-
ting constant for intact rocks (controls the steepness and curvature of
the failure envelope); D, disturbance factor; ydry, dry bulk volume;

2002; Hoek 2007; Hoek and Brown 2019; Heap et al.
2020) failure and the Barton-Kjaernsli (1981) and Barton
(2013) non-linear failure envelope (B-K criterion) for the
rockfill-like material in its local discontinuity with the
local lava bedrock.

The lava-breccia unit, characterised by lava layers (com-
prising 35-65% of the total) interspersed with breccia
material. This lithostratigraphic unit, originally proposed
for rock masses with comparable percentages of lava and
breccia components, was used as a lower boundary in
the geotechnical characterisation of the volcanic struc-
ture. The GHB failure was also considered for this unit
in combination with the B-K criterion, as implemented in
Di Traglia et al. (2023a, b) previous analysis.

This analysis used precise topographic data from UAS
surveys and ground displacement data from GBInSAR to
constrain the model results. It involved a comparison of the
modelled critical zone slopes (with the lowest FS) with the
regions where movement was documented, corresponding
to the events of crater rim collapse.

The influence of ground acceleration due to explosive
activity was not included in the stability analyses, as it was
previously shown by Di Traglia et al. (2023a, b) that for
accelerations consistent with paroxysmal explosions, the
effect on crater rim stability is almost negligible.

Results

Volcanic activity through daily observations
and camera images

During the period studied, the eruptive activity consisted
mainly of ordinary Strombolian explosions, showing

ysat, saturated bulk volume; JRC, joint roughness coefficient; JCS,
joint wall compressive strength; ¢r, residual friction angle; Lo, length
referred to 100-mm laboratory scale samples; Ln, length referred to
in situ block sizes; S, inclination angle of discontinuities; Af, discon-
tinuity angle range

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

Layer UCS (MPa) GSI(-) mi (—) D(-) ydry (kN/m?) ysat (kN/m?)

Rock-fill 40 30 19 0 19 22

(GHB- criterion)

Lava Breccia 40 30 19 0 19 22

(GHB- criterion)

Barton and Kjaernsli (1981) criterion

Layer JRC (°) JCS (Mpa) or () L0 (m) L (m) B ABCE)
Rock-fill 20 10 32.00 1.00 150.00 40.00 20.00
Lava Breccia 20 20 32.00 1.00 150.00 40.00 20.00
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variations in frequency and intensity. There were also lava
overflows on 3 October, 9—17 October, 16 November and
4-8 December 2022. In two cases, these lava overflows were
associated with crater rim failures, resulting in the develop-
ment of deposit-derived PDCs on 9 October (Fig. 2) and 4
December 2022 (Figs. 3 and 4). The lava overflow event
that occurred from 9 to 17 October 2022 was also associated
with deposit-derived PDCs that originated directly from the
volcaniclastic deposits on the SdF. The main features can be
summarised as follows:

All overflows were preceded by an escalation of explosive
activity, particularly marked by spattering from vents in
the northern crater area;

The overflows on 3, 4 and 7 October and on 16 November
2022 were brief (lasting 6, 3, 3 and 5 h, respectively),
travelling only a few hundred metres from the vent. These

Fig.2 Thermal images (a, b) from the SCT camera recorded on 9
October 2022 at 07:22:27 and 07:23:14, respectively, showing the ini-
tial failure of the NE crater rim (a) and the PDC spreading along the
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events were not associated with significant crater rim col-
lapses, except for minor instances resulting mainly from
the collapse of lava mixed with volcaniclastic debris
along the SdF. During these events, a decrease in explo-
sive activity was observed during the effusive phase;

The overflows of 9 October and 4 December 2022 were
prolonged (days) and rapidly reached the coast. These
two events were associated with significant crater rim col-
lapses. During the 9 October 2022 overflow, no decrease
in explosive activity was observed, while the decrease
was documented as the effusive activity subsided (Fig. 2),
whereas during the 4 December 2022 overflow, a sig-
nificant decrease in explosive activity was recorded in
the N vents that emitted the flow. However, the CS area
continued to produce explosions. The crater rim collapse
on 4 December 2022 was the largest, occurring progres-

SdF (b). Visual images (c—f) recorded by the SCV camera between
07:22:52 and 7:24:08 showing the growing ash cloud expanding from
the summit crater along the SdF slope
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Fig.3 Thermal images recorded from the SPT monitoring camera
located at Il Pizzo Sopra La Fossa (a—d) displaying the crater area
from south and from a distance of ~250 m on 4 December 2022. The
field of view is ~300 m wide. SWC, SW crater; CC, central crater; N1
and N2, vents from the NE crater zones. The comparison between a
and b shows the portion of N1 (red circle in a) that failed. b In white-
yellow, the pyroclastics and in blue the ash cloud rising from the

Fig.4 a, b Thermal images
recorded from the SCT camera
located on the north rim of the
Sciara del Fuoco (see Fig. 1b
for camera location) showing
the crater area from NE on 4
December 2022 (a-b), with a
an explosion from SWC and a
hornito at the NEC crater rim
at 00:15:31, before the failure.
b Lava flow (white portion)
output at 15:18:20 after the
NEC failure spreading within
the saddle excavated by the
failure and pyroclastic density
current (PDC) forming a dust
cloud above the crater. c—f
Visible images from the SCV
camera showing the spreading
of a pyroclastic density current
along the Sciara del Fuoco with
lightnings (c, d) and a lava flow
(e, f). All times are UTC

failed crater. The red circles in ¢ and d display the landslides occur-
ring within the north inner crater wall of SWC as a result of the drain-
age of the upper conduit. e, f Thermal images from the SCT camera
located on the north rim of the Sciara del Fuoco showing the crater
area from NE, with an explosion from N1 (e) and lava flow output (e,
f) within the saddle excavated by the slope failure
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sively with a total duration of over 1 h (14:10 -15:18;
Figs. 3 and 4).

Detailed descriptions of the events can be found in the
Online Resources.

Seismic data

The data analysed were collected at the STRA station,
located near the summit craters (Fig. 5); the station is
equipped with a Guralp CMG40T broadband seismom-
eter with a sampling rate of 50 samples per second. The

Fig.5 Analysis of the seismic amplitude and spectral content of the
STRA station signal, east—-west component. a RSAM in the 1-7 Hz
frequency range for the days between 8 and 13 October 2022. b
RSAM in the 1-7 Hz frequency range for the days between 3 and
8 December 2022. ¢ RSAM of the high-pass filtered seismic signal

@ Springer

east—west component of the STRA station was chosen for
analysis as it is more representative of the craters’ activity
and related phenomena (Giudicepietro et al. 2020). Addi-
tionally, this component is sensitive to signals generated by
surface sources such as rolling landslides. A spectral analy-
sis of seismic signals generated by lava overflow events,
followed by crater collapse and the formation of PDC, was
conducted on events occurring on 9 October and 4 Decem-
ber 2022 (Fig. 5). The time series of RSAM (real-time seis-
mic amplitude measurement) was calculated using a 1-min
window and compared between two frequency ranges. The
first range (Fig. 5a, b), which was from 1 to 7 Hz, is charac-
teristic of spattering, summit tremors and explosive activity

(> 10 Hz) for the days between 8 and 13 October 2022. d RSAM of
the high-pass filtered seismic signal (> 10 Hz) for the days between 3
and 8 December 2022. e Seismogram of the event on 9 October 2022,
with the corresponding spectrogram. f Seismogram of the event on 4
December 2022, with the corresponding spectrogram
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at the craters, excluding gas explosions, as previously found
in works such as Giudicepietro et al. (2022, 2023). The fre-
quency band > 10 Hz (Fig. 5c, d) is particularly responsive to
the rolling of blocks on the SdF, emphasising the occurrence
of landslides and the detachment of blocks from the lava
overflow front (Esposito et al. 2006). RSAM was performed
for the first event between 8 and 13 October 2022 (Fig. Sa,
¢), and for the second event between 3 and 8 December
of the same year. In the RSAM relevant to the event on 9
October 2022, the amplitude in the > 10 Hz band remains
high for several days after the event, until around 13 Octo-
ber 2022 (Fig. 5c¢). This is likely due to the erosion along
the SdF by overflows and PDCs. In relation to the event on
4 December 2022, a notable increase in frequency range
signals was detected, specifically in the> 10 Hz and 1-7 Hz
ranges, solely during the event (Fig. 5b, d). Subsequently,
the seismic amplitude returned to low levels in the follow-
ing days. The spectrograms of the event on 9 October 2022
(Fig. 5e) show a variation in frequency content after the
event lasting for at least an hour, which is also indicative
of landslides on the SdF. In contrast, the 4 December 2022
event shows that the characteristics of the seismic signal
return to pre-event conditions a few minutes after the col-
lapse of the crater (Fig. 5f).

Ground deformation

In general, measurements of ground deformation exhibit
cycles of progressively increasing displacements towards the
sensor until the onset of overflows, followed by movements
away from the sensor after the overflows. The approaching
and receding movements, although of different magnitudes
and rates, are all centred on the northern vents. A clear devi-
ation from this pattern was observed during the overflow
and subsequent collapse of the crater rim on 9 October 2022
and 4 December 2022 (Fig. 6). In this case, the pre-event
interferograms revealed a deformation geometry that was no
longer centred on the northern vents. Instead, they showed
interferometric fringes consistent with lateral movement
along the slope, indicating crater rim sliding. During the 9
October 2022 event, the lateral movements along the slope
were very similar to those centred on the N2 vent. Figure 6 a
shows the interferometric fringes slightly diverging towards
the NW, with a recorded movement of about 6 mm per hour.
However, during the event on 4 December 2022, the lateral
movement along the slope was more extensive, covering a
larger area at a rate of about 32 mm over 2 h (maximum
displacement rate: 16 mm/h; Fig. 6b).

Volumes of the collapses

The differences between the data acquired on 12 September
2022 (airborne SAR) and 17 October 2022 (airborne SAR)

allowed us to calculate a conservative estimate of the volume
of the crater rim collapse on 9 October 2022, at approxi-
mately 6.4 +1.0x 10* m? (Fig. 7a). In addition to crater rim
failure, the crater terrace is also affected by vertical collapse
(pit crater formation), which is common on Stromboli in
association with overflows (Calvari et al. 2014; Di Traglia
et al. 2014a) and lava flows (Casagli et al. 2009; Valade
et al. 2016). On the other hand, comparing the data from
17 October 2022 (airborne SAR) with that of 22 May 2023
(UAS) enabled us to estimate a minimum volume of the
collapse that took place on 4 December 2022, amounting to
approximately 88.9 +26.7 x 10° m? (Fig. 7b). It is crucial to
note that these estimates are conservative, as the volcano’s
activity continued post-collapse, leading to the swift accu-
mulation of materials within the detachment zones, as evi-
denced by video surveillance data. The topographic change
detection also allowed us to estimate the volume eroded in
the SdF as a result of the overflows generated between 9 and
15 October 2022, equal to 1.88 +0.08 x 10° m? (Fig. 7a).

Crater rim stability

A 2D stability analysis using the LEM was conducted, with
SSAP software using the techniques presented in Di Tra-
glia et al. (2023a, 2023b), to assess the stability of the cra-
ter rim on 9 October 2022 along the A-A’ profile (Fig. 8a,
c). Similarly, the stability of the crater rim on 4 December
2022 was quantified by applying the LEM analysis along
the B-B’ profile (Fig. 8b, d). The stability analysis of both
profiles shows that the volcaniclastic accumulations were
in metastable conditions with diffuse instability (FS close
to 1.0 or < 1.0). The modelling results were compared with
the ground displacement data recorded by the GBInSAR
system (Fig. 8c, d). This comparison not only revealed the
variation in recorded deformation but also helped identify
correspondences between mobile areas and regions with
lower FS. The significant difference in volume between the
December event and that of October can be explained by
both the magnitude of the thrust that caused the collapse and
the irregular topography present at the time of the collapse
on 4 December 2022.

Discussion

The collapse events of 9 October 2022 and 4 December
2022 involved approximately 0.06 +0.01 x 105 m* and
0.89+0.27 % 10°> m?, respectively, of volcanic debris situ-
ated on the northern edge of the crater area. As a point of
comparison (Fig. 9), the volumetric estimates of the cra-
ter rim collapse that occurred on 19 May 2021, linked to
the overflow commencing at the same time and lasting for
4 days (Calvari et al. 2022; Di Traglia et al. 2022), were at a
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Fig.6 a, b Side views from
north and ¢, d plan views (north
is up) of Stromboli volcano.
Ground displacement observed
on a and ¢ 9 October 2022
(05:50-07:05) and band d 4
December 2022 (11:39-13:39).
In ¢ and d, the A-A’ and B-B’
profiles used in the stability
analysis (Fig. 8) are shown

minimum volume of 0.44 +0.03% 10° m’ (Casalbore et al.
2022). These values place the Stromboli events between
those of medium and low volume compared to those esti-
mated for the other deposit-derived PDCs worldwide (see
Table 3).

The mechanism of formation of deposit-derived PDCs
formed by crater rim failure, termed Arenal-type PDCs by
Alvarado and Soto (2002), may be similar to that proposed
by Sato et al. (1992) for gravitational dome collapse PDCs,
termed Merapi-type. This type of dome-collapse PDCs
would form through the gravitational crumbling of the lava
dome (Sato et al. 1992). In accordance with this framework,
the triggering mechanisms of crater rim failure and PDC
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generation must also be sought within the processes leading
to the surpassing of the tensile strength of hot volcaniclas-
tic deposits and agglutinates, likely to be induced by the
magma thrust in the occurrence of lava overflows. By com-
paring observations from Stromboli and other volcanoes, a
general pattern emerges: (i) the inflation of the crater area
and localised deformation on the slope, leading to subse-
quent collapses. This phenomenon is consistently observed
in Stromboli (e.g. Casagli et al. 2009; Marchetti et al. 2009;
Di Traglia et al. 2014b, 2018a, 2018b, 2018c, 2018d, 2023a)
and precedes crater rim collapse events at Arenal volcano
(Alvarado and Soto 2002; Cole et al. 2005), and it is asso-
ciated with the growth of magmastatic thrust on the flank
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Fig.7 a Analysis of the detection of topographic changes between
the airborne SAR DEMs of 12 September 2022 and 17 October 2022.
It is possible to observe the strong erosion in the SAF area due to the
overflows and PDC activity. The inset shows the zoom of the NEC
area to observe the detachment area associated with the 9 October
2022 crater rim failure. The collapsed area during the crater rim fail-

ure is indicated by the red line, and the dashed white line indicates
the pit-crater area. In b, the differences between the 17 October 2022
airborne SAR DEM and the 22 May 2023 UAS DEM are shown,
highlighting both the detachment area of the 4 December 2022 crater
rim failure (seen in detail in the inset, red line) and the filling of the
canyon in the SdF by overflows and volcaniclastic accumulation

Fig.8 The geological-technical model of the crater rim is presented in A-A’ (a) and B-B’ (b) profiles (see profile track in Fig. 6). Results from
the 2D stability analysis depict the distribution of the factor of safety (FS) in the examined A-A’ (¢) and B-B’ (d) profiles
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Fig.9 Schematic model of
crater rim failure triggering in
relation to hysteresis in magma
permeability—porosity path (see
Rust and Cashman 2011 and
Cashman and Sparks 2013).
The 9 October and 4 December
2022 failure were triggered by
the prompt arrival of a magma
batch rich in gas bubbles that
generated the overpressure
essential for triggering the
crater rims

Table 3 Remobilized volumes (estimated with different methods)
relating to different episodes of deposit-derived PDCs. Data from
Imbo (1949), Cole et al. (2005), Lube et al. (2007), Kelfoun et al.
(2009), Norini et al. (2009), Bernard et al. (2014), Di Roberto et al.

(2014), Andronico et al. (2018), Albino et al. (2020), Calvari et al.
(2022), Casalbore et al. (2022), Di Traglia et al. (2022), Charbonnier
et al. (2023) and this work

Volcano Date Volume

References

Arenal (Costa Rica)

Arenal (Costa Rica)
Arenal (Costa Rica)
Etna (Italy)
Etna (Italy)
Fuego (Guatemala)

Ngauruhoe (New Zealand)
Ngauruhoe (New Zealand)

Tungurahua (Ecuador)

Stromboli (Italy)
Stromboli (Italy)
Stromboli (Italy)
Stromboli (Italy)
Vesuvio (Italy)

Post-1968 deposit-
derived PDCs

28 August 1993

23 August 2000

16 November 2006
11 February 2014
3 June 2018

February 1975
February 1975
2006 eruption

11 September 1930
19 May 2021

9 October 2022

4 December 2022
March 1944

~0.5%10° m? (average)

22+0.8x10°m’
~2%10°m?
0.35+0.05% 10° m?
1.06+0.36x10° m*

22.5+7.5%x10°m?
(each flow ~3-8x 10° m?)

~1.6x10* m*® (max volume)
~1.5%10° m*® (min volume)

Total: ~20x 10° m3
(each flow ~0.1 x 10° m%)

~0.45%10* m?
0.44+0.03%x 10° m?
0.06+0.01x 10° m?
0.89+0.27x 10° m®
~0.3%10° m? (larger flow)

Alvarado and Soto (2002); Cole et al. (2005)

Alvarado and Soto (2002)
Alvarado and Soto (2002)
Norini et al. (2009)
Andronico et al. (2018)

(Ferres and Escobar Wolf 2018; Naismith et al.
2019; Albino et al. 2020; Charbonnier et al.
2023)

Lube et al. (2007)
Lube et al. (2007)
Kelfoun et al. (2009), Bernard et al. (2014)

Di Roberto et al. (2014), Salvatici et al. (2016)
Casalbore et al. (2022)

This work

This work

Imbo (1949)

of the summit cones (Di Traglia et al. 2023a,b); and (ii) an
increase in seismic tremor from days to hours before the
event, analogous to patterns observed prior to main effusive
events on Stromboli (De Cesare et al. 2009; Di Traglia et al.
2018a; Giudicepietro et al. 2023). Regarding crater rim col-
lapses that occurred at Stromboli, it is noteworthy the differ-
ences between overflow events that did not have associated
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failures of significant volumes and those that did. All the
events were preceded by an escalation in explosive activity,
particularly spattering from the vents in the N area. While
a decline in explosive activity was documented during the
overflows on 3, 4, 7 October, and 16 November 2022, no
significant reductions in explosive activity were observed
during the effusive phase for the events on 9 October and
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4 December 2022. There was only a brief interruption of
explosions from the northern area during the collapse on 4
December 2022, attributed to morphological-structural vari-
ations induced by the collapse itself (formation of a notable
scar with conduit exposure). However, these variations were
transient and explosive activity quickly resumed.

The concomitant increase in seismic tremor and deforma-
tion within the crater region of Stromboli has been interpreted
as indicative of mass ascent of magma and gas (Di Traglia
et al. 2014c). Volcanic tremor at Stromboli is mainly associ-
ated with a continuous quiescent degassing process. In par-
ticular, it is associated with the intermittent bursting of small
(<1 m) bubbles at the surface of the magma column, a phe-
nomenon known as gas puffing (Ripepe and Gordeev 1999).
This correlation is supported by the shallow depth of the
tremor source (Saccorotti et al. 1998). In open-vent volcanoes,
explosive processes result from rapid degassing (Aiuppa et al.
2020; Laiolo et al. 2022; Acocella et al. 2024). Subtle defor-
mation of the volcanic edifice is associated with rapid degas-
sing, as observed prior to the paroxysmal/basaltic Vulcanian
explosions on Stromboli (Ripepe et al. 2021; Di Traglia et al.
2021). In contrast, the relatively slow ascent of the magmatic
column over days, weeks or months produces deformation at
a slower rate, ranging from millimetres per day to millime-
tres per hour (Di Traglia et al. 2015; 2018a). At Stromboli,
the relationship between the deformation of the crater terrace,
the amplitude of the tremor and the intensification of spat-
tering activity suggests that changes in the magma level are
associated with an increase in magma vesiculation, indicating
increased explosive degassing activity (Colo et al. 2010; Giu-
dicepietro et al. 2023). These phenomena typically precede the
onset of effusive activity (Valade et al. 2016; Di Traglia et al.
2015;2018a). This process likely led to an increase in magma
density within the conduit (Fig. 9), following the model pro-
posed by Rust and Cashman (2011) and Cashman and Sparks
(2013). These models propose a vesiculation-densification
model of magma that follows the hysteresis in the magma
permeability—porosity path (see Rust and Cashman 2011; and
Cashman and Sparks 2013). Expansion in isolated bubbles
causes a rise in the magma column in the Stromboli conduit,
which continues until the percolation threshold is reached
(~60% vesicularity; Burton et al. 2007; Bourgisser et al. 2017;
Colombier et al. 2021; even if this limit may be lower in the
crystallised HP Stromboli magma). This leads to an increase in
magma pressure in the conduit, causing a thrust on the crater
rim, as indicated by the increase in measured displacement. At
the same time, there is a shift from explosive activity with an
abundant ash fraction to activity characterised by the deposi-
tion of abundant spatter. Subsequently, permeability increases
up to a threshold that limits further expansion. In this phase,
there is an escalation of explosive degassing with strong spat-
tering activity without an increase in magmatic pressure (dis-
placement remains high without further increase). During this

phase, small crater rim failures can occur due to the accumula-
tion of agglutinates on very steep slopes. This gas loss phase
results in the densification of the magma and facilitates the
generation of overflows at the expense of explosive activity.
The result is increased magmastatic pressure within the con-
duit. As shown by Di Traglia et al. (2023a), the magmastatic
thrust resulting from magma densification alone is insufficient
to induce the collapse conditions of Stromboli’s crater rim;
an additional thrust is required. The slope stability simulation
was used to investigate the magma thrust required to desta-
bilise slip surfaces similar to those involved in the crater rim
failures of 9 October and 4 December 2022, following the
methodology of Di Traglia et al. (2023a, b a,b). The analysis
reveals that destabilising the rim required a minimum thrust
of 75 MN/m for the 9 October 2022 event and 150 MN/m for
the 4 December 2022 event. Given the dense rock equivalent
(DRE) density of 2750 kg/m® for Stromboli magma (Barberi
et al. 1993), the magmastatic thrust, assuming completely
dense magma, ranges from 5 to 10 MN/m, depending on the
length of the tension crack at the surface top. For comparison,
the thrust required for the 19 May 2021 crater rim collapse
was about 2-3 MN/m, equal to or slightly greater than the
magmatic thrust, while for the 7 August 2014 collapse, it was
about 20-25 MN/m. The thrust required to trigger the deep
landslide on 30 December 2002 was about 370—400 MN/m.
These observations indicate that the overpressure responsible
for generating the magmatic thrust that led to the crater rim
failures on 9 October and 4 December 2022 was higher than
that which triggered the onset of the 2014 flank eruption. This
underlines the importance of the events on Stromboli in late
2022. The association of events leading to the collapse of the
crater rim with the effusive phases and associated explosive
activity suggests a relationship between these failure events
and the supply of magma and gas. In particular, when a batch
of densified magma is followed by a batch of magma that is
still “bubble-rich” and has not been “densified” by the explo-
sive degassing process, the overpressure that can develop in
the upper part of the conduits can generate a magmatic thrust
sufficient to trigger the failure of volcaniclastic rocks around
the crater rim, with volumes on the order of 10°~10° m>. The
“bubble-rich” magma batches are likely to sustain the Strom-
bolian activity, while the denser upper part contributes to the
lava overflow (e.g. Pioli et al. 2009). The pressure increase
(revealed by increase in pre-effusive ground displacement)
generates an additional magmastatic thrust, which is capable
of triggering both overflows and crater rim failure. Magma
thrust within the craters may have propagated towards the
crater rim by bulbous bulging, as observed in some cinder
cones (Petronis et al. 2013) and hypothesised for the Arenal
(Alvarado and Soto 2002; Cole et al. 2005) and Etna (Behncke
et al. 2008) crater rim failure, or by dike intrusion (Acocella
et al. 2006; Acocella 2021). While the latter hypothesis is con-
sistent with deformation data observed during the onset of
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effusive eruptions at Stromboli (Casagli et al. 2009; Di Traglia
et al. 2018a), no deformation patterns associated with planar
structures are observed for the crater rim failure. Therefore, a
“bulbous bulging” type of thrust is more likely in this context,
as already shown by analogue models of Nolesini et al. (2013).

Once the magma has been evacuated from the upper part
of the conduit, a new cycle is initiated by the decompression
of new magma batches and their increased vesicularity. This
process continues until the input rate from depth is sufficient
to sustain the phenomenon. The phenomena that occurred
on 4 December 2022 seem to be dominated by the instability
of the crater area, resulting in multiple collapses affecting
larger areas and volumes. Based on instability models, this
can be explained by the increase in magma thrust from the
conduit towards the crater rim, as well as by the morphology
of the crater area, which has been significantly altered by
previous events. In particular, the failure of 9 October 2022
and the formation of a canyon within the SdF due to erosive
processes and landslides associated with the overflows of
9-15 October 2022 destabilised the entire summit area.

Recent rheological studies have shown that magmas from
Stromboli volcano have a significantly reduced susceptibil-
ity to syn-eruptive nanolite crystallisation (Scarani et al.
2022). As a consequence, at Stromboli paroxysmal events
and basaltic Vulcanian explosions, typically associated
with significant increases in viscosity and probably delayed
vesiculation (Rivalta et al. 2013), are less easily achieved
(Valdivia et al. 2023). This explains why effusive phases
anticipated by strong explosive degassing (Di Traglia et al.
2014c, 2018a; Valade et al. 2016; Giudicepietro et al. 2023),
characterised by efficient bubble coalescence and gas perco-
lation (Rust and Cashman 2011; Cashman and Sparks 2013),
are more common than highly explosive events (Bevilacqua
et al. 2020; Calvari and Nunnari 2023).

A mechanism similar to the one proposed, although not
universally applicable, can serve as a guiding framework for
future research efforts aimed at understanding the processes
underlying the increase in magmastatic pressure that drives
the magma necessary for crater rim collapse observed in
other contexts, such as the crater rim collapses at Arenal
volcano (Alvarado and Soto 2002; Cole et al. 2005) and
Rincon de la Vieja (Baez et al. 2024), or the summit cone
failure at Mt. Etna volcano (Calvari and Pinkerton 2002;
Behnke et al. 2008).

Conclusions

In this study, an exhaustive examination of data obtained
from the multi-parametric monitoring network on Strom-
boli (Italy), encompassing video surveillance, seismicity
and ground deformation data, along with remote topo-
graphic sensing data, has facilitated the correlation of events
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leading to the crater rim collapse occurred on 9 October and
4 December 2022. Key findings from the study include the
following:

the failures resulted in the remobilisation of
6.4+1.0x10* and 88.9+26.7x 10° m’ of volcaniclas-
tic material, respectively, propagating as PDCs along the
SdF;

these events were characterised by a preparatory phase
marked by an increase in magmatic pressure in the pre-
ceding weeks, correlating with an increase in displace-
ment rate;

an escalation of explosive degassing was observed, indi-
cated by spattering accompanied by seismic tremors in
the hours preceding the collapse;

the described events were interpreted as an initial rise
of the magma column due to the increase in magma
vesicularity, followed by gas release. Subsequently, the
degassing process induced magma densification, leading
to increased thrust on conduit walls due to heightened
magmastatic pressure; and

this phase coincided with crater rim collapse, often fol-
lowed or accompanied by the onset of lava overflow
phases.

The gravitational instability of hot material deposited
during eruptive activity can generate glowing deposit-
derived PDCs, travelling at high temperatures over hundreds
of metres to several kilometres from the source; these events
thus may pose catastrophic risks to areas near steep-slope
volcanoes. Their occurrence often links with crater rim fail-
ure triggered by factors such as magma thrust. A mecha-
nism similar to the one proposed here may illuminate similar
phenomena in other volcanoes. This underscores the need
for a comprehensive, multi-parametric approach integrating
seismic, deformation and remote sensing data to understand
these events.
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