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A B S T R A C T

Pyroclastic Density Currents (PDCs) have long been considered rare in mafic volcanic systems. However, over the 
past century, such events have been widely documented at several mafic volcanoes worldwide and, in particular, 
at Mount Etna, where more than fifty occurrences have been recorded in the last four decades. This study 
provides a comprehensive review of PDC events at Etna since 1986, assessing the diversity of processes 
responsible for their generation. The examined events reveal that PDCs at Etna may originate from multiple 
mechanisms, including instantaneous collapse of the pyroclastic mixture, gravitational remobilization of freshly 
deposited hot tephra, partial flank failure of pyroclastic cones, and explosive interactions between lava and snow 
or wet substrates. Several episodes also illustrate the superimposition of distinct triggering processes, high
lighting the complexity of PDC initiation at this volcano. The overall increase in PDC frequency observed over 
recent decades is mainly related to the intensification of summit paroxysmal activity and the rapid growth and 
mechanical destabilization of the Southeast Crater, the most active of the four summit craters of Mount Etna. 
Although many PDCs showed minor runouts, larger events have reached runouts of 2–3 km in recent years, 
occasionally impacting some of the most frequented areas in the summit region of the volcano. These obser
vations demonstrate that PDCs represent a non-negligible hazard at Etna, particularly in sectors frequently 
visited by tourists and hikers, where the sudden onset and rapid propagation of even small-volume PDCs may 
pose a significant threat.
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1. Introduction

Mafic volcanic systems are particularly known for producing pre
dominantly effusive eruptive activity or, when explosive, generally low- 
intensity events. This behavior is primarily controlled by the physical 
and chemical properties of the magmas, such as the low viscosity (10- 
102 Pa s) which allows efficient segregation of gas bubbles and ductile 
melt deformation (Dufek et al., 2015). However, even volcanoes fed by 
magmas with mafic compositions can generate explosive activity with 
highly variable intensity, as a function of volatile content and magma 
rheology (Houghton and Gonnermann, 2008, Allard, 2010; Giuffrida 
and Viccaro, 2017; Allison et al., 2021; Zuccarello et al., 2021, 2022; La 
Spina et al., 2022). Specifically, the eruptive spectrum of these vol
canoes can range from effusive activity, mild explosive events (e.g., 
spattering or Strombolian-type explosions) to energetic lava fountains 
with formation of sustained high eruptive columns. In exceptional cases, 
these volcanoes may produce highly explosive eruptions, sometimes 
reaching Sub-Plinian to Plinian magnitudes. Notable examples include 
the 122 BC violent eruption of Mount Etna (Coltelli et al., 1998; 
Houghton et al., 2004) and several other powerful large-scale lava 
fountaining episodes occurred in the recent history (Branca and Del 
Carlo, 2005; Cannata et al., 2018; Andronico et al., 2021a), the 1974 
Volcán de Fuego eruption (Rose et al., 1978; Davies et al., 1978), the 
1886 Tarawera eruption (Walker et al., 1984; Houghton et al., 2004; 
Sable et al., 2006) and various eruptions at Masaya volcano (Williams, 
1983; Pérez and Freundt, 2006; Wehrmann et al., 2006; Perez et al., 
2009; Costantini et al., 2009).

During the recent decades, it has been established that even vol
canoes fed by mafic magmas can occasionally give rise to Pyroclastic 
Density Currents (PDCs), which are considered one of the most haz
ardous phenomena related to volcanic activity (Alvarado and Soto, 
2002; Cole et al., 2005; Behncke, 2009; Ferlito et al., 2010; Di Roberto 
et al., 2014; Salvatici et al., 2016; Andronico et al., 2018; Risica et al., 
2022; Di Traglia et al., 2024; Zuccarello et al., 2025). PDCs are high- 
temperature, multiphase flows, consisting of gas and solid particles 
spanning a wide range of grain-sizes, that spread rapidly along the 
slopes of the volcano (Druitt, 1992; Branney and Kokelaar, 2002).

Although most of deposits produced by PDCs in mafic systems are 
characterized by relatively small volumes (typically <106 m3, which are 
comparable to those of relatively small-volume PDCs on volcanoes fed 
by felsic magmas), their emplacement occurs at particularly high tem
peratures (~80-750◦C) and they can travel at very high speed more than 
10 km from the source (Davies et al., 1978; Nairn and Self, 1978; 
Yamamoto et al., 2005; Miyabuchi et al., 2006; Di Roberto et al., 2014; 
Andronico et al., 2018; Risica et al., 2022).

The generation of PDCs at mafic volcanic systems has been generally 
attributed to gravitational processes rather than primary explosive 
fragmentation. One of the most critical predisposing factors for their 
formation is the continuous accumulation of unconsolidated pyroclastic 
material on steep slopes, often near the repose angle (31-33◦; Wood, 
1980), which progressively reduces slope stability and promotes partial 
failure. Such instability, combined with additional factors, can trigger 
the collapse of the crater rim or the scoria cone flank, producing in turn 
the gravitational remobilization of fresh or poorly consolidated material 
previously accumulated (Di Roberto et al., 2014; Andronico et al., 2018; 
Cole et al., 2005; Calvari et al., 2020; Di Traglia et al., 2023, 2024, 2026; 
Risica et al., 2022; Charbonnier et al., 2023; Zuccarello et al., 2025). 
However, other less frequent mechanisms may also produce PDCs in 
mafic contexts. These include the partial collapse of lava fountains/ 
eruptive columns, the disintegration of unstable lava-flow fronts and the 
explosive interaction between hot lava and snow/wet rocks (Cole et al., 

2005; Behncke et al., 2008; Behncke, 2009; Belousov et al., 2011; Nar
anjo et al., 2024). Although these processes can be comparatively 
considered occasional, they emphasize the heterogeneity of mechanisms 
capable of generating PDCs in mafic volcanoes.

Over the last century, dozens of PDC-forming events have been 
observed at various mafic volcanic systems worldwide, including Mount 
Etna and Stromboli in Italy, Volcán de Fuego in Guatemala, Klyuchev
skoy in Kamchatka, Manam in Papua New Guinea, Arenal in Costa Rica, 
Llaima and Villarrica in Chile (Taylor, 1963; Cole et al., 2005; Behncke, 
2009; Ferlito et al., 2009, 2010; Belousov et al., 2011; Romero et al., 
2018; Breard et al., 2020; Viccaro et al., 2021; Risica et al., 2022; 
Charbonnier et al., 2023; Di Traglia et al., 2023, 2024, 2025, 2026; 
Zuccarello et al., 2025; Global Volcanism Program, 2025). These oc
currences confirm that such phenomena are not exclusive of felsic sys
tems, but they can also involve mafic contexts. Moreover, the 
unpredictable nature and rapid onset of PDCs pose a potential hazard 
both to local communities living on the volcano slopes and to the many 
tourists and hikers who visit them. The associated risk is often under
estimated, as such volcanoes have become popular tourist destinations 
owing to their generally mild and low-intensity eruptive activity.

Among such mafic systems, Mount Etna probably represents the most 
striking case, providing an exceptional opportunity to investigate the 
dynamics and the triggering mechanisms of PDCs. Its frequent explosive 
activity, the well-documented events occurred in recent decades and the 
availability of high-resolution monitoring data make Etna a natural 
laboratory suitable for studying the transition from effusive to explosive 
behavior. In this paper, we present a review of the main triggering 
mechanisms of PDCs at Mount Etna, with a particular focus on the events 
of such kind that have characterized the last 40 years of activity at the 
volcano. A better understanding of these processes is essential not only 
for refining models of eruptive dynamics at mafic volcanoes but also for 
improving the hazard assessment in densely visited or populated vol
canic areas.

2. Terminology

The terminology used to describe density currents generated during 
the explosive activity remains partially ambiguous, particularly in mafic 
volcanic systems where eruptive and gravitational processes frequently 
overlap. In such settings, distinguishing between purely gravitational 
collapses and magmatic phenomena can be challenging, as many flows 
exhibit transitional behaviors between granular avalanches and turbu
lent, particle-laden currents. Following the discussion introduced by 
Behncke et al. (2008), the term PDCs has been generally adopted as a 
broad descriptor for all ground-hugging currents associated, directly or 
indirectly, with eruptive processes, regardless of the dominant driving 
mechanism. The adjective “pyroclastic” emphasizes their high temper
ature, eruptive origin, and the presence of a gas phase that imparts 
fluidization and turbulence to the flow. This broad usage also encom
passes flows generated by the mechanical failure of still-hot deposits or 
by lava-water/snow interactions (Di Roberto et al., 2014; Behncke et al., 
2008; Behncke, 2009; Ferlito et al., 2009, 2010; Belousov et al., 2011; 
Andronico et al., 2018). In contrast, we exclude from this definition 
water-dominated debris flows (lahars), whose rheology is controlled by 
a liquid phase, and purely granular gravitational avalanches lacking a 
sustained turbulent gas support.

Nevertheless, several authors have proposed alternative terminology 
to better describe these flows, depending on their formation mechanism 
and the dominant transport regime. For example, the term “deposit- 
derived PDCs” has been used to refer to currents formed primarily by the 
remobilization of pre-existing tephra rather than direct vent discharge 
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(Branney and Kokelaar, 2002; Risica et al., 2022). Similarly, currents 
resulting from the collapse of crater rims or the gravitational instability 
of proximal deposits are sometimes termed “gravity-induced PDCs” or 
“glowing avalanches” (Salvatici et al., 2016), which have been docu
mented on several mafic to intermediate volcanoes worldwide. Some 
authors have employed the term “pyroclastic avalanche” to describe the 
collapse of portions of scoria cones or crater rims, where the gravita
tional component is clearly involved in the dynamics, displaying me
chanical behavior comparable to granular flows or snow avalanches, 
where the particle regime is dominant (e.g., Behncke et al., 2003; 
Pudasaini and Hutter, 2007; de' Michieli Vitturi et al., 2019; Zuccarello 
et al., 2025). From this perspective, such currents are viewed as gravity- 
driven rather than buoyancy-driven phenomena. However, in many 
cases, the mechanical failure of the volcanic edifice may be triggered by 
magma intrusion or overpressure at shallow levels, which provides the 
driving force for collapse (Ferlito et al., 2009, 2010). As a consequence, 
the generated currents typically display elevated temperatures, 
enhanced turbulence, and gas phase component, features distinguishing 
them from purely gravitational mass movements and indicating that 
these currents remain closely connected to eruptive processes. More
over, currents generated by interactions between lava and snow or by 
the destabilization of hydrothermally altered material have been 
described as “ground-hugging ash and vapor clouds” (Behncke et al., 
2008), a definition that reflects their composite origin and emphasizes a 
flow regime dominated by vapor. Similar phenomena have also been 
defined as “mixed avalanches” (Romero et al., 2018; Breard et al., 2020), 
where the term mixed specifically refers to the involvement of both 
volcanic material and snow/ice.

In this study, we prefer the term Pyroclastic Density Current as a 
general descriptor to encompass all hot, ground-hugging currents asso
ciated with eruptive activity. More specific qualifiers (e.g., deposit- 
derived PDCs or ground-hugging ash and vapor clouds) are employed 
when the triggering mechanisms can be precisely identified and con
strained to specific processes. This framework aims to reduce termino
logical ambiguity while emphasizing that, in mafic volcanic systems, 
eruptive and gravitational processes are not mutually exclusive, but 
rather form a continuum of dynamic behaviors within the broader 
category of PDCs.

3. The volcanic activity of Mount Etna and occurrence of PDCs 
throughout its record

Among all the currently active mafic volcanoes, Mount Etna can be 
probably considered as the one characterized by the most frequent and 
energetic explosive activity. Despite this, its accessibility and the broad 
spectrum of eruptive styles, make it not only a key target for the global 
scientific research and continuous advanced monitoring, but also a 
major attraction for visitors who often witness eruptions from nearby 
viewpoints. Mount Etna is a composite stratovolcano located along the 
Ionian coast of the eastern Sicily in Southern Italy (Fig. 1; Branca et al., 
2023 and references therein), and its eruptions consist of quasi- 
continuous activity at summit craters and less frequent events along 
fissures on its flanks (Branca and Del Carlo, 2005). Although the volcano 
exhibited a predominantly effusive behavior throughout recent histori
cal times (Andronico et al., 2008), its activity can vary considerably in 
eruptive style, magnitude, and intensity (Rittmann, 1973). This 

Fig. 1. View of the summit area of Mount Etna showing the location of the four craters on August 2024 (photo taken by Giorgio Costa). NEC: Northeast Crater; VOR: 
Voragine; BN: Bocca Nuova; SEC: Southeast Crater. The inset shows the regional location of Mount Etna within a simplified geodynamic framework of Southern Italy 
(Images Source: Earthstar Geographics).

G. Costa and M. Viccaro                                                                                                                                                                                                                      Earth-Science Reviews 277 (2026) 105460 

3 



variability is also reflected in the geological record of the past ~100 ka, 
indicating that Etna has occasionally produced Sub-Plinian to Plinian 
eruptions, which have also generated PDCs (Coltelli et al., 2000). These 
include, as examples, the violent eruptions marking the end of the 
Ellittico stage (~15 ka) and the 122 BC eruption (De Rita et al., 1991; 
Coltelli et al., 1998; Branca and Del Carlo, 2004).

Following these explosive events, no phenomena associated with 
PDC production have been mentioned in the catalog of historical erup
tions of Etna over the past 2,000 years, with deposits attributable to their 
formation not identified until the second half of the 1900s. During the 
last century, significant changes have affected the summit area of Mount 
Etna (Guest, 1973). Morphological modifications mainly involved the 
transition from a single Central Crater to four summit craters: the 
Northeast Crater (1911), the Voragine (1945), the Bocca Nuova (1968), 
and the Southeast Crater (1971), hereafter referred to as NEC, VOR, BN 
and SEC, respectively (Fig. 1). These structural and morphological 
changes, coupled with a progressive increase of the frequency of the 
explosive summit activity since 1971 and geochemical modifications of 
erupted magmas in terms of compositions and volatile contents (Métrich 
et al., 2004; Branca and Del Carlo, 2005; Viccaro and Cristofolini, 2008; 
Moretti et al., 2018; Zuccarello et al., 2021, 2022), created conditions 
favorable for the generation of small-volume PDCs, which have become 
increasingly frequent especially over the last 25 years.

Indeed, over the last decades, the summit craters have produced 
several vigorous short-lived eruptions, known as paroxysmal episodes, 
which currently represent one of the most typical eruptive styles of 
Mount Etna (Giuffrida et al., 2023). More than 250 of such episodes have 
been documented, including major sequences in 1977–1978, 1989, 
1998–1999, 2000, 2001, 2007–2008, 2011–2013, 2015–2016, 
2020–2022 and 2024 (Tanguy and Patané, 1984; Viccaro et al., 2014, 
2015, 2016; Giuffrida and Viccaro, 2017; Andronico et al., 2021a; 
Giuffrida et al., 2023). The most intense phases of paroxysmal eruptions 
produce sustained lava jets (typically 400–500 m high but occasionally 
exceeding 1500 m), accompanied by volcanic plumes that may rise up to 
the lower stratosphere (12–15 km a.s.l.) and by lava flows from either 
overflow or newly opened flank fissures (Andronico et al., 2015; 
Andronico et al., 2021a; Corsaro et al., 2017). Although this kind of 
activity does not pose a serious danger to the population living on the 
volcano slopes, it can represent a considerable source of hazard in the 
summit area, particularly for hikers and tourists. The main dangers are 
the ejection of ballistics several kilometers far from the eruptive vent 
(Andronico et al., 2015; Costa et al., 2023) and the production of PDCs 
which may affect some of the most popular touristic areas around the 
summit (Zuccarello et al., 2025).

The first small-volume PDCs were documented between 1986 and 
2000 during highly energetic lava-fountaining episodes at the summit 
craters (Behncke, 2009). Over the following two decades, dozens of 
similar events were recorded, including more voluminous PDCs, high
lighting that this type of phenomenon must be regarded as an essential 
component of the hazard associated with the summit activity. However, 
the eruptive spectrum of Etna is not restricted to paroxysmal eruptions 
and indeed, although more rarely, PDCs have also been generated dur
ing comparatively modest eruptive events (e.g., episodes of mild to 
strong Strombolian activity, lava effusions, or impulsive explosions from 
summit craters).

The main source of these PDC-forming events has been the SEC, 
mainly because the frequent paroxysmal eruptions, which occurred 
especially during the 2000-2001, 2011-2013 and 2020-2022 eruptive 
sequences, caused the rapid growth of the cone due to the accumulation 
of pyroclastic materials on steep slopes (>30◦), making the SEC pro
gressively more unstable and prone to failure (Behncke et al., 2006, 
2014; Ferlito et al., 2009, 2010; De Beni et al., 2015; Andronico et al., 
2018; Zuccarello et al., 2025). Consequently, the most hazardous PDCs 
that occurred at Mount Etna in recent years have been generated by the 
partial collapse of a flank of the SEC, often triggered by the opening of 
new eruptive fractures along its slopes or by increased magma and/or 

fluid pressure within extensively fractured and mechanically weakened 
areas (Norini et al., 2009; Ferlito et al., 2009, 2010; Andronico et al., 
2018; Zuccarello et al., 2025). Other mechanisms for the generation of 
PDCs at Etna have been suggested for past events by Behncke (2009), 
such as: 1) collapse of pyroclastic fountains; 2) gravitational collapse of 
lava flow front or dome-like structure; 3) phreatomagmatic explosions 
resulting from interaction between magma and snow or hydrothermally 
altered rocks.

All eruptions producing PDCs at Etna since 1986, along with their 
respective triggering mechanisms, are listed in Table 1. Most of these 
PDCs exhibited runouts of a few hundred meters, although in some cases 
they extended over 1.5 km from their source. Nowadays, the increasing 
densification of the visual monitoring using INGV-OE and private sur
veillance cameras, together with extensive photographic and video 
documentation by observers, have greatly improved the detection of 
these phenomena. Therefore, the scarcity of such records in the past 
could have resulted in an underestimation of the actual number of PDCs 
at Etna. For instance, poor visibility conditions (e.g., night-time dark
ness, dense cloud cover, or persistent volcanic gas and ash), often 
obscure short-lived phenomena, preventing direct observation and 
documentation (Behncke, 2009). Moreover, the small areal extent of 
many PDC deposits and frequent recurrence of eruptive activity make 
them highly susceptible to rapid burial by subsequent lava or tephra 
(Calvari and Pinkerton, 2002).

It is plausible that possible unrecorded PDCs accompanied some 
paroxysms at the NEC during the late 1970s and 1990s, as well as the 
violent lava fountaining episodes at the VOR in 1998-1999 (Chester 
et al., 1985; Behncke, 2009). More recent analogues may include several 
paroxysmal episodes at the SEC, during which dense ash clouds from the 
flanks of the cone have been observed. However, the absence of optimal 
visibility, often due to night-time darkness or drifting eruptive plumes, 
has prevented a definitive interpretation of these events.

Another possible PDC occurred during the poorly observed “hidden” 
eruption of May 21, 2023, which took place behind a dense cloud cover. 
Analyses of deposits at the southern base of the SEC suggest the presence 
of a confined PDC layer above the lava flow produced during the 
paroxysmal event (De Beni et al., 2024). Nevertheless, the possibility 
that the analyzed material represents reworked debris from the February 
10, 2022 PDC cannot be excluded. This earlier event had produced a 
deep scar on the southern flank of the SEC due to its collapse, and the 
May 21, 2023 lava flow may have simply entrained this loose material.

These examples highlight how poor observational conditions and 
rapid post-eruptive deposition can lead to the underestimation of PDCs 
occurrence at Etna, emphasizing the need for improving field and 
remote-sensing investigations to better constrain their frequency and 
distribution.

4. Triggering mechanisms of PDCs at Mount Etna

4.1. General overview

Although mafic PDCs may, in some respects, resemble the classical 
processes described in felsic systems (e.g., eruptive column collapse, 
lateral blasts, lava-dome collapse), mechanisms responsible for their 
generation often involve processes remarkably different. Recent obser
vations at Mount Etna and other volcanoes (e.g., Stromboli, Volcán de 
Fuego, Klyuchevskoy, Arenal, Villarrica, Llaima), have revealed that 
PDCs may be triggered not only by the eruptive activity, but also by 
gravitational instabilities and complex interactions with external envi
ronmental agents. The triggering mechanisms leading to the generation 
of PDCs in mafic contexts like the Etnean one appears therefore to be 
primarily controlled by three interdependent factors. 

1. Energy of the eruptive activity. Although PDCs are most commonly 
associated with explosive eruptive phases also in mafic volcanic 
system (e.g., vigorous Strombolian episodes, sustained lava 
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Table 1 
List of the 55 eruptive episodes that generated pyroclastic density currents at Mount Etna between 1986 and 2025. For each event, the table reports the date, time, 
eruptive vent, type of activity, inferred triggering mechanism, approximate runout distance and main bibliographic or visual sources. The compilation integrates 
published data, INGV-OE monitoring reports and direct photographic or video documentation collected by observers.

No. of 
event

Date (dd. 
mm.yy)

Time 
(UTC)

Crater Type of activity Mechanism PDC 
lenght

References

1 24/09/ 
1986

16:47 NEC Lava Fountain Lava Fountain collapse ~1 km Murray et al. (1989-1990); Private photos

2 25/09/ 
1999

12:25 BN Strong Strombolian 
Activity/Lava fountain

Failure of the cone/Gravity-induced 
PDC

~0.7 
km

Calvari and Pinkerton (2002); Behncke et al. 
(2003); Private video and photos

3 16/04/ 
2000

12:35 SEC Lava Fountain Lava Fountain collapse/Gravity 
induced PDC

~1 km Behncke (2009); INGV-OE monitoring cameras; 
private photos

4 08/06/ 
2000

10:04 SEC Lava Fountain Lava Fountain collapse/Gravity 
induced PDC

>1 km Behncke (2009); private video and photos

5 14/06/ 
2000

09:26 SEC Lava Fountain Lava Fountain collapse/Gravity 
induced PDC

~0,3 
km

Behncke (2009)

6 16/11/ 
2006

07:14 
09:01 
09:38 
11:47

SEC Strong Strombolian 
episode and effusive 
activity

Gravity-induced PDCs/Failure of the 
cone

n.a. Behncke et al. (2008); private video and photos

7 16/11/ 
2006

14:25 SEC Strong Strombolian 
episode and effusive 
activity

Failure of the cone + Lava-wet rocks 
interaction + Magma decompression

~1.3 
km

Behncke et al. (2008); Behncke (2009); Norini 
et al. (2009); Ferlito et al. (2010); private video 
and photos

8 16/11/ 
2006

14:55 SEC Strong Strombolian 
episode and Effusive 
activity

Lava-wet rocks interaction n.a. Behncke et al. (2008); Behncke (2009)

9 24/11/ 
2006

08:17 SEC Strong Strombolian 
episode and Effusive 
activity

Lava-Wet rocks interaction >1.5 
km

Behncke (2009); Andronico et al. (2014); INGV- 
OE monitoring cameras

10 29/03/ 
2007

n.a. SEC Lava Fountain Lava-Snow interaction ~1 km Behncke (2009)

11 10/04/ 
2011

09:30 SEC Lava Fountain Lava-Snow interaction ~1 km INGV-OE (2011a); private video and photos

12 20/08/ 
2011

07:18 SEC Lava Fountain Gravity-induced PDC n.a. INGV-OE (2011b); private photos

13 05/01/ 
2012

05:45 SEC Lava Fountain Lava-Snow interaction n.a. Private video and photos

14 04/03/ 
2012

07:50 SEC Lava Fountain Gravity-induced PDC n.a. INGV-OE (2012a); private video and photos

15 04/03/ 
2012

07:50 SEC Lava Fountain Failure of the cone + Lava-Snow 
interaction

n.a. INGV-OE (2012a); private video and photos

16 18/03/ 
2012

08:40 SEC Lava Fountain Lava-Snow interaction n.a. INGV-OE (2012b); private video and photos

17 12/04/ 
2012

15:10 SEC Lava Fountain Lava-Snow interaction n.a. INGV-OE (2012c); monitoring cameras; Private 
photos

18 19/02/ 
2013

04:19 SEC Lava Fountain Gravity-induced PDC n.a. INGV-OE (2013a); INGV-OE monitoring 
cameras; private video and photos

19 28/02/ 
2013

10:23 SEC Lava Fountain Flank collapse + Lava-Snow 
Interaction

n.a. INGV-OE (2013b); INGV-OE monitoring 
cameras; private video and photos

20 03/04/ 
2013

14:37 SEC Lava Fountain Flank collapse ~1 km Monitoring cameras; private video and photos

21 03/04/ 
2013

14:57 SEC Lava Fountain Flank collapse ~1,5 
km

Monitoring cameras; Private video and photos

22 12/04/ 
2013

08:54 SEC Lava Fountain Flank collapse ~2 km INGV-OE (2013c); monitoring cameras; private 
photos

23 20/04/ 
2013

16:30 SEC Lava Fountain Lava-Snow interaction n.a. Private photos

24 27/04/ 
2013

17:14 SEC Lava Fountain Gravity-induced PDC ~0.5 
km

Monitoring cameras; private video and photos

25 27/04/ 
2013

17:50 SEC Lava Fountain Gravity-induced PDC ~1 km Monitoring cameras; private video and photos

26 27/04/ 
2013

19:25 SEC Lava Fountain Lava-Snow interaction ~1 km Monitoring cameras; private video and photos

27 26/10/ 
2013

10:12 BN Impulsive Explosion Pyroclastic mixture collapse ~0.2 
km

INGV-OE (2013d); monitoring cameras; private 
photos

28 23/11/ 
2013

10:15 SEC Lava Fountain n.a. n.a. Private photos

29 11/02/ 
2014

06:07 SEC Mild Strombolian and 
Effusive activity

Flank Collapse 2.3 km Andronico et al. (2018); INGV-OE monitoring 
cameras; private video and photos

30 06/12/ 
2015

06:13 SEC Strong Strombolian 
episode

Pyroclastic mixture collapse n.a. INGV-OE (2015); private video and photos

31 06/12/ 
2015

06:57 SEC Strong Strombolian 
episode

Pyroclastic mixture collapse/ 
Gravity-induced PDC

n.a. INGV-OE (2015); private video and photos

32 18/03/ 
2017

17:00 SEC Effusive activity Lava-Snow interaction n.a. INGV-OE (2017); monitoring cameras; private 
video and photos

33 13/12/ 
2020

22:15 SEC Lava Fountain Flank Collapse n.a. Calvari et al. (2022); INGV-OE monitoring 
cameras

(continued on next page)
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fountaining or paroxysmal explosions), occasionally, their genera
tion has also been observed during low-intensity activity (e.g., 
effusive eruptions or weak Strombolian phases). These occurrences 
highlight that PDC formation does not necessarily require highly 
explosive dynamics, but can instead result from a combination of 
interacting factors in conjunction with less energetic eruptive events.

2. Topographic, structural and volcano-tectonic conditions. Topog
raphy represents a key factor for hazard assessment, as it strongly 
influences the initiation, mobility, and potential runout of PDCs 
(Sulpizio et al., 2008, 2014; Andrews and Manga, 2011). Steep slopes 
approaching or exceeding the repose angle are particularly prone to 
gravitational collapse and may favor the mobilization of unconsoli
dated tephra or scoriaceous material accumulated in proximal areas. 
In addition, irregular morphologies such as ridges, channels, or pre- 
existing depressions can control flow confinement, direct flow paths, 
and locally enhance turbulence and particle segregation (Fisher, 
1990, 1995; Sulpizio et al., 2008). These topographic controls 
interact closely with structural and volcano-tectonic conditions that 
govern the mechanical stability of volcanic edifices. Such conditions 
include the fast accumulation of pyroclastic material on steep slopes, 
the development of radial or concentric fracture areas, subsidence 
phenomena and mechanically weakened sectors of the edifice, which 
exert a major control on the stability of volcanic slopes (Romero 

et al., 2021; Darmawan et al., 2022; Zuccarello et al., 2025). The 
combination of these features with magmatic triggers, such as the 
mechanical overpressure exerted by ascending magma and the 
thermo-mechanical weakening of the edifice induced by magma 
intrusion, can promote crater rim failure or partial flank collapse 
(Ferlito et al., 2010; Andronico et al., 2018; Di Traglia et al., 2024; 
Zuccarello et al., 2025). In this context, PDCs are distinguished from 
classical debris avalanches by their direct involvement of hot 
magmatic material, their higher propagation temperatures and their 
pyroclastic nature.

3. Environmental conditions. The presence of snow, ice, water reser
voirs or hydrothermally altered rocks can produce explosive inter
action with magma or lava flows, in some cases generating the 
conditions necessary for the onset of PDCs (Behncke et al., 2008).

The main triggering mechanisms for PDC development recently 
observed at Mount Etna can be therefore synthetized as follows: a) 
instantaneous collapse of a lava fountain/column (Fig. 2a); b) PDCs 
induced by gravitational collapses (Fig. 2b-c); c) lava-snow/lava-wet 
rocks interaction (Fig. 2d). These are discussed in the following sec
tions, providing specific examples of their occurrences.

Table 1 (continued )

No. of 
event 

Date (dd. 
mm.yy) 

Time 
(UTC) 

Crater Type of activity Mechanism PDC 
lenght 

References

34 13/12/ 
2020

22:16 SEC Lava Fountain Flank Collapse ~2 km Calvari et al. (2022); INGV-OE monitoring 
cameras

35 13/12/ 
2020

22:30 SEC Lava Fountain Flank Collapse n.a. Calvari et al. (2022); INGV-OE monitoring 
cameras

36 18/01/ 
2021

20:30 SEC Lava Fountain Lava-Snow interaction n.a. Private photos

37 16/02/ 
2021

16:05 SEC Lava Fountain Gravity-induced PDC ~1.5 
km

INGV-OE (2021a); monitoring cameras; private 
video and photos

38 16/02/ 
2021

16:30 SEC Lava Fountain Lava-Snow interaction n.a. INGV-OE (2021a); monitoring cameras; private 
video and photos

39 19/02/ 
2021

09:50 SEC Lava Fountain Gravity-induced PDC + Lava-Snow 
interaction

~1 km Private video and photos

40 24/02/ 
2021

21:23 SEC Lava Fountain Gravity-induced PDC n.a. INGV-OE (2021b); monitoring cameras; private 
video and photos

41 28/02/ 
2021

08:21 SEC Lava Fountain Lava Fountain collapse n.a. INGV-OE (2021b); INGV-OE monitoring 
cameras

42 24/03/ 
2021

02:36 SEC Lava Fountain Gravity-induced PDC >1.5 
km

INGV-OE (2021c); monitoring cameras; private 
video and photos

43 23/10/ 
2021

08:48 SEC Lava Fountain Flank collapse <1.5 
km

INGV-OE (2021d); monitoring cameras; private 
video and photos

44 23/10/ 
2021

09:00 SEC Lava Fountain Flank collapse ~1.5 
km

INGV-OE (2021d); monitoring cameras; private 
video and photos

45 23/10/ 
2021

09:58 SEC Lava Fountain Flank collapse ~0.5 
km

INGV-OE (2021d); monitoring cameras; private 
video and photos

46 10/02/ 
2022

20:34 SEC Lava Fountain Gravity-induced PDC n.a. INGV-OE (2022a); monitoring cameras; private 
video and photos

47 10/02/ 
2022

20:40 SEC Lava Fountain Lava Fountain collapse/Gravity 
induced PDC

n.a. INGV-OE (2022a); monitoring cameras; private 
video and photos

48 10/02/ 
2022

21:26 SEC Lava Fountain Flank-collapse ~1.4 
km

Zuccarello et al. (2025);  
INGV-OE (2022a); monitoring cameras; private 
video and photos

49 21/02/ 
2022

12:21 SEC Lava Fountain Gravity-induced PDC n.a. Monitoring cameras; private video and photos

50 12/05/ 
2022

17:00 SEC Effusive activity Lava-Snow interaction n.a. Private video

51 21/05/ 
2022

21:09 SEC Mild Strombolian and 
effusive activity

Gravity-induced PDC ~0.7 
km

INGV-OE (2022b); INGV-OE monitoring 
cameras

52 14/08/ 
2023

01:58 SEC Lava Fountain Lava Fountain collapse n.a. INGV-OE (2023a); INGV-OE monitoring 
cameras; private video and photos

53 13/11/ 
2023

19:41 SEC Lava Fountain n.a. ~2 km INGV-OE (2023b); INGV-OE monitoring 
cameras

54 01/12/ 
2023

18:05 SEC Lava Fountain Gravity-induced PDC n.a. INGV-OE monitoring cameras

55 02/06/ 
2025

09:23 SEC Lava Fountain Flank collapse + Snow interaction +
Magma decompression

~3 km INGV-OE (2025); INGV-OE and private 
monitoring cameras; private video and photos

Data from published reports by the INGV – Etnean Observatory available at www.ct.ingv.it.
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4.2. Instantaneous collapse of a lava fountain/column

The instantaneous collapse of a lava fountain may occur under both 
impulsive and sustained eruptive regimes, depending on the mass 
eruption rate, ejection velocity, and efficiency of atmospheric air 
entrainment (Branney and Kokelaar, 2002; Auer et al., 2025). Sustained 
fountain-fed collapses have been documented during prolonged jetting 
phases, generating large and destructive PDCs under favorable topo
graphic and dynamic conditions (Hall et al., 2013). In eruptions fed by 
mafic magma, however, this mechanism is predominantly an impulsive 
phenomenon, generating highly unsteady currents usually sustained for 
short periods (few minutes) and having consequently short run-out 
distances. In some cases, particularly during intense lava fountaining 
episodes with a pulsating regime, the pyroclastic mixture may become 
unable to maintain the jet-like behavior of the fountain. This process 
appears similar to that described for PDCs produced through the 
“boiling-over” regime, although in this latter case typically there is no 
development of an eruptive column. Boiling-over eruptions are gener
ally marked by high mass eruption rates and relatively low ejection 
velocities, which hinder the entrainment of sufficient atmospheric air for 
the pyroclastic mixture to achieve buoyancy (Branney and Kokelaar, 
2002; Dufek and Bergantz, 2007; Rader et al., 2015). Thus, most of the 
emitted material, characterized by a higher density than the surround
ing atmosphere, collapses toward the ground instead of rising vertically, 
producing a PDC. Similarly, although with different dynamics and 
erupted volumes, mafic volcanoes may also generate short-lived 
impulsive collapses. In such cases, beyond mass eruption rate and 
ejection velocity, parameters such as volatile content and conduit ge
ometry can exert a key influence for promoting a pulsating fountain 
regime or the development of oblique lava fountains.

The first studies on the matter have evidenced that lava fountain or 
pyroclastic fountain collapse represent one of the most common trig
gering mechanisms for PDC generation at Mount Etna (Behncke, 2009). 
In particular, lava fountain collapse can occur either when the mass 

eruption rate is particularly high during intense paroxysmal episodes, or 
when incandescent jets are emitted obliquely and are strongly sustained 
only for short time. The resulting hot, fragmented material rapidly flows 
down the steep flanks of the summit cones, generating small PDCs that 
typically travel only a few tens to hundreds of meters from the source, 
rarely exceeding 1 km in length. However, it is worth noting that this 
mechanism has been observed much less frequently over the past 15 
years.

The most remarkable case is likely represented by the first docu
mented PDC on Etna, which occurred during the violent Sub-Plinian 
eruption of the NEC on September 24, 1986 and was carefully 
described by Murray et al. (1989). During this paroxysmal eruption, 
several observers photographed dark ash clouds descending up to ~1 
km down the eastern flank of the NEC cone (Fig. 3a). According to 
Murray et al. (1989), the scarcity of lithic clasts and the limited thickness 
of the deposit suggest that it did not result from a flank collapse, a 
conclusion further supported by the lack of morphological evidence of 
failure along the NEC crater rim after the eruption. Instead, the authors 
proposed that this PDC originated from a boiling mixture of pyroclastic 
material and gas or from the partial collapse of the eruptive column.

Other, less intense events ascribed to similar mechanisms were 
mentioned by Behncke (2009), who reported small PDCs occurring 
during the culminating phase of several paroxysmal episodes at the SEC 
in 2000 (e.g., April 16, June 6 and 14). However, it cannot be excluded 
that, in addition to fountain collapse, gravitational sliding of incandes
cent material rapidly accumulated on the steep cone flanks also 
contributed to their generation.

Additional small PDCs, which traveled only a few hundred meters, 
were documented by several observers on October 26, 2013, following 
an impulsive explosion from the BN crater, and on December 6, 2015, 
when a small vent located on the upper eastern flank of the SEC pro
duced some short-lived PDCs during a vigorous Strombolian episode 
(Fig. 3b). Finally, two more recent examples of small PDCs related to 
mechanisms of such kind occurred during the paroxysmal episodes of 

Fig. 2. The main mechanisms triggering PDCs at Mount Etna: a) Lava fountain or column collapse; b) Gravitational sliding of hot pyroclastic deposits (right) or 
fragmentation of advancing lava fronts (left); c) Flank cone collapse; d) Explosive lava-snow interaction.
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the SEC on February 28, 2021 and August 14, 2023.
In recent decades also partial collapse of the eruptive column 

occurred at other mafic volcanoes, especially at Stromboli, such as 
during the paroxysmal explosions of 2019 and 2024 or, occasionally, 
following some major explosions (Métrich et al., 2021; Andronico et al., 
2021b; Giordano and De Astis, 2021; Viccaro et al., 2021; Giordano 
et al., 2026). This mechanism has also been described during explosive 
basaltic eruptions at Manam in Papua New Guinea (Taylor, 1963), 
Masaya in Nicaragua (Pérez and Freundt, 2006; Wehrmann et al., 2006) 
and Arenal in Costa Rica (Cole et al., 2005).

4.3. PDCs induced by gravitational collapses

PDCs at mafic volcanic systems may also originate through mecha
nisms linked to the gravitational instability of proximal, hot and/or 
unconsolidated material deposited usually along steep slopes of the 
volcanic edifice (Salvatici et al., 2016; Risica et al., 2022; Di Traglia 
et al., 2024; Zuccarello et al., 2025). Recent observations reveal that 
PDCs related to gravitational instabilities occur with greater frequency 
than previously documented and likely represents the most common 
process responsible for their generation in mafic systems. In recent 
years, this type of events have been repeatedly documented at Etna 
(Behncke et al., 2008; Norini et al., 2009; Ferlito et al., 2009, 2010; 

Andronico et al., 2018; Zuccarello et al., 2025), Stromboli (Salvatici 
et al., 2016; Calvari et al., 2020; Di Traglia et al., 2018; Re et al., 2022; 
Di Traglia et al., 2024), Klyuchevskoy (Dvigalo and Melekestsev, 2000), 
Volcán de Fuego (Davies et al., 1978; Risica et al., 2022), and Arenal 
(Alvarado et al., 2023).

In this regard, two end-members can be recognized, which differ 
substantially in the process that initiate failure and, consequently, in the 
dynamics of the PDC. The first end-member (Fig. 2b) involves the 
gravitational collapse or sliding of freshly emplaced, hot pyroclastic 
deposits accumulating on steep volcanic slopes (Di Roberto et al., 2014; 
Salvatici et al., 2016; Di Traglia et al., 2024, 2026). In some cases, the 
slope inclination of these volcanoes exceeds the internal friction angle of 
the pyroclastic material. In these conditions, the accumulation of newly 
erupted material can lead to overloading, causing the subsequent 
remobilization of the rocks and triggering the downslope movement of 
both the accumulated tephra and the underlying deposits, as observed at 
several mafic volcanoes (Valentine et al., 2000; Behncke et al., 2003; 
Salvatici et al., 2016; Risica et al., 2022; Di Traglia et al., 2024, 2026). 
Although these PDCs can involve also the pre-existing deposited mate
rial, they can travel at extremely high temperatures, covering distances 
ranging from a few hundred meters to several kilometers from their 
source (Lube et al., 2007; Lerner et al., 2022).

This process has been occasionally documented at Mount Etna 

Fig. 3. a) The first PDC documented on Etna during the violent paroxysm produced by the NEC on the afternoon of September 24, 1986, caused by the instantaneous 
collapse of the lava fountain. Photos taken by Vittorio Scribano. b) A small PDC produced during an episode of Strombolian activity at the SEC on the morning of 
December 6, 2015, caused by the sudden collapse of the pyroclastic mixture. Photos taken and kindly provided by Walter Contarino.
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during the climax of paroxysmal episodes, where the accumulation of 
incandescent spatter on steep slopes may lead to partial gravitational 
collapse. In this case, collapses of unstable hot material typically 
generate small PDCs that travel only short distances, usually losing 
mobility and coming to rest once they reach the slope break at the base 
of the summit craters. More rarely, the detachment of larger and hotter 
portions of unstable material has produced slightly more voluminous 
PDCs with runout up to ~1 km. Representative examples include the 
paroxysmal episodes of February 19, 2013 (Fig. 4a), February 16, 2021 
(Fig. 4b), February 24, 2021 (Fig. 4c) and March 24, 2021, which 
occurred at night and displayed the incandescent glow of the PDCs, 
indicative of their high temperatures of emplacement.

In other instances, this mechanism does not coincide with the 
climactic phase of eruptions, but occurs tens of minutes to hours later (Di 
Roberto et al., 2014; Salvatici et al., 2016; Charbonnier et al., 2023). At 
Stromboli, for example, substantial amounts of still-fluid scoria accu
mulate on the steep slopes of the Sciara del Fuoco especially during 
paroxysmal or major explosions, leading to gravitational failures caused 
by overload of material (Di Roberto et al., 2014; Salvatici et al., 2016; 
Calvari et al., 2020). A more voluminous analogue occurred at Volcán de 
Fuego in 2018, where the partial collapse of hot pyroclastic material 
around the summit mobilized ~0.04 ± 0.01 km3 of debris and generated 
a 12-km-long PDC (Risica et al., 2022; Charbonnier et al., 2023). This 
mechanism has also been proposed for the generation of PDCs produced 
at Vesuvius during the 1779, 1822, 1906 and 1944 eruptions (Monticelli 
and Covelli, 1823; Perret, 1924; Hazlett et al., 1991; Arrighi et al., 
2001). More rarely, gravity-induced PDCs at Mount Etna, Stromboli and 
Klyuchevskoy may be also facilitated by the fragmentation of advancing 
lava fronts, due to the detachment of hot blocks at slope break points 
(Dvigalo and Melekestsev, 2000; Calvari et al., 2020).

In contrast, the second end-member (Fig. 2c) is related to structural 
failure of crater rims or cone flanks not only by gravity, but also by 

magma pressurization and intrusion within shallow and weakened 
sectors of the volcanic edifice. In this case, the mechanical destabiliza
tion is enhanced by magmatic injection (Ferlito et al., 2009, 2010; 
Andronico et al., 2018; Di Traglia et al., 2024), potentially leading from 
small-scale rockfalls to localized PDCs involving unstable portions of 
pyroclastic cone flanks. This mechanism has been repeatedly docu
mented at Etna and Stromboli over the last decade, where the combi
nation of steep topography and frequent eruptive activity from the 
summit craters promotes the accumulation of heterogeneous volcani
clastic materials interbedded with lava flows of varying thickness, 
making some sectors particularly prone to instability phenomena 
(Kokelaar and Romagnoli, 1995; Tibaldi, 2001; Apuani et al., 2005; 
Andronico et al., 2018; Di Traglia et al., 2018, 2024; Zuccarello et al., 
2025).

Although flank collapses are partially controlled by the gravitational 
force, as in the case of gravity-induced PDCs, the mechanisms leading to 
their failure are often more complex and cannot be attributed to a single, 
purely gravitational process. Several concurrent factors can contribute 
to trigger such events. In addition to the rapid accumulation of hot, 
unconsolidated pyroclastic material in proximal areas, which promotes 
mechanical instability along the volcanic flanks, the persistence of 
elevated temperatures within these deposits further decreases inter
granular cohesion. This thermally induced weakening is particularly 
enhanced under conditions of high eruption frequency, when successive 
emplacement of new, hot layers over previously deposited ones occurs 
within time spans of only a few days or weeks. According to Zuccarello 
et al. (2025), this process prevents effective cooling and facilitates 
subsequent remobilization. Moreover, further weakening can be asso
ciated with the presence of volcanic fluids within fractures or cracks, 
which significantly affect the structural integrity of the cone by reducing 
the mechanical strength of the rocks through fumarolic alteration (Reid 
et al., 2001; Romero et al., 2021; Heap et al., 2022), as recently observed 

Fig. 4. a) Sequence of frames extracted from a video kindly provided by Klaus Dorschfeldt, showing how the downslope sliding of a massive fall of incandescent 
material on the southern flank of the SEC triggered a PDC during the climax of the February 19, 2013 paroxysmal episode. b) During the initial phase of the paroxysm 
occurred on the afternoon of February 16, 2021, the rapid accumulation of bombs and scoria, combined with the onset of lava effusion, led to the downslope sliding 
of hot material from the eastern edge of the SEC, generating a PDC that propagated along the western wall of the Valle del Bove. Photo taken and kindly provided by 
Alfio Campo. c) The PDC produced during the peak of the paroxysmal episode that occurred on the evening of February 24, 2021, due to the sliding of unstable 
material induced by intense explosive activity on the eastern flank of the SEC (photo taken by Marco Viccaro).
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also in lava domes (Darmawan et al., 2022). Finally, pressurization 
related to magma intrusion, the expansion of the hydrothermal fluids 
overheated by the magma, or the opening of eruptive fractures some
times accompanied by a sudden increase in lava effusion rates, can act as 
an additional, decisive destabilizing factor (Ferlito et al., 2009, 2010; 
Andronico et al., 2018; Zuccarello et al., 2025). When these processes 
occur simultaneously, they can strongly enhance slope instability and 
ultimately promote flank collapse and the generation of PDCs.

Among the flank collapses recently observed at Etna, the most vol
uminous and significant have occurred from the SEC during the past two 
decades (Fig. 5; Andronico et al., 2018; Zuccarello et al., 2025). The 
related PDCs displayed a range of volumes, runouts, thicknesses, and 
component proportions, reflecting variable boundary conditions at the 
time of the emplacement. Among the recent best-documented and 
described flank collapse events are those of February 11, 2014 (Fig. 5a; 
Andronico et al., 2018), February 10, 2022 (Fig. 5c; Zuccarello et al., 
2025) and June 2, 2025 (Fig. 5d; Fig. 6). In addition, other important 
PDC-forming episodes occurred on December 13–14, 2020 and October 
23, 2021 (Fig. 5b), but the intense eruptive activity that followed in the 
subsequent weeks rapidly buried the deposits beneath lava flows and 
fresh tephra, preventing detailed investigation. Table 2 summarizes the 
main characteristics of the most significant PDC events associated with 
flank collapse at the SEC.

It is worth noting that, in the case of Mount Etna, PDCs induced by 
small sector collapse always occur in conjunction with eruptive epi
sodes, indicating a close correlation with volcanic activity. Although 

most of PDCs triggered by flank-failure of the SEC have occurred during 
intense paroxysmal eruptions, it is important to highlight that such 
phenomena can occasionally develop also during less vigorous eruptive 
episodes. For instance, the PDC of February 11, 2014 was generated 
during a rather weak eruption, characterized by mild, discontinuous 
Strombolian explosions from several vents at the top of the SEC and 
effusive activity along its eastern flank (Fig. 5a). Andronico et al. (2018)
suggested that the sector collapse occurred on February 11, 2014 at 
06:07 UTC resulted from the progressive thermal and mechanical 
weakening of the cone exerted by pervasive hydrothermal alteration, as 
well as by repeated magma intrusions during the preceding weeks.

Similarly, the PDC that occurred on June 2, 2025 took place during a 
relatively low-energy paroxysm (Fig. 5d), especially when compared 
with the major lava fountains that affected the same crater between 
2020 and 2023 (Giuffrida et al., 2023; Cardone et al., 2024). Never
theless, this event is noteworthy for producing the most voluminous PDC 
recorded at Etna in recent decades. Although the partial collapse of the 
northern flank of the SEC, triggered by the opening of a shallow eruptive 
fracture, likely represents the primary mechanism responsible for the 
June 2, 2025 PDC, observational data suggest that other concurrent 
factors further affected the dynamics of the current (e.g., mechanical 
weakening induced by fumarolic activity and localized lava-snow 
interaction). The role of these additional processes, which influenced 
both the onset and later development of the PDC, will be discussed in 
detail in Section 4.4.

A comparable interpretation was also proposed by Zuccarello et al. 

Fig. 5. Some of the largest PDCs recorded on Etna in recent decades, caused by the collapse of part of the SEC flank. a) The PDC occurred on the morning of February 
11, 2014, due to the partial collapse of the eastern side of the SEC, photographed by Toti Domina. b) One of the numerous PDCs that occurred during the peak of the 
paroxysmal episode of October 23, 2021, photographed by Fabrizio Zuccarello. c) The large PDC produced on the evening of February 10, 2022, following the 
collapse of the southern flank of the SEC during a violent paroxysmal eruption. Frame taken from a video kindly provided by Michele Mammino. d) The PDC of June 
2, 2025, produced during a relatively modest paroxysmal eruption of the SEC (photo taken by Klaus Dorschfeldt).
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(2025) for the violent February 10, 2022 paroxysmal eruption (Fig. 5c), 
during which the PDC generated by the partial collapse of the southern 
flank of the SEC was attributed to the combined effects of ongoing 
eruptive activity and the progressive structural modification of the cone 
through hydrothermal alteration and the accumulation of fresh pyro
clastic material. Indeed, the combined effects of rapid cone growth 
during paroxysmal sequences and diffuse degassing between quiescent 
intervals, result in substantial structural weakening of the edifice that 
can locally predispose specific sectors to failure. As these conditions can 
arise periodically across successive eruptive phases, instability may 
repeatedly concentrate within the same mechanically fragile portions of 
the edifice, which can be reactivated by the opening of eruptive frac
tures even after partial cone regeneration. This interpretation is 
consistent with the PDCs emplaced during the December 13–14, 2020 
paroxysmal episode, which originated from the same sector later 
involved in the February 10, 2022 collapse (Zuccarello et al., 2025).

The occurrence of PDCs during both intense and weak eruptive ep
isodes suggests that gravitational instability is an intrinsic feature on the 
summit area of Mount Etna, capable of producing significant collapse 
events under a wide range of eruptive conditions.

4.4. Lava-snow/lava-wet rock interaction

When lava comes into contact with thick snow or ice cover, surface 
water bodies, or wet ground, it can trigger violent explosive interactions, 
leading to the production of hydromagmatic explosions, which are often 
sudden and unpredictable (Fisher and Schmincke, 1984; Morrissey 

et al., 2000). In active lava flows, the presence of a molten core can 
reduce permeability, while low-permeability substrates or surface de
pressions favor vapor accumulation and may trigger explosive events 
when steam pressure exceeds the confining lava pressure (Morrissey 
et al., 2000; Cioni et al., 2024). Such events have been documented for 
several lava flows in Hawaii (Mattox and Mangan, 1997), Kamchatka 
(Vinogradov and Muravyev, 1985; Belousov, 1996; Belousov et al., 
2011), Iceland (Hamilton et al., 2010), and Italy (Behncke et al., 2008; 
Behncke, 2009; Belousov et al., 2011; Cioni et al., 2024).

Since such phenomena are considered less frequent than primary 
explosive activity, hydromagmatic explosions at mafic systems and their 
associated products have received comparatively little attention. Dy
namics leading to the generation of PDCs or ground-hugging ash and 
vapor clouds triggered by explosive interactions between lava and snow 
or hydrothermally altered substrates are complex and certainly requires 
deepening of their investigation. The interaction results in the frag
mentation of rock, producing abundant high-temperature pyroclastic or 
hydroclastic material, which is significantly denser than air. Conse
quently, only a small portion of the mixture rises vertically, while most 
of it collapses, generating a PDC typically decoupled into a dilute, base 
surge–like current (where clasts are likely supported by fluid turbu
lence) and a more confined basal avalanche (Fisher, 1995; Branney and 
Kokelaar, 2002; Belousov et al., 2011). Ground-hugging ash and vapor 
clouds are generally characterized by lower temperatures than those 
produced by purely magmatic processes, but they remain sufficiently 
high to be considered potentially lethal and deadly, especially because 
of their high steam content (Behncke et al., 2008).

Fig. 6. Map of the summit area of Mount Etna including the summit craters, the Valle del Bove and the most important locations mentioned in the text indicated by 
yellow stars (Image Source: Earthstar Geographics). The map shows the main deposits produced by the PDCs triggered by the partial flank collapse of the SEC on 
February 11, 2014 (from Andronico et al., 2018), December 13, 2020 (derived from Sentinel satellite image of December 15, 2020), February 10, 2022 (derived from 
Skysat satellite image of February 14, 2022), and June 2, 2025 (derived from Sentinel satellite image of June 2, 2025). The dotted white line indicates the track used 
by jeeps, tourists, and hikers to reach the summit area of the volcano.
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Table 2 
Summary of the most significant and well-documented eruptive episodes that generated Pyroclastic Density Currents at Mount Etna in recent years. For each event, the 
table reports a brief description of the eruptive context, estimated erupted volume, altitude (A), flow velocity (V), runout distance (R), and temperature (T). Data are 
derived from published sources, INGV-OE monitoring reports and field observations.

Date (dd. 
mm.yy)

Brief description Volume (m3) A (m s.l.m.) V (m/s) R 
(km)

T 
(◦C)

References

11/02/ 
2014

The PDC occurred during an episode of mild 
Strombolian activity and lava effusion from the 
SEC, which began on January 21, 2014. At 06:06 
GMT on February 11, a weak ash emission from the 
effusive area on the eastern flank of the cone 
preceded the detachment of a portion of it, from 
which PDC was originated. The triggering 
mechanism proposed by Andronico et al. (2018)
was likely linked by progressive destabilization of 
the eastern flank due to the presence of effusive 
vents and continuous passage of hot magma and 
gases, with a final collapse likely induced by a 
transient increase in magma flux.

0.82-1.29 × 106 ~1900 ~40 2.3 >750 Andronico et al. (2018)

13/12/ 
2020

At 22:00 GMT on December 13, 2020, the eruptive 
activity at SEC rapidly intensified, culminating into 
paroxysmal episode. Shortly after the onset of the 
lava fountains, a series of collapses affected the 
southern flank of the cone, generating three PDCs at 
23:15, 23:16, and 23:30 GMT, all directed 
southwestward. The first and third flows were 
relatively small, traveling only a few hundred 
meters, whereas the second was larger. The PDCs 
were likely triggered either by the sudden failure of 
unconsolidated pyroclastic material accumulated 
over previous months or by magma pressure 
induced on the southern wall of the SEC.

n.a. ~2800 ~40* ~2 n.a.
Calvari et al. (2022); 
Zuccarello et al. (2025)

10/02/ 
2022

On the evening of February 10, 2022 an intense 
lava fountaining episode occurred at the SEC. 
Numerous small PDCs were observed on the 
southern and southeastern flanks of the SEC during 
the climax phase, each traveling ~1 km. These 
were triggered mainly by gravitational collapse of 
incandescent, poorly consolidated pyroclastic 
material and, occasionally, by partial collapse of 
the lava fountain itself. 
At 21:26 GMT, the most voluminous PDC occurred, 
generated by collapse of the southwestern flank. 
The triggering mechanism proposed by Zuccarello 
et al. (2025) involves the opening of an effusive 
vent on the southern flank during the lava fountain 
phase, combined with rapid accumulation of hot 
pyroclasts from preceding paroxysms and structural 
weakening from high-temperature hydrothermal 
alteration, ultimately leading to flank failure.

1.6 ± 0.4 × 106 ~2750 ~30 1.4 >450 Zuccarello et al. (2025)

02/06/ 
2025

During the climax of a relatively modest 
paroxysmal eruption at the SEC on the morning of 
June 2, 2025 intense degassing began near the 
northern rim of the cone. Pulses of ash-laden gas 
and water vapor, varying in color from whitish to 
brownish-red, were intermittently emitted from the 
upper northern flank and became progressively 
more frequent. At 09:23 GMT, strong magma 
overpressure along the northern wall of the cone 
triggered a sector collapse, generating an avalanche 
of pyroclastic material. Upon reaching the base of 
the SEC, a strong explosive interaction occurred, 
leading to the formation of a large PDC that 
propagated downslope into the Valle del Leone, 
continuing toward Serra delle Concazze and Monte 
Simone. The trigger mechanism for this event is 
partially comparable to the PDC occurred on 
February 10, 2022. However, the strong explosive 
interaction at the base of the SEC was likely 
triggered by the sudden decompression of a lateral 
dyke, induced by the sliding of the northern flank of 
the cone.

1.0 × 0.3 × 106 ~2050 ~38 ~3 >100
INGV-OE (2025); INGV-OE 
monitoring cameras
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Mount Etna is frequently affected by substantial winter precipitation, 
which typically results in a nearly continuous snow cover above 2500 m 
a.s.l., sometimes persisting until late spring. In some cases, snow 
thickness can reach several meters, particularly after prolonged snowfall 
or due to wind-driven accumulation. Moreover, tephra layers produced 
during the eruptive activity often blanket and protect underlying snow, 
allowing it to remain preserved within the substrate for years, some
times to depths of several tens of meters below the surface (Belousov 
et al., 2011). Strong explosive interactions between lava flows and wet 
rocks or snow/ice have been repeatedly observed on Etna over the past 
25 years. The first well-documented cases occurred in November 2006, 
during intense Strombolian activity at the SEC, and later minor events 
were recorded in March 2007 and May 2008 (Behncke et al., 2008; 
Behncke, 2009; Belousov et al., 2011). Such explosive interactions 
became more frequent during the paroxysmal sequences between 
2011–2013 and 2020–2022. Occasionally, these events produced 
ground-hugging ash and vapor clouds, as well as small lahars resulting 
from the rapid melting of snow in contact with incandescent rocks. In 

most cases, these phenomena occurred within the Valle del Bove, asso
ciated with lava flows descending steep slopes or entering morpholog
ical depressions containing snow (e.g., April 10, 2011, Fig. 7a; March 4, 
2012, Fig. 7b; March 18, 2012). In other instances, the interactions that 
triggered small PDCs took place along the steep flanks of the SEC, 
following the heavy fallout of incandescent pyroclastic material during 
lava fountain episodes (e.g., January 5, 2012; March 4, 2012; February 
16, 2021). Although these PDCs rarely exceeded 1 km in length, the 
numerous explosive interactions observed on Etna in recent decades 
clearly demonstrate that the presence of extensive snow and ice-covered 
areas, or hydrothermally altered and fluid-saturated rocks, can represent 
an additional potential factor for triggering such events in the summit 
area.

In addition to Mt. Etna, events of this type have been reported during 
eruptions of Klyuchevskoy in Kamchatka, Llaima and Villarrica in Chile, 
Pavlof in Alaska, La Palma and Hekla in Iceland (Behncke et al., 2008; 
Behncke, 2009; Belousov et al., 2011; White and Schmincke, 1999; 
Romero et al., 2018; Breard et al., 2020). A critical observation 

Fig. 7. a) Violent explosive interaction between a lava flow and snow inside the Valle del Bove, resulting in the formation of dense clouds of steam and ash. Frames 
extracted from a video shot by Antonio De Luca during the paroxysmal activity of the SEC on April 10, 2011. b) During the climax phase of the paroxysmal episode 
occurred on the morning of March 4, 2012, an eruptive fracture formed on the southern flank of the SEC. The violent interaction between the lava and the snowpack 
on the steep slope of the cone triggered a series of PDCs (frames extracted from a video kindly provided by Marco Di Marco).

Fig. 8. Start and development of PDC at the base of the SEC on the afternoon of November 16, 2006. Both a dark component linked to explosive activity and a vapor 
component due to interaction with moisture-impregnated rocks can be observed, highlighting the combination of several interlinked factors (frames extracted from a 
video shot by Simone Genovese).
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highlighted by Belousov et al. (2011) is that these events generally 
occurred on relatively steep slopes, an aspect that links many of the 
mechanisms described to date. This observation demonstrates that lavas 
with similar physical properties, when emplaced on gentle slopes over 
water- or ice-saturated substrates, tend to produce secondary explosions 

of much smaller magnitude, typically without the formation of PDCs, 
although with few exceptions. According to the authors, in the cases 
studied at Klyuchevskoy and Etna, gravitational sliding of a portion of 
the lava flow on steep slopes, induced initial mechanical fragmentation 
and intense intermixing between lava and water-saturated substrate, 

Fig. 9. Evolution of the dynamics that led to the formation of the PDC on June 2, 2025. a) Lava fountain activity at the SEC and start of fumarolic activity on the 
northern edge of the cone. b) Formation of dense steam clouds produced by the opening of the eruptive fracture on the upper flank of the SEC. c) Start of the lava flow 
directed towards the base of the cone. d) Initial phase of the collapse of the northern flank of the SEC. e) Dense clouds of steam and ash produced by interaction with 
buried snow. f) Violent explosive interaction at the base of the SEC, which gave rise to the PDC. g) Propagation of the PDC into the Valle del Leone. h) Rise of the PDC- 
ash cloud, pushed by the wind towards NW. Photos taken and kindly provided by volcanological guide Giuseppe Quaceci (a, b, c, d), by Pippo Scarpinati and Guy de 
Saint-Cyr (e, f) and Salvatore Lo Giudice (h).
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which in turn triggered the explosions and the resulting PDCs.

4.5. Complex or combined triggering mechanisms

Although the majority of PDCs at Mount Etna can be attributed to a 
single dominant triggering process, some events reveal a more complex 
interplay between different mechanisms acting simultaneously. In such 
cases, multiple factors, including structural instability, magma over
pressure, or explosive interaction between magma and external water 
source, may contribute to the initiation or amplification of the current, 
making difficult the attribution to a single triggering mechanism.

A representative example is the November 16, 2006 event, which 
remains one of the most debated regarding its origin. On November 16, 
2006, an eruptive episode occurred at the SEC, characterized by 
vigorous Strombolian activity from the summit vent and the emission of 
lava flows along its southeastern flank. Since the beginning of the 
eruptive activity, in the morning of November 16, a dynamic charac
terized by the intrusion and the erosion exerted by the lava on the steep 
slope of the cone, caused slow slumping of the southeastern sector of the 
SEC, producing multiple rock-falls and small PDCs (Behncke et al., 2008; 
Ferlito et al., 2009, 2010). Intermittent interactions between lava and 
wet slumping material triggered also minor secondary explosions, 
emitting steam and ash clouds (Belousov et al., 2011). At 14:27 UTC, a 
major explosive sequence occurred at the southeastern base of the SEC, 
producing the largest PDC of the eruptive episode (Fig. 8), which 
propagated ~1.3 km toward ESE at an estimated speed of 75-100 km/h 
(Behncke et al., 2008; Norini et al., 2009; Ferlito et al., 2009, 2010; 
Belousov et al., 2011). Another explosive event producing ground- 
hugging vapor and ash clouds occurred at approximately 14:54 UTC, 
although it has been much less well documented than the first PDC 
(Behncke et al., 2008).

The origin of the largest PDC occurred on November 16, 2006 has 
been discussed in several ways, as the complexity of the processes acting 
during this eruptive episode do not allow a straightforward interpreta
tion. In particular, Behncke et al. (2008, 2009) interpreted the event as a 
result of the explosive interaction between hot lava flow and water- 
saturated, hydrothermally altered material involved in a slow slump
ing process on the southeastern flank of the SEC. According to these 
authors, the noiseless and rootless explosions occurred within the 
slumping block, where lava intruding into wet, unstable deposits, trig
gered rapid vaporization and the generation of PDC. The current was 
decoupled into a fast, dense, dark undercurrent confined by topography, 
overlain by a slower, more diffuse, steam-rich cloud containing minor 
pyroclastic material.

In contrast, Norini et al. (2009) suggested that the PDC originated 
from the lateral collapse of the SEC flank, progressively weakened by the 
structural instability of the rapidly growing cone and by lava erosion. In 
this interpretation, the event was mainly the product of gravitational 
failure and remobilization of loose, altered material, with limited 
explosive contribution. Lava flow erosion, together with repeated minor 
rockfalls and slumping observed hours before the event, are interpreted 
as precursory phenomena indicative of a progressive flank 
destabilization.

Finally, Ferlito et al. (2009, 2010) interpreted the explosive inter
action at the SEC base as a magmatic-driven event. Based on video 
footage, field and laboratory observations, they suggested that an 
intrusion of undegassed magma beneath the weakened flank led to the 
rapid opening of an ESE–WNW-trending eruptive fracture at the base of 
the cone. A brief eruptive curtain ejected juvenile and lithic material, 
which soon collapsed and generated the PDC. The relatively high pro
portion of juvenile clasts (~40%) in the deposit investigated, was taken 
as evidence of a direct magmatic contribution, inconsistent with both a 
purely gravitational collapse or lava–wet rock interaction.

These three interpretations diverge mainly in the relative importance 
assigned to lava–wet rock interaction, gravitational instability and 
magmatic intrusion. Behncke et al. (2008) rejected a purely 

gravitational process because the large collapse scar on the SEC flank 
was already almost fully developed before the onset of the PDC and 
showed no significant morphological evolution afterward. Both Behncke 
et al. (2008, 2009) and Ferlito et al. (2009, 2010), linked the initiation of 
the PDC to explosive interactions occurred at the base of the cone, 
suggesting that the gravitational collapse alone proposed by Norini et al. 
(2009) was insufficient to account for the event. In addition, Ferlito et al. 
(2010) pointed out that the scar on the southern flank of the SEC did not 
result from a single major collapse, but rather from a series of small rock- 
fall avalanches that progressively enlarged the scar over time. Ferlito 
et al. (2009, 2010) also argued that interactions between lava and hy
drothermally altered rocks are generally insufficient to generate large 
explosive outbursts at Mount Etna and that the observed eruptive cur
tain and juvenile-rich deposit are instead linked to a shallow intrusion of 
undegassed, more mafic magma below the scar, which fractured the 
base of the SEC, a feature later confirmed by Nicotra and Viccaro (2012)
through petrological analyses of the 2006 erupted products.

Therefore, the November 16, 2006 event stands as representative 
example of the difficulty in isolating and interpreting a single triggering 
mechanism in complex systems where magmatic dynamics, gravita
tional instability and hydrothermal processes can interact over short 
timescales within a confined structural framework. Such a combination 
of triggering factors has also characterized other PDC-forming events at 
Etna in recent decades. For instance, as already mentioned, another 
emblematic example is represented by the June 2, 2025 event. During 
the climax of the lava fountaining episode, around 09:00 UTC, a portion 
of the northern flank of the SEC was affected by the opening of an 
eruptive fracture (Fig. 9a), which emitted a small lava flow toward the 
base of the cone (Fig. 9b). Over the next 20 minutes, the flank of the SEC 
was affected by extensive fumarolic activity, with the production of 
mixed slugs of gas, water vapor, and ash, which became progressively 
more frequent (Fig. 9c). The increasing overpressure exerted by the 
ascending magma, likely combined with structural weakening caused by 
hydrothermal alteration, induced the sliding of part of the flank at 09:23 
UTC (Fig. 9d). The initial detachment was accompanied by the emission 
of vapor clouds and minor explosive interactions with the snow buried 
beneath the recent pyroclastic layers (Fig. 9e). Upon reaching the cone 
base, the collapsing pyroclastic mixture triggered a violent explosive 
interaction that generated the main PDC (Fig. 9f–g), which travelled ~3 
km toward the Valle del Leone with an estimated average speed of 140 
km/h, ultimately reaching the area near Monte Simone at ~2050 m s.l. 
m. (INGV-OE, 2025). After losing momentum, a hot ash cloud began to 
rise several kilometers into the atmosphere and was dispersed by the 
wind toward NW (Fig. 9h). The greyish-reddish color of the current and 
the high emplacement temperatures (>100 ◦C, from INGV-OE thermal 
cameras) could suggest that the violent explosive interaction was caused 
by the sudden decompression of a lateral dyke branch, induced by the 
sliding flank. However, a limited contribution from snow–magma 
interaction cannot be ruled out. Furthermore, also in this case, the 
structural weakness of the flank of the SEC may have played an 
important role. Indeed, the paroxysmal episode of June 2, 2025 repre
sented the first event of this type at the SEC after more than 14 months of 
quiescence at this crater. Throughout 2024, the SEC exhibited no sig
nificant eruptive activity, resuming only in the early months of 2025 
with weak to vigorous Strombolian explosions and small lava effusions. 
In this context, the failure of the northern flank was probably facilitated 
by substantial volumes of hydrothermally altered, mechanically weak 
material, following several months of fumarolic activity. In addition, the 
same portion of the cone was already been affected by the opening of 
multiple eruptive vents in May 2022 and a degassing pit in April 2024 
(INGV-OE, 2022b; INGV-OE, 2024).

Overall, the June 2, 2025 event further illustrates how PDCs at Etna 
may arise from the superimposition of multiple interacting processes, 
which makes it challenging to unambiguously identify a single dominant 
trigger for PDC initiation. For this reason, a more comprehensive 
assessment of the dynamics of this event will require integrating ongoing 
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analyses of the deposit, including its stratigraphy, grain-size distribu
tion, components and textural features. By integrating these data with 
available monitoring records, it will become possible to more robustly 
characterize the chain of processes that culminated in this PDC, 
improving our ability to recognize similar multi-trigger scenarios in 
future eruptive events at Etna.

5. General characteristics of PDC deposits

Deposits produced by PDCs provide essential constraints for inter
preting their origin, dynamics, and for distinguishing them from other 
gravity-driven phenomena such as debris avalanches, lahars, or land
slides. In this study, deposits are interpreted as PDC-related when they 
result from hot, gas–particle currents generated directly or indirectly by 
eruptive activity, and when transport and emplacement involve partial 
fluidization and turbulent flow. Purely gravitational avalanches and 
landslides are instead characterized by cold emplacement, the absence 
of a significant gas phase and, in the case of lahars, the involvement of 
liquid water during transport, producing deposits dominated by large 
and irregular clasts dispersed within a sandy to fine-grained matrix 
(Fisher, 1971; Vallance and Iverson, 2015; Dufresne et al., 2021).

In recent decades, small-volume PDC deposits have been docu
mented and described at several mafic volcanoes, including Stromboli, 

Volcán de Fuego, Klyuchevskoy, Arenal, Llaima, Villarrica (Di Roberto 
et al., 2014; Rose et al., 1978; Belousov et al., 2011; Romero et al., 2018; 
Breard et al., 2020; Risica et al., 2022; Charbonnier et al., 2023; Di 
Traglia et al., 2024, 2026). Similar PDC deposits have occasionally been 
investigated also at Mount Etna. Field observations from well- 
documented events (e.g., November 16, 2006; February 11, 2014; 
February 10, 2022; June 2, 2025) indicate that in these cases PDC de
posits are generally characterized by small volumes (~0.5–1.5 × 106 

m3), limited thickness and minor lateral continuity (Behncke et al., 
2008; Ferlito et al., 2010; Andronico et al., 2018; Zuccarello et al., 
2025). Their componentry reflects the diversity of triggering mecha
nisms. The various facies commonly include massive to weakly strati
fied, ash-rich layers containing scattered lapilli and blocks, locally 
showing inverse grading, particularly in proximal areas. Sharp basal 
contacts and poor sorting are also frequently observed, consistent with 
rapid emplacement from short-lived PDCs.

PDC deposits generated by partial flank collapse of summit cones or 
by crater-rim failure are the most abundant at Etna and typically consist 
of reddish-brown bodies, dominated by lithic fragments derived from 
the destabilized cone, including large lava fragments and hydrother
mally weakened material (Fig. 10). The fraction coarser than − 1 φ (>2 
mm) generally includes decimeter- to meter-sized dense lava blocks, 
angular to blocky fragments and variably altered and abraded reddish- 

Fig. 10. Deposits generated by partial flank collapse of the Southeast Crater (SEC). (a) Proximal portion of the February 10, 2022 PDC deposit near the Barbagallo 
craters (~2900 m a.s.l.). Meter-sized lithic blocks were transported up to ~1 km from the collapse source area. The scar produced on the SEC flank by the collapse is 
visible in the background. (b) Stratigraphic section of the distal portion of the February 10, 2022 pyroclastic flow deposit, showing inverse grading, with fine-grained 
material at the base and lapilli- to centimeter-sized clasts upward, overlain by a reworked deposit. (c) Proximal portion of the June 2, 2025 PDC deposit at the 
northern base of the SEC, partly overlain by a lava flow emplaced after deposition. (d) Intermediate to distal portion of the June 2 PDC deposit, characterized by a 
fine-grained matrix with dispersed centimeter-sized clasts. S: scar; LF: lava flow; RD: reworked deposit; SEC: Southeast Crater; VOR: Voragine Crater; NEC: 
Northeast Crater.
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orange material. Juvenile clasts occur mainly as coarse scoriaceous 
lapilli and bombs, but they are volumetrically subordinate, consistent 
with magma fragmentation during PDC emplacement or recycled spatter 
or vesiculated scoria incorporated during the collapse (Andronico et al., 
2018; Zuccarello et al., 2025). Coarse lapilli and meter-sized blocks are 
usually collocated across the upper part of the deposit, while the basal 
portion is mainly composed by fine ash to lapilli. These characteristics 
are analogous to those described for small-volume PDC deposits at 
Stromboli (Di Roberto et al., 2014; Salvatici et al., 2016).

In contrast, deposits associated with lava fountain collapse show a 
higher proportion of juvenile material, often highly vesiculated and 
slightly rounded, embedded in a fine ash matrix, with lithics being 
scarce or absent. Given their limited extent (<1 km) and the relatively 
low frequency of occurrence of this mechanism, deposits linked to 
fountain collapse on Etna have received limited attention in the litera
ture. The only description available, although not very detailed, refers to 
the deposit produced by the PDC of the NEC during the paroxysmal 
episode of September 24, 1986. Murray et al. (1989) describe the 
appearance of the deposit initially as a thin aa-type lava flow. In 
particular, they highlight the presence of unsorted, slightly rounded 
juvenile clasts, measuring up to 20-30 cm, and approximately 1% red- 
orange blocks, all immersed in a matrix of fine ash.

Finally, PDCs related to lava–snow or lava–wet substrate interaction 
commonly produced deposits enriched in fine ash and coarser lithic or 
altered material. Local evidence of hydroclastic fragmentation reflects 

the explosive interaction between magma and external water sources 
(Ferlito et al., 2010). This contrasts with deposits from ice-covered 
volcanoes such as Klyuchevskoy, Villarrica, or Llaima, where the 
involvement of snow and glacier ice leads to distinctive textural features 
and deposit architectures directly influenced by ice incorporation and 
melting (Belousov et al., 2011; Romero et al., 2018; Breard et al., 2020).

Microscopic analyses offer further insights into the nature of these 
deposits. Optical and binocular microscopy allow the identification of 
clast morphologies, surface textures, and degrees of abrasion, which 
may reflect transport processes within the flow (Fig. 11). Scanning 
electron microscope observations can reveal micro-textural features 
indicative of magmatic or hydromagmatic fragmentation (e.g., high 
vesicularity or brittle fragmentation surfaces; Fig. 11d). Such ap
proaches represent another tool to discriminate the main triggering 
mechanisms.

However, the interpretation of PDC deposits at Etna remains 
intrinsically challenging, as their preservation is often compromised by 
the high frequency of eruptive activity, which commonly leads to rapid 
burial beneath fresh tephra fallout or lava flows, as well as by intense 
post-depositional reworking or erosion by water, wind or mass move
ments. These factors complicate the assessment of stratigraphic re
lationships and lateral continuity of deposits. Moreover, the proximal 
distribution of these deposits makes field observations and sampling 
particularly challenging and potentially hazardous, especially shortly 
after emplacement. This limitation reflects the scarcity of systematic 

Fig. 11. BSE images acquired by scanning electron microscope of the fine components generally found in PDC deposits. a) Some particles from the PDC deposit 
produced on November 16, 2006, in which three different types of components can be distinguished: (b) lithic fragments, (c) juvenile fragments; (d) hydroclasts.
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studies, to the date, dedicated to these types of phenomena at Etna and 
highlights the need for further integrated field, componentry, and 
microtextural investigations.

6. Relationships between PDC frequency, eruptive styles and 
magma volumes

The development of PDCs at Mount Etna has not been so far 
considered as one of the primary sources of hazard associated with the 
volcanic activity. Over the last years, however, the volcanological 
community is paying growing attention as a consequence of the 
increasing frequency of such phenomena at the volcano. Although these 
events do not threaten the urbanized areas on the lower volcano flanks, 
they represent a significant hazard for tourists visiting the Mt. Etna 
places above 2500 m a.s.l., especially during the summer season or 

during eruptive events. The PDCs occurring in recent years have been 
concentrated especially on the upper portion of the desertic Valle del 
Bove (Fig. 6), although at least five PDCs have also impacted places 
nearby the summit craters frequently visited by a large number of 
tourists and hikers. Among them, the most striking case is probably 
represented by the June 2, 2025 event, which unexpectedly put dozens 
of people at risk, some of whom were located only a few hundred meters 
from the SEC. The PDC of June 2, 2025, in particular, demonstrated how 
a relatively modest eruptive activity can evolve suddenly into dangerous 
events, exposing visitors and hikers to severe risk and emphasizing the 
need for careful hazard assessment to prevent future events of such kind. 
This event further highlights the need to maintain attention on the un
derstanding of these dynamics, considering that the frequency of PDCs 
observed at Etna has been unequivocally increasing over the last de
cades (Fig. 12). Moreover, PDCs occurrence strongly peaks during 

Fig. 12. Schematic timeline of the summit eruptive activity at Mount Etna from January 1998 to December 2025. PDC refers to Pyroclastic Density Currents that 
occurred during the considered time interval. LF refers to lava fountain episodes, which are highlighted with grey rectangles when occurring as paroxysmal se
quences. SE refers to episodes of vigorous Strombolian activity. ST refers to sub-terminal eruptions, characterized by the emission of lava flows through vents or 
eruptive fractures located along the flanks or at the base of the summit craters. The figure illustrates how the frequency of PDCs is progressively increasing over time, 
particularly in association with paroxysmal sequences at the SEC.

Fig. 13. Correlation between the total cumulative volumes of magma emitted from the summit craters and the cumulative number of PDC events in the time interval 
1998–2025. Cumulative magma volumes were estimated using different methodologies by: Behncke et al. (2005) for 1998–1999 and 2001; Alparone et al. (2003) for 
2000; Bonaccorso and Calvari (2013) for 2006–2007; Calvari and Nunnari (2022) for 2011–2022; Proietti et al. (2024) for 2023; De Beni et al. (2025) for 2024. 
Volume values whether originally expressed as dense rock equivalent (DRE) were converted into bulk volumes, by adding 20% and 50% of vesicularity for lava flows 
and pyroclastics respectively (Behncke et al., 2006).
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paroxysmal episodes, highlighting a clear correlation between the two 
phenomena (Fig. 12). Such a trend may not be coincidental, given that 
eruptive dynamics at Etna have also evolved over time, leading to an 
increase in the explosive summit activity. This evolution is primarily 
related to the capacity of the plumbing system to transfer larger volumes 
of volatile-rich magma over shorter timescales compared to the past, 
directly controlling the exceptional eruptive frequency and explosivity 
that have characterized summit activity in recent decades (Giuffrida and 
Viccaro, 2017; Zuccarello et al., 2021, 2022; Giuffrida et al., 2023). 
Paroxysmal activity itself has also undergone a marked evolution over 
time, with a clear increase not only in the frequency of events but also in 
their duration. For instance, the exceptional sequence of paroxysmal 
episodes that affected the SEC in 2000 was characterized by eruptive 
events that, in many cases, lasted less than 25–30 minutes in total 
(Alparone et al., 2003). In contrast, more recent paroxysmal events, such 
as those of the 2011–2013 sequences and, in particular, those occurring 
between 2020 and 2022, displayed durations of 2-3 hours on average, 
exceeding in some cases 10 hours (Andronico et al., 2021a). As a 
consequence, the erupted volumes have significantly increased (Fig. 13), 
rising from 17–23 × 106 m3 for the 64 paroxysmal episodes between 
January and June 2000 (Alparone et al., 2003), to ~80 × 106 m3 for the 
44 episodes between January 2011 and December 2013 (Ganci et al., 
2018), and ultimately to ~108 × 106 m3 for the 62 lava fountains 
recorded between December 2020 and February 2022 (Ganci et al., 
2023). This behavior is clearly expressed in the rapid growth of the SEC, 
whose increasingly steep and mechanically fragile flanks have become 
progressively more capable to generating PDCs.

A key element emerging from recent observations is that PDCs at 
Etna are not only more frequent, but also significantly more voluminous 
than in the past (Tables 1 and 2). Whereas earlier events rarely exceeded 
runout distances of ~1 km and involved maximum volumes of 0.4 × 106 

m3 (e.g., the 16 November 2006 event; Norini et al., 2009), more recent 
PDCs (e.g., February 11, 2014; February 10, 2022; June 2, 2025) have 
reached runouts of 1.5–3 km and mobilized volumes ranging from ~0.8 
to ~1.6 × 106 m3, with temperatures exceeding 450 ◦C (Andronico 
et al., 2018; Zuccarello et al., 2025). The observed increase in runout 
distances and involved volumes indicates that the PDCs trend reflects a 
genuine shift in eruptive dynamics and progressive morpho-structural 
destabilization of the SEC.

For these reasons, sustained attention to PDC dynamics during future 
paroxysmal episodes is essential. Since the SEC is the most active of the 
four summit craters, it is expected to remain the primary source of PDCs 
at Etna, with further cone growth potentially predisposing the edifice to 
collapses larger than those documented so far. Forecasting the occur
rence and behavior of PDCs remains a significant challenge, as these 
currents often develop without clear precursory signals, complicating 
predictions of both initiation and magnitude. Enhancing hazard 
assessment and mitigating risks for people who frequent the volcano 
thus requires a multidisciplinary strategy such as combining field ob
servations, high-resolution remote sensing of continuous summit 
morphological changes, experimental and numerical modelling and 
near real-time monitoring (e.g., ground deformation, anomalous surface 
thermal patterns and the opening or reactivation of eruptive fractures) 
in order to identify the possible conditions that precede the PDC 
generation.
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Aiuppa, A., Caricchi, L., De Astis, G., Di Genova, D., La Spina, G., Piochi, M., 
Viccaro, M., Russo, R., 2026. A gas-slug model for basaltic Vulcanian eruptions at 
open conduit volcanoes, constrained by textural characteristics and dynamics of the 
July 3rd, 2019, Stromboli eruption (Italy). Volcanica. https://doi.org/10.30909/vol/ 
iajq5592.

Giuffrida, M., Viccaro, M., 2017. Three years (2011–2013) of eruptive activity at Mt. 
Etna: working modes and timescales of the modern volcano plumbing system from 
micro-analytical studies of crystals. Earth Sci. Rev. 171, 289–322. https://doi.org/ 
10.1016/j.earscirev.2017.06.003.

Giuffrida, M., Cardone, M., Zuccarello, F., Viccaro, M., 2023. Etna 2011–2022: 
discoveries from a decade of activity at the volcano. Earth Sci. Rev. 245, 104563. 
https://doi.org/10.1016/j.earscirev.2023.104563.

Global Volcanism Program, 2025. Distributed by Smithsonian Institution, Compiled by 
Venzke, E. https://doi.org/10.5479/si.GVP.VOTW5-2025.5.3.

Guest, J., 1973. Mount Etna and the 1971 eruption - the summit of Mount Etna prior to 
the 1971 eruptions. Phil. Trans. R. Soc. Lond. Ser. A. Math. Phys. Sci. 274 (1238), 
63–78. https://doi.org/10.1098/rsta.1973.0026.

Hall, M.L., Steele, A.L., Mothes, P.A., Ruiz, M.C., 2013. Pyroclastic density currents 
(PDC) of the 16–17 August 2006 eruptions of Tungurahua volcano, Ecuador: 
Geophysical registry and characteristics. J. Volcanol. Geotherm. Res. 265, 78–93. 
https://doi.org/10.1016/j.jvolgeores.2013.08.011.

Hamilton, C.W., Thordarson, T., Fagents, S.A., 2010. Explosive lava–water interactions I: 
architecture and emplacement chronology of volcanic rootless cone groups in the 
1783–1784 Laki lava flow, Iceland. Bull. Volcanol. 72, 449–467. https://doi.org/ 
10.1007/s00445-009-0330-6.

Hazlett, R.W., Buesch, D., Anderson, J.L., Elan, R., Scandone, R., 1991. Geology, failure 
conditions, and implications of seismogenic avalanches of the 1944 eruption at 
Vesuvius. Italy. J. Volcanol. Geotherm. Res. 47, 249–264.

Heap, M.J., Harnett, C.E., Wadsworth, F.B., Gilg, H.A., Carbillet, L., Rosas-Carbajal, M., 
Komorowski, J.C., Baud, P., Troll, V.R., Deegan, F.M., Holohan, E.P., Moretti, R., 
2022. The tensile strength of hydrothermally altered volcanic rocks. J. Volcanol. 
Geotherm. Res. 428, 107576. https://doi.org/10.1016/j.jvolgeores.2022.107576.

Houghton, B.F., Gonnermann, H.M., 2008. Basaltic explosive volcanism: constraints from 
deposits and models. Geochemistry 68 (2), 117–140. https://doi.org/10.1016/j. 
chemer.2008.04.002.

Houghton, B.F., Wilson, C., Del Carlo, P., Coltelli, M., Sable, J., Carey, R., 2004. The 
influence of conduit processes on changes in style of basaltic Plinian eruptions: 

Tarawera 1886 and Etna 122 BC. J. Volcanol. Geotherm. Res. 137, 1–14. https://doi. 
org/10.1016/j.jvolgeores.2004.05.009.

INGV-OE, 2011a. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 12/04/2011, Rep. N◦ 15/2011a.

INGV-OE, 2011b. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 23/08/2011, Rep. N◦ 34/2011b.

INGV-OE, 2012a. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 06/03/2012, Rep. N◦ 10/2012a.

INGV-OE, 2012b. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 20/03/2012, Rep. N◦ 12/2012b.

INGV-OE, 2012c. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 17/04/2012, Rep. N◦ 16/2012c.

INGV-OE, 2013a. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 26/02/2013, Rep. N◦ 09/2013a.

INGV-OE, 2013b. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 05/03/2013, Rep. N◦ 10/2013b.

INGV-OE, 2013c. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 16/04/2013, Rep. N◦ 16/2013c.

INGV-OE, 2013d. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 29/10/2013, Rep. N◦ 44/2013d.

INGV-OE, 2015. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 08/12/2015, Rep. N◦ 50/2013.

INGV-OE, 2017. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 21/03/2017, Rep. N◦ 12/2017.

INGV-OE, 2021a. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 23/02/2021, Rep. N◦ 08/2021. https://www.ct.ingv.it/index.php/monitor 
aggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidiscipli 
nari/473-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismic 
o-del-vulcano-etna20210223/file.

INGV-OE, 2021b. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 02/03/2021, Rep. N◦ 09/2021. https://www.ct.ingv.it/index.php/monitor 
aggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidiscipli 
nari/474-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismic 
o-del-vulcano-etna20210302/file.

INGV-OE, 2021c. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 30/03/2021, Rep. N◦ 13/2021. https://www.ct.ingv.it/index.php/monitor 
aggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidiscipli 
nari/482-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismic 
o-del-vulcano-etna20210330/file.

INGV-OE, 2021d. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 26/10/2021, Rep. N◦ 43/2021. https://www.ct.ingv.it/index.php/monitor 
aggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidiscipli 
nari/550-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismic 
o-del-vulcano-etna20211026/file.

INGV-OE, 2022a. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 15/02/2022, Rep. N◦ 07/2022. https://www.ct.ingv.it/index.php/moni 
toraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidi 
sciplinari/601-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-si 
smico-del-vulcano-Etna-del-2022-02-15/file.

INGV-OE, 2022b. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 24/05/2022, Rep. N◦ 21/2022. https://www.ct.ingv.it/index.php/moni 
toraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidi 
sciplinari/642-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-si 
smico-del-vulcano-Etna-del-2022-05-24/file.

INGV-OE, 2023a. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 16/08/2023, Rep. N◦ 33/2023. https://www.ct.ingv.it/index.php/moni 
toraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidi 
sciplinari/814-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-si 
smico-del-vulcano-Etna-del-2023-08-16/file.

INGV-OE, 2023b. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 21/11/2023, Rep. N◦ 47/2023. https://www.ct.ingv.it/index.php/moni 
toraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidi 
sciplinari/854-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-si 
smico-del-vulcano-Etna-del-2023-11-21/file.

INGV-OE, 2024. Bollettino mensile sul monitoraggio multiparametrico del vulcano Etna 
del 07/05/2024, Rep. N◦ M4/2024. https://www.ct.ingv.it/index.php/monitor 
aggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisci 
plinari/905-bollettino-Mensile-sul-monitoraggio-vulcanico-geochimico-e-sismico-d 
el-vulcano-Etna-del-2024-05-07/file.

INGV-OE, 2025. Bollettino Settimanale sul monitoraggio multiparametrico del vulcano 
Etna del 10/06/2025, Rep. N◦ 24/2025. https://www.ct.ingv.it/index.php/monit 
oraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidi 
sciplinari/1031-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-si 
smico-del-vulcano-Etna-del-2025-06-10/file.

Kokelaar, P., Romagnoli, C., 1995. Sector collapse, sedimentation and clast population 
evolution at an active island-arc volcano: Stromboli, Italy. Bull. Volcanol. 57, 
240–262. https://doi.org/10.1007/BF00265424.

La Spina, G., Arzilli, F., Burton, M.R., Polacci, M., Clarke, A.B., 2022. Role of volatiles in 
highly explosive basaltic eruptions. Commun. Earth Environ. 3 (1), 156. https://doi. 
org/10.1038/s43247-022-00479-6.

Lerner, G.A., Jenkins, S.F., Charbonnier, S.J., Komorowski, J.C., Baxter, P.J., 2022. The 
hazards of unconfined pyroclastic density currents: a new synthesis and classification 
according to their deposits, dynamics, and thermal and impact characteristics. 
J. Volcanol. Geotherm. Res. 421, 107429. https://doi.org/10.1016/j. 
jvolgeores.2021.107429.

G. Costa and M. Viccaro                                                                                                                                                                                                                      Earth-Science Reviews 277 (2026) 105460 

21 

https://doi.org/10.1007/bf00569940
https://doi.org/10.1007/bf00569940
https://doi.org/10.1007/s00162-007-0041-6
https://doi.org/10.1016/B978-0-12-385938-9.00035-3
https://doi.org/10.1016/B978-0-12-385938-9.00035-3
https://doi.org/10.1007/978-3-030-57411-6_4
https://doi.org/10.1007/978-3-030-57411-6_4
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0305
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0305
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0305
https://doi.org/10.1029/2009JB006511
https://doi.org/10.1007/s00445-010-0384-5
https://doi.org/10.1007/s00445-010-0384-5
https://doi.org/10.1306/74D723B5-2B21-11D7-8648000102C1865D
https://doi.org/10.1306/74D723B5-2B21-11D7-8648000102C1865D
https://doi.org/10.1130/0016-7606(1990)102<1038:TADOAP>2.3.CO;2
https://doi.org/10.1130/0016-7606(1990)102<1038:TADOAP>2.3.CO;2
https://doi.org/10.1016/0377-0273(94)00075-R
https://doi.org/10.1016/0377-0273(94)00075-R
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0335
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0335
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0335
https://doi.org/10.3389/feart.2018.00083
https://doi.org/10.3390/rs15040916
https://doi.org/10.3390/rs15040916
https://doi.org/10.1007/s00445-020-01423-2
https://doi.org/10.1007/s00445-020-01423-2
https://doi.org/10.30909/vol/iajq5592
https://doi.org/10.30909/vol/iajq5592
https://doi.org/10.1016/j.earscirev.2017.06.003
https://doi.org/10.1016/j.earscirev.2017.06.003
https://doi.org/10.1016/j.earscirev.2023.104563
https://doi.org/10.5479/si.GVP.VOTW5-2025.5.3
https://doi.org/10.1098/rsta.1973.0026
https://doi.org/10.1016/j.jvolgeores.2013.08.011
https://doi.org/10.1007/s00445-009-0330-6
https://doi.org/10.1007/s00445-009-0330-6
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf3172
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf3172
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf3172
https://doi.org/10.1016/j.jvolgeores.2022.107576
https://doi.org/10.1016/j.chemer.2008.04.002
https://doi.org/10.1016/j.chemer.2008.04.002
https://doi.org/10.1016/j.jvolgeores.2004.05.009
https://doi.org/10.1016/j.jvolgeores.2004.05.009
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0400
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0400
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0405
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0405
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0410
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0410
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0415
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0415
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0420
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0420
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0425
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0425
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0430
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0430
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0435
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0435
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0440
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0440
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0445
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0445
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0450
http://refhub.elsevier.com/S0012-8252(26)00071-1/rf0450
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/473-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210223/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/473-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210223/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/473-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210223/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/473-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210223/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/474-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210302/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/474-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210302/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/474-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210302/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/474-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210302/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/482-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210330/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/482-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210330/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/482-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210330/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/482-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20210330/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/550-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20211026/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/550-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20211026/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/550-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20211026/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/550-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-etna20211026/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/601-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-02-15/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/601-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-02-15/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/601-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-02-15/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/601-bollettino-settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-02-15/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/642-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-05-24/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/642-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-05-24/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/642-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-05-24/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/642-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2022-05-24/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/814-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-08-16/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/814-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-08-16/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/814-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-08-16/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/814-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-08-16/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/854-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-11-21/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/854-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-11-21/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/854-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-11-21/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/854-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2023-11-21/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/905-bollettino-Mensile-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2024-05-07/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/905-bollettino-Mensile-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2024-05-07/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/905-bollettino-Mensile-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2024-05-07/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/905-bollettino-Mensile-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2024-05-07/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/1031-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2025-06-10/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/1031-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2025-06-10/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/1031-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2025-06-10/file
https://www.ct.ingv.it/index.php/monitoraggio-e-sorveglianza/prodotti-del-monitoraggio/bollettini-settimanali-multidisciplinari/1031-bollettino-Settimanale-sul-monitoraggio-vulcanico-geochimico-e-sismico-del-vulcano-Etna-del-2025-06-10/file
https://doi.org/10.1007/BF00265424
https://doi.org/10.1038/s43247-022-00479-6
https://doi.org/10.1038/s43247-022-00479-6
https://doi.org/10.1016/j.jvolgeores.2021.107429
https://doi.org/10.1016/j.jvolgeores.2021.107429


Lube, G., Cronin, S.J., Platz, T., Freundt, A., Procter, J.N., Henderson, C., Sheridan, M.F., 
2007. Flow and deposition of pyroclastic granular flows: a type example from the 
1975 Ngauruhoe eruption, New Zealand. J. Volcanol. Geotherm. Res. 161 (3), 
165–186. https://doi.org/10.1016/j.jvolgeores.2006.12.003.

Mattox, T.N., Mangan, M.T., 1997. Littoral hydrovolcanic explosions: a case study of 
lava–seawater interaction at Kilauea Volcano. J. Volcanol. Geotherm. Res. 75 (1-2), 
1–17. https://doi.org/10.1016/S0377-0273(96)00048-0.
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