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Abstract

Vulcano is one of the 7 volcanic islands and 6 seamounts forming the Aeolian volcanic
district (ltaly). Vulcano has a long eruptive record, and its last eruption (1888-90)
originated the definition of the Vulcanian eruptive style. Like most volcanic islands,
Vulcano generates many potentially interconnected hazards, determining a potentially
high risk. Here, we review the state of knowledge on its geology, eruptive activity,
historical accounts, structural setting, geophysical and geochemical surveillance, and
available hazard quantifications, in order to have an updated picture of the state
knowledge on volcanic hazard. We follow a prototypal reviewing scheme, based on
three standardized steps: i) review of the volcanic sys.~m; ii) review of available
eruptive and non-eruptive hazard quantifications; iii) devzlopment of a conceptual
interpretative model. We find that, while a rather vi.* merature is dedicated to the
volcanic system of Vulcano and the reconstructicn ~f past events, few quantitative
hazard assessments exist. In addition, the rang~ o. natural variability considered for
each hazard is potentially underestimated (e.g. limted range of considered eruption
magnitude and style and of vent position), as 't is the potential effect of multi-hazard
impact. The developed conceptual model 1o tt e feeding system provides a synthetic
picture of the present knowledge aboi't (e system, as emerged from the review. In
addition, it allows for the identificatic 1 of potential paths-to-eruption and provides a first
order link among the main hazards. 1..'s review provides an up-to-date snapshot of
existing knowledge on volcanic hasard at Vulcano on which to build future hazard
quantifications as well as to supg2’¢ ..esent and future decision making.

Keywords: Vulcano; Aeolan volcanic district; volcanic islands; volcanic hazards;
types of unrest; conceptuar Mo Jel



1. Introduction and methods

The island of Vulcano is the southernmost emerged volcanic edifice of the Aeolian
archipelago. Vulcano generated many eruptions in historical times, the most recent of
which occurred between 1888 and 1890 AD. Even if the island is lightly populated
(fewer than 1,000 permanent residents), the population can reach 15,000 during
tourist season (Galderisi et al., 2013). Given the small size of the island (~ 21 km?),
the tourist interest in volcano-related phenomena (hot muds, fumaroles, etc.), and the
high exposure of inhabited areas, the volcanic risk at Vulcano is high, even for small
events (Galderisi etal., 2013).

Extensive scientific literature exists on the geology ina the eruptive dynamics of
Vulcano (e.g., Mercalli and Silvestri, 1891; De Fiore, 29.2; Keller, 1980; Fiorillo and
Wilson, 2004; Dellino et al., 2011; De Astis et al.,, 20237 b; Di Traglia et al., 2013; see
Section 2 and references therein). Several sti'ie. describe past secondary (e.g.,
landslides or tsunami; Franzetta et al.,, 1980; i areschi and Ranci, 1997; Tinti et al.,
1999; Tommasi et al., 2007, 2016; Marsella et al., J313; see Sections 3.2.4 and 3.2.5
and references therein) and primary (e.g., ¢35 (lispersal, lava flows, pyroclastic density
currents, ballistic blocks, tephra accumila.on; Granieri et al., 2014; Piochi et al., 2009;
Dellino et al., 2011; Gurioli et al., “012; Doronzo et al, 2016; see Sections 3.1.3,
3.1.4, 3.1.5 and 3.2.2 and references u'=rein) hazards, in some cases also proposing
guantitative hazard assessments (Biav~ et al., 2016b,c; see Sections 3.1.3 and 3.1.4 and
references therein).

The aim of this paper is to picvide an overview of the state of the art about hazard
guantification for Volcano, s.warting from the existing vast but dispersed literature.
Being volcanoes intrinsic2lh  multi-hazard systems, we extend to all the potential
hazards generated Lv 1 Vulcano system, including eruptive and non-eruptive
phenomena. By erup.ive and non-eruptive phenomena, we distinguish between the
phenomena prevalent, generated during eruptions from the ones that may occur at
any time. The final goal is the identification of strengths and weaknesses in the state of
knowledge about hazards for Vulcano, extracting established knowledge, existing
debated issues, as well as scientific gaps with impact on the quantification of the
hazards.

The identification of strengths and weaknesses in hazards quantifications for Vulcano
is twofold. On the one side, this will help in identifying required future research
activities to strengthen future hazard quantifications. On the other side, it provides
decision-makers a comprehensive global picture about the present day knowledge
about hazards and existing uncertainties, increasing the awareness of decision
making.



To this end, we follow a prototypal standardized review scheme, developed for
reviewing the state of knowledge on hazards in the islands of Vulcano (this paper) and
Ischia (Selva et al., 2019). This review scheme may represent a prototype scheme for
establishing the state of the art about hazard quantifications at any volcano. This
scheme is based on the development of 3 temporally consecutive review steps.

STEPs 1 and 2 are dedicated to reviewing the general knowledge about the volcanic
system (STEP 1), and the available phenomenological and hazard studies (STEP 2),
extending to all the potential hazardous phenomena associated with a volcanic
system. STEP 3 is instead focused on developing a (subjective) reference
interpretative model, providing a synthetic picture of the knowledge that emerged
during STEPs 1 and 2.

These steps have specific goals in the process of estanlisting the state of knowledge
about the hazards. STEP 1 defines the available knywi dge on the geological context
and the available data. For hazard quantification, i*s p.unary goal is the definition of a
reference period for hazards and a reference -~awalogue of unrest and eruption
episodes (and related phenomena). These defir.*ons are the starting points for any
hazard quantification and thus provide the k.sis for a critical analysis of the scientific
ground of available hazard quantifications L “F2 2 provides a homogeneous review of
hazard quantifications available in li*c.;ature. Its specific goals are to discuss the
coherence of these analyses with the ae.neric context emerged in STEP 1, to evaluate
their capability in exploring the eective natural variability of the phenomena (beyond
the observed one), and to identi¥’ s,jnificant gaps in hazard quantifications, both in
terms of methodological gaps in existing analyses and in terms of hazards not yet
assessed in literature. STEP 3 has the goal of providing a reference conceptual model
that future studies may eithcr auopt for developing coherent hazard quantifications, or
challenge with new data or £ idence for triggering new research lines.

Noteworthy, STEPs 2 onr’ 3 provide a basic multi-hazard picture, which is especially
relevant for volcanic is'ands, where multiple hazards may affect small areas. While
complete multi-hazard risk analyses should deepen into all the interdependencies
among the hazards and the consequent risks (e.g., Marzocchi et al., 2012a; Selva,
2013; Mignan et al., 2014; Liu et al., 2015), here we stop at a very first order analysis
by providing, in STEP 2, an homogeneous parallel view of all hazards and their
potential role in multi-hazard and, in STEP 3, hints about their actual interconnections
within the general behaviour of the volcano. In absence of any multi-hazard risk
analysis, this represents a very first step toward multi-hazard.

In all STEPs, it is of primary importance to expose the emerging epistemic uncertainty,
by carefully analysing the full spectrum of scientific opinions retrieved from literature
(as in SSHAC, 1997). While seeking for the existence of evidence in favour of either
interpretation, when this is not possible we leave controversies as open questions,
highlighting their potential impact in hazard quantification. This process is fundamental



as controversies are the main drivers of epistemic uncertainty to be reduced with
future research efforts.

In this paper, we dedicate one section to each one of the 3 STEPs briefly described
above, reporting STEPs 1, 2 and 3 in Sections 2, 3, and 4, respectively. In Section 5,
we distii some conclusions and final remarks, also identifying potential specific
research topics that could improve the future understanding and the characterization
of hazards for Vulcano.

To help the reader, we report in Table 1 the main acronyms, symbols and
abbreviations that appear within the paper.

2. STEP 1: State of knowledge on the volcanic syster:

STEP 1 is dedicated to summarize available <z.*a (geological, historical and
geophysical data) and their interpretations, to recor.otr.ct the state of the art of the
volcanic system. For hazard quantification, the mcin goals of STEP 1 are: i) the
definition of the reference period, and ii) the de.niti,n and characterization in terms of
types and frequency of the various physical states of the wvolcano
(rest/unrest/eruption). The main result of STEP 1 consists of the definition of a
reference catalogue for hazard assess.ments. This information is critical for the
evaluation of existing hazard quant'ca.ions (STEP 2) and the development of new
ones. It represents also the fundament..' base for future hazard quantifications, being
at the the base of all volcanic hazcrd quantification techniques (e.g., with probability
trees: Newhall and Hoblitt, 2007 ; ~.arzocchi et al., 2008; Selva et al., 2014; Newhall
and Pallister, 2015; with Bayesicn gelief Networks, see Aspinall et al., 2003; Hinks et
al., 2014; Tierz et al., 2018: wiu~ conditional hazards: Selva et al., 2010, 2018; Jenkins
et al., 2012; Biass and Bo.»auonna, 2012), as well as for the evaluation of the potential
strategies for risk manay>ment (e.g., Marzocchi et al., 2012b; Winson et al.,, 2014;
Woo, 2015; Papale 2C17; ~allister et al., 2019)

2.1 Structural settiny and tectonics

Geophysical, volcanological, structural and compositional data indicate that the
Aeolian Volcanic District is defined by 3 main sectors (e.g., Ventura, 2013; Figure 1A):
a western sector (Alicudi, Filicudi and older part of Salina), a central sector (Vulcano,
Lipari, younger Salina) and an eastern sector (Panarea, Stromboli). Vulcano is the
southernmost Island of the central sector (Figure 1B) where the NNE striking and
dextral strike-slip Tindari—Letojanni Fault (TLF) system dominates the tectonics.
Stromboli and Vulcano are the youngest volcanic edifices in the Aeolian archipelago,
whose subaerial products range in age between 0.43 Ma and the Present Time (see
Section 2.2).

TAB 1

FIG 1




2.1.1 Field data

Although the Aeolian Archipelago has a general arc shape in plan view, the alignment
of the Lipari and Vulcano edifices highlights a NNW-SSE trend normal to the arc
elongation (Figure 2A). This trend is interpreted as the effect of the NNW-striking
regional Tindari—Letojanni Fault (TLF, Ghisetti and Vezzani, 1982; Barberi et al., 1994;
Ventura et al., 1999; De Astis et al., 2003). This is a right-lateral strike-slip fault that
trends southward from the centre of the Aeolian arc to the Sicily coast. The TLF has
also been interpreted as the continuation of the Malta escarpment, which is a
lithospheric transtensional active fault (Continisio et al., 1997; Lanzafame and
Bousquet, 1997). Billi et al. (2006) argued that the TLF is not linked with the Malta
escarpment to the south, whereas it is also difficult to confirm a direct linkage between
the NNW-SSE faults on Vulcano to the TLF.

On Vulcano, the first structural investigations pointed ou* the widespread presence of
NW-SE to NNW-SSE structures, interpreted to repn.eset the expression of the TLF
system, accompanied by the presence also of N-S- to NE-SW-striking normal faults
(Frazzetta et al, 1982; Mazzuoli et al, 1995. Some authors also recognized the
presence of NNW-SSE to NW-SE grabens (Gaucianelli et al., 1991; Barberi et al.,
1994; Ventura, 1994). More recently, Argnun et al. (2007), based on oceanographic
surveys, showed the presence of compies.iunal structures around the Aeolian Arc,
proving the dominant compressive tec.01 ‘c 12gime in the area.

More in detail, Ventura (1994) showed that the NE-SW fractures guided magma
upwelling in the interior of the 1:!and, as also suggested by the migration of the
eruptive vents of La Fossa ar \ ''canello, and controlled the shape of the calderas.
The eruptive centres of the ~eswern part of the island (Quadrara, Spiaggia Lunga,
Saraceno, Alighieri), as we. as the main volcanoes of the island (Sud Vulcano, La
Fossa, Lentia and Vulcenellc), are linked to N-S fractures (Keller, 1980). More recent
field surveys showed ne presence on the island of NW-SE, NE-SW, N-S and E-W
fractures in decrecs.ng cider of frequency (De Astis et al., 2013b; Figure 2C). The
NW-SE faults show 1ormal kinematics with right-lateral or left-lateral strike-slip
components. These observations are consistent with offshore data by Favalli et al.
(2005) that show the presence of steep ENE-WSW and NW-SE scarps around the
island that should be the morphological expression of faults. Barreca et al. (2014)
showed the presence in the island of dominant normal faults striking mainly NNE-SSW
and NNW-SSE, and only one strike-slip fault. They thus suggest that the island is
affected by transtension, whereas, based on seismic data, the area between the
islands of Lipari and Vulcano, comprising Vulcanello, is under transpression.

Ruch et al. (2016) showed that, at Vulcano and Lipari, normal faults, mainly striking
NNW-SSE and N-S, dominate in the last about 55 ka (Figure 2A). Subordinate right-
lateral and left-lateral components are present. The location of the volcanic centres
has been largely controlled by these two structural sets. In particular, the most recent

FIG 2



periods of volcanic activity (8 ka and < 2 ka, Figure 2A) were characterized by magma
upwelling only along N-S fractures (Ruch et al, 2016). These structures were
produced by a combination of deep and shallow stresses; magmatic overpressure at
depth generated by the intrusive system produced a stress field where magmatic
stresses (pressures) dominated over tectonic ones. At shallower level, gravitational
instability linked to the eastward deepening of the sea bottom also favoured the
formation of the N-S faults. Following Ruch et al. (2016), the faults of the TLF system
did not exert control on volcanism during recent times and at the shallowest level.

2.1.2 Shallow structure of La Fossa cone

La Fossa cone, the most recent centre of activity together with Vulcanello, is
characterized by the presence of at least five distinct > ater rims and by a strong,
diffuse alteration of the outcropping rocks due to a ve., active hydrothermal system
(Section 2.5; De Astis et al, 2013a). The complex*s of the volcanic edifice is
increased by the proximity and overlapping of er wtiv2 centres active in different
epochs. The significant hydrothermal fluid flow clong the main structural features
(crater boundaries and volcano-tectonic lineanienss) is also shown by thermal and
degassing anomalies (Revil et al., 2008, 2010; Bc.-de-Cabusson et al., 2009; Schopa
et al, 2011). The widespread hydrotherin.l alteration produces effects at both
microscopic and macroscopic scale, rargn.g from the alteration of minerals to the
weakening of the volcanic edifice (Fulivnau et al., 1998, 1999; Boyce et al., 2007,
Tommasi et al., 2016). These weakne. - planes allow the infiltration of meteoric waters
and the rise of hydrothermal fluids.

High-resolution electrical resi<tiviz tomography (ERT), coupled with self-potential,
temperature, and CO; diffuse degassing measurements, permitted the imaging of the
inner structure of La Fossa cone and modelling of its hydrothermal circulation (Revil et
al., 2008, 2010; Barde “aLusson et al., 2009). These surveys identified the main
geological structures 7nu the characteristics of the central hydrothermal system. The
latter is enclosed v, tie most recent active craters, where an upward migration of
hydrothermal fluids is evident (Figure 2B). In the periphery, the hydrothermal
circulation is influenced by the structure of the edifice and is visible along structural
boundaries of older crater rims. The simulation of the hydrothermal circulation pattern
along an E-W section of La Fossa cone using self-potential data (Revil et al., 2008) is
consistent with the position of the deformation source inferred by Gambino and
Guglielmino (2008) for the subsidence of the Fossa edifice that occurred during the
period 1990-1996

Crater boundaries are characterized by clear horizontal variations in electrical
resistivity that can be interpreted as sharp lithological transitions marking subvertical
resistive structures.



The central sector of La Fossa edifice is characterised by the presence of a resistive
body identified at approximately 70 m depth below the bottom of the youngest crater
area and interpreted as a low-porosity body or dry steam present in the hydrothermal
system (Revil et al, 2008). A conductive region is instead evidenced below the
highest-temperature fumarolic field and can be extended to a depth of 200 m. This
area is probably related to the presence of alteration products combined with the
presence of liquid-dominated hydrothermal circulation occurring in this zone.

In the eastern sector of La Fossa, a buried resistive body was identified and its
electrical resistivity values are in the range of the ones expected for a lava flow pile or
intrusive rocks (Revil et al., 2008). Barde-Cabusson et al. (2009) interpreted this body,
truncated to the west by the Pietre Cotte crater (1739 Al activity), as an intrusion or a
dome contemporary with the Punte Nere activity (5.3 ka—3.c ka). The existence of this
resistive structure was already highlighted by previoLs a:romagnetic investigations
(Supper et al, 2001, 2004; Okuma et al., 2006° D. Ritis et al, 2007; Blanco-
Montenegro et al., 2007) and by a high-resoltiion magnetic survey (Napoli and
Currenti, 2016). Blanco-Montenegro et al. (20C, inerpreted the magnetic anomaly
related to the resistive body as a pile of tephritic :=vas emplaced in an early phase of
activity of La Fossa cone. This result .onfirms the shallow high-velocity body
evidenced through seismic tomographic daw irentified in the same area by Chiarabba
et al. (2004). This resistive body was ‘...=r. eted by Rosi et al. (2018) as a buried lava
body formed during the effusive activ.*v .mmediately before the Breccia di Commenda
eruptive event (1230 AD, see Section 2.z).

The buried structures beneath ar1 around the Fossa cone, characterised by null or
low magnetization, can be escn.ed to the presence of pyroclastic and hyaloclastic
rocks, as well as to a large volume of hydrothermally altered materials. This suggests
that the hydrothermal systen. affected a larger area in the past (Blanco-Montenegro et
al., 2007). Presently, %~ Lresence of a magnetized body inside the Fossa cone
implies that high te.nocratures characterising the fumarolic fields must be contained in
very limited spaces meinly restricted to fumarolic conduits and vents. In fact, while the
magnetization in the volcanic rocks of Vulcano is mainly due to low-Ti titanomagnetite
(Curie temperature 550+30 °C; Zanella and Lanza, 1994), high temperature fumaroles
(>300 °C; up to 690 °C in May 1993, Chiodini et al., 1995) currently develop only on
the rim of the northern sector of La Fossa cone with an average temperature of 317 °C
in February 2020 (INGV-BullVulcanoFeb20, 2020).

Geophysical evidences of preferential hydrothermal circulation is also present at the
base of the north-western flank of La Fossa cone (Barde-Cabusson et al., 2009) in the
Grotte dei Palizzi area, probably due to the existence of volcano-tectonic features
(Barberi et al., 1994).

A high-resolution seismic survey carried out by Bruno and Castiello (2009), partially
overlapping one of the ERT profiles realized by Revil et al. (2008) at the bottom of the



western flank of La Fossa cone, permitted the location of a parasitic vent, or
hyaloclastite mound, buried at the western base of La Fossa cone.

2.2 Geological and historical knowledge

Entirely made of volcanic rocks, Vulcano is formed through a complex geological
history - characterized by the progressive shifting of volcanic activities from SSE to
NNW. For this reason, Vulcano shows several edifices and morpho-tectonic
lineaments revealing that magnitude and intensities of eruptions were variable and
repeated caldera collapses occurred. Figure 1C summarizes the main volcanic
landforms and structural features of the island (Keller, 1980; Gioncada and Sbrana,
1991; Ventura, 1994; Mazzuoli et al.,, 1995; De Astis et al., 1997a,b, 2006, 2013a,b;
Ventura et al., 1999)

2.2.1 Volcanic history

De Astis et al. (2013b) produced the most rece.* geological map of Vulcano,
accompanied by accurate explanatory notes. ''e used it as benchmark for the
stratigraphy, geology and eruptive history of Vulcone,

The volcanic activity of Vulcano has been t'ie subject of many scientific works since
the 19th century (e.g., Cortese and S~hdt'ini, 1892; Bergeat, 1899; De Fiore 1922,
1925a,b, 1926; Keller 1980; Frazzet.~ e. al., 1983, 1984, 1985; De Astis et al., 1989,
1997a,b, 2006, 2013a,b; Gioncada ana Sbrana, 1991; Clocchiatti et al., 1994; Dellino
and La Volpe, 1997; Del Moro et a1, 1998; Gioncada et al., 1998; Arrighi et al., 2006;
Peccerillo et al., 2006; Davi et ul, ..J09; Dellino et al., 2011; Gurioli et al., 2012; Di
Traglia et al., 2013; Fusillo et al., 2015).

The whole eruptive history ‘vas split into eight Eruptive Epochs (EE, summarized in
Table 2), starting from ~1.7 «a up to 1888-90 AD (the last eruption). We focus here on
the most recent eruntive p:riod (8" EE)

Several studies (Mazcuoli et al.,, 1995; De Astis et al,, 2013a,b; Ruch et al., 2016)
agree in identifying the N-S and NE—SW tectonic lineaments as those driving the 8th
EE. Evidence of these preferential directions are: i) N-S alignment of lava domes and
coulées in the Mt. Lentia area and the N-S Mt. Saraceno eruptive fissure (Figure 1C);
and, ii) overlapping of both La Fossa e Vulcanello craters along NE—SW direction.

Normal faults (E-W extension) dominate the recent tectonic setting, and form a N-S,
10 km-long and 2 km-wide tectonic depression (including the central-southern sector
of Lipari), which favours the magma rise to the surface (Ruch et al., 2016). Although
the transition between the 7th and the 8th Eruptive Epochs is not precisely dated, the
available chronostratigraphic data (Dellino et al., 2011; De Astis et al., 2013a) places it
at around 10-11 ka.

TAB 2

FIG 3




During the 8™ EE, four main sources were active (central or fissural vents; Table 2 and
Figure 3A): a) La Fossa Caldera (LFC), with vents located along the caldera borders
or unidentified; b) La Fossa tuff-cone; c) Faraglione, a largely dismantled small tuff-
cone of unknown age; d) Vulcanello, formed by a lava plattorm and 3 small
overlapping cones.

The main eruptive activities that occurred during the 8" EE, reported in Table 3 and
Figure 3, are briefly summarized here. Details and age references are also reported in
Table 3.

The La Fossa cone (Gran Cratere di La Fossa lithosome) consists of pyroclastic rocks
and a few lava flows. According to De Astis et al. (2013¢). the activity and formation of
this cone (Figure 2A) comprises three phases: i) early errmy e activity (La Fossa older
products), ii) intermediate activity (ca. 2.2 ka — 776 ALY, and, iii) a final phase (XVII-
XIX centuries, until 1888-90 AD).

The early La Fossa activity (=5.5/5.3-2.9 ka) in.iudes two formations (Table 3): Punte
Nere (PN) and Grotta dei Palizzi 1 (GP1), largelv .=ade of pyroclastic deposits, the first
of which erupted from a still visible crater ar.. built most of the present La Fossa Cone
up to 250-300 m (Figure 1C). It is worth ro. 1o for hazards evaluation that the PN lava
age is still a matter of debate (age= 2.5.-0.2/-0.8 by Soligo et al., 2000; age= 1170+20
AD by Arrighi et al, 2006). Bascd on Arrighi et al.’s (2006) framework and
stratigraphic evidence, Di Traglia ~t al. (2J13) encompass the PN and Campo Sportivo
lava flows within a single eruptive i {Palizzi Eruptive Unit, PEU), which also includes
the Palizzi lava, thus considering «l these flows erupted in the time interval from 1170
to 1250 AD. Beyond this ‘liffe.2nt age attribution, submarine geological studies
(Casalbore et al.,, 2018) ev dence two distinct phases of PN delta formation with a
progradation along the NE flank of La Fossa cone, since some deeper/lower lava
lobes result to be cut hy a shore platform whereas some overlying and younger
overlap the formatir.n ¢*th2 that erosive platform.

A dominantly phreatomagmatic activity resumed after a quiescence of a few centuries,
emplacing the GP1 formation (2.9 ka; Voltaggio et al., 1995; Table 3) from a new
crater (cr2 in Figure 1C), probably with multiple eruptive phases

Eruptive activity (Grotta di Palizzi 2 and 3, GP2-3, or Palizzi eruptive unit, PEU)
renewed at around 2.2 ka (or AD 1200 according to Di Traglia et al., 2013) mainly
producing dilute PDCs and occurring from two different, intersecting craters (cr2, cr3;
Figure 1C). Two fallout deposits and two lava flows are also present. This intermediate
period of activity is completed by the Caruggi formation as described by De Astis et al.
(2013a), named Commenda eruptive unit (CEU) in Di Traglia et al. (2013) (Figure 1C).
Whatever the age, (all) stratigraphic evidence place the sequences of Palizzi and
Commenda as younger than the Punte Nere lavas and the Vulcanello lava platform.
Some of the deposits emplaced during this period (i.e. GP2a, see Dellino et al., 2011)

TAB 3



show the greatest thickness and dispersal in the La Fossa sequence

Field studies (Rosi, pers. comm.) and historical chronicles concur in indicating the
occurrence of a phreatic event from La Forgia crater during upper Middle Age. The
activity, dated February 5, AD 1444 by Fazello (1558), is attributed to La Forgia
Vecchia crater by Rosi (pers. comm.) and to La Fossa by Barbano et al. (2017). Based
on Fazello’s chronicle, the latter authors set the formation of La Fossa-Vulcanello
iIsthmus between AD 1525 and AD 1550, from accumulation of ash erupted from La
Fossa.

The most recent phase of La Fossa activity occurred between AD 1727 and AD 1890
through various (discrete) eruptive pulses, which producc.d a volcanic succession that
is subdivided into Pietre Cotte (PC) and Gran Cratere (1 a1 2) formations (Table 3).
Eruptive activity was prevalently Vulcanian, and most ~f tre products are distributed
around the summit area of the cone, consisting in successions of dilute PDCs
alternating to fallout deposits. A lava flow was em\placed in 1739 AD (Pietre Cotte,
PC), as discussed in historical chronicles anc. 1> agreement with archeo-magnetic
datings (Arrighi et al., 2006). It marks the last efiu-ive activity from La Fossa cone (De
Fiore, 1922; Keller, 1970b; Frazzetta et al., 27°83). The eruptive activity between 1739
AD and the last eruption (AD 1888-129C: vare also characterized by Vulcanian
activity, with the emplacement of bre<w. -cicst bombs widely dispersed in the summit
area of La Fossa cone.

The activity of Vulcanello (Figure 2C, - nowadays visible as a lava plateau topped by
a Strombolian cone with three inactive and coalescent craters - started with a
submarine lava effusion, pr-bavly observed during Roman times (Il century BC,
Ciucciarelli, pers. comm., & so 1eported in Stothers and Rampino, 1983). Therefore,
the Vulcanello plateau is the upper part of a larger submarine structure, progressively
grown through the accumuution of basaltic pillow and tube lavas covered by a thin
veneer of sediment. a. irdicated by Romagnoli et al. (2013). The oldest age attributed
to Vulcanello subaeria: portion is still debated (2.1-1.9 ka in De Astis et al.,, 1997,
2013a; or AD 1020-1050 in Arrighi et al., 2006, accepted by Di Traglia, 2013). There is
no evidence that eruptive activities were continuous from the submarine phase
(observed by the Romans) to the emerged one, whose products have been dated
(with different methods). The most conservative hypothesis places the onset of the
subaerial activity in a period between 0-1000 AD, with final phases occurred around
XVI century.

The early phases of subaerial volcanism from Vulcanello 1 were Strombolian and
produced near-vent scoria fall deposits (Table 3, vul formation), with some spatter
and a limited amount of deposits from diluted PDCs. The explosive phases alternated
with the effusion of some aa- to pahoehoe-type lava flows. An erosive unconformity
and reworked material mark a period of quiescence between this activity and the
overlying products of Vulcanello 2 formation (Table 3). A paleosol dated at



0.397+0.097 ka (Keller, 1980) separates Vulcanello 2 from Vulcanello 3 products
(Table 3). The Vu3 formation comprises both dilute PDC and Strombolian deposits,
and ends with an effusive phase (Punta del Roveto lava flow). Some tephra layers
overlie this lava flow (Fusillo et al., 2015), and are topped by another lava flow (Valle
dei Mostri).

Whatever the age attributed to Vulcanello, all stratigraphic evidence indicates that
Vulcanello eruptions partially overlapped with those from La Fossa and from Lipari,
because their products are interfingered in the stratigraphy (Fusillo et al., 2015). In
fact, thin fallout beds originated from La Fossa activity (GP2 or PEU; De Astis et al.,
2013a; Fusillo et al., 2015 and references therein) outcrop on Vulcanello platform as
well as the Pilato tephra layer (i.e. Sciarra dellArena Formation; Forni et al., 2013).
Therefore, all the published studies converge in highlichu,q that, during the Middle
Age (conventionally AD 476 to 1453), near contempo.anedus eruptions occurred at
Lipari (Mt. Pilato from AD 776 to 1230; Table 3), L a +'2ssa and Vulcanello, with the
ash marker bed from Mt. Pilato activity interbedc=2d with both the Vulcanello and La
Fossa deposits.

It is worth noting that, while maintaining alm .-t the same stratigraphic succession, the
scientific literature slightly diverges on ch-o, ~sratigraphy and on the relations among
La Fossa and Vulcanello activity. Some of these discrepancies can be however
reconciled by considering longer a.:4/ur multiple events characterizing the eruptive
activity. For Vulcanello, difference arises for the onset of the activity (2.1-1.9 ka in De
Astis et al., 2013a; or 1020-1050 .*D 1 Arrighi et al., 2006 and Di Traglia et al., 2013).
However, early eruptions of Vul:aniello may have occurred below sea level with
sporadic emissions during P Yman age, as reported in historical chronicles, and the
subaerial part of Vulcanellc ‘Xl Century as obtained by archemagnetic datings) could
be considered as the final port of a submarine growth process as suggested in Fusillo
et al. (2013). The sarm.c applies to the Punte Nere products (age = 3.8+0.9/-0.8 by
Soligo et al., 2000: cae = L170£20 AD by Arrighi et al., 2006) which can be interpreted
as a multi-phase perio' of activity, as recently shown by submarine geological studies
(Casalbore et al., 2018). The most important consequence of these uncertainties is
that the reconstruction by De Astis et al. (2013a) implies a quiescence interval of
almost 1 ka between the emplacement of Caruggi and Pietre Cotte formations (see
Table 3). The interval of quiescence between Caruggi/Commenda and Pietre Cotte is
far smaller following the reconstruction of Di Traglia et al. (2013), who consider most
of this activity to have occurred between XI and Xl centuries. These discrepancies in
chronostratigraphy will be hopefully solved in the future.

2.2.2 Historical accounts of La Fossa eruptions

The present state of knowledge of the historical eruptive activity of Vulcano (starting
from V-VI century BC) lacks systematic studies comparing written historical sources
with volcanological studies.



The available volcanological studies date back to the late XIX-early XX centuries and
were primarily carried out by two scientists: Giuseppe Mercalli (1891) and Ottorino De
Fiore (1922). The catalogues of historical eruptions published in these works
represented the reference data cited in the modern volcanological literature (e.g.
Keller 1970, 1980; Frazzetta et al., 1983; De Astis et al., 2013a,b and reference
therein) and they are merged into the catalogue of Siebert et al. (2010).

The historical studies are collections of historical accounts of natural events not only
related to the island of Vulcano, but also to the entire Mediterranean area in the
classical period (Panessa, 1991) or in the Middle Age, with particular reference to the
Sicilian area (Agnello, 1992). Surprisingly, the volcanol cical literature analysing the
historical accounts did not take into account the imponcnt work of Stothers and
Rampino (1983), which deals with the eruptive phenon.=na of the Mediterranean area
in ancient times up to 630 AD. This work contains a 2w records regarding ancient
eruptions at Vulcano, which are worth to be evalu+teu in future historiographic works.
Beyond the reference to Vulcanello formation i1 n» century, our review has not found
there information able to re-define the alreau, know stratigraphy. However, the
analyses of the information requires specific istoriographic research that is out of the
scope of this paper. Recently, Barban> -t al. (2017) published a catalogue of
Vulcano/Stromboli eruptions and ear:.. ua.es in the Aeolian Islands and NE Sicily
from 15th to 19th centuries, baseu ca historical researches. In particular, for the
Vulcano eruptions, Barbano et al. 2017) provide an update of the original sources, but
the study lacks a volcanological iteipretation of the phenomena. In the catalogue of
Barbano et al. (2017), two eruptio s should be mentioned, since they had a significant
impact on the Island: the 14-4 ».D activity (uncertain attribution to La Forgia or La
Fossa craters) and the 1525/1550 AD activity, the one that gave rise to the isthmus
joining Vulcanello and La Fcssa cones, which Barbano et al. (2017) indicate to have
occurred from La Foss= {ac.ording to Fazello, 1558).

The period of time c.refully analysed here for the reconstruction of the historical
eruptive activity of Vulcano starts from 1739, since only from this year there is an
almost continuous record of the activity and a homogeneous description of the
phenomena, which allows the reconstruction of the eruptive style and the state of the
volcano. For this analysis, we have used the chronicles reported in Mercalli (1883),

Mercalli and Silvestri (1891), De Fiore (1922) and Barbano et al. (2017). In Figure 4

FIG 4

and Table 4 are summarized the description of the activity for the investigated period.

TAB 4

One important observation is that, after the end of the eruptive activity of 1739, the
crater of La Fossa alternated repose periods, characterized by degassing activity, with
short periods of Vulcanian activity (Table 4). The periods of quiescence had a duration
of 30, 10, 3 and 86 years (with a period between 1822 and 1823, lasting only few
months). Starting from 1873 La Fossa was characterized by explosive events
separated by periods of intense degassing. The periods of intense degassing were




sometimes accompanied by weak seismicity, felt in the crater area, associated with
ground deformations and the formation of fracture systems.

This eruptive period culminated with the eruption of 1888-90, which was not preceded
by significant seismic activity (at least none reported by the inhabitants of the island).
According to the chronicles (Mercalli, 1891; De Fiore, 1922), after the eruption of
1887, Vulcano appeared calm and characterized by a variable fumarolic activity. On
the night of August 3, 1888, a strong roar accompanied by soil tremors was heard by
the lighthouse of Gelso in Vulcano, and the volcano crater began to emit dense smoke
it by electric bursts with ballistic boulders. The explosions, with varying intervals,
followed until August 4, 1888, with less intensity, and they completely ceased in the
night between 5 and 6 August. On 18 August 1888, Vu!:ano resumed its activity with
even more violent explosions at intervals of 30-40 minites, with the emission of ash
and the launch of boulders with maximum diameters frocm 0 3 to 0.7 m (Mercalli, 1891)
and the formation of convective columns to heicnts of 3-4 km. The intermittent
eruptions at variable intervals were associates w.n abundant gas and steam
emissions, coarse solid material and absence o1 'ava or PDCs emissions, and the
intensity of the explosions decreased with the -=st interval separating them (size-
predictable behaviour). The period lasted Z-out 2 years with substantially repetitive
behaviour, with inter-eruptive stasis intervale bo.tween explosions (Mercalli, 1891) and
changes in the composition of magma (Cloc~hiatti et al., 1994).

At the end of the 1888-90 eruption, a <riod of repose began, to date 126 years, in
which the crater of La Fossa is chstructed and characterized only by degassing
activity.

As a whole, the historical aai,~es have evidenced that: i) after the end of the 1739
eruption, Vulcano was chcracterized by an open conduit system during which short
Vulcanian-type explosive crintions, separated by periods of repose of highly variable
duration, occurred; ii) the eruptive phenomena of this open-conduit phase, which will
ended with the 188b 90 eruption, were generally not preceded by seismic activity
perceived by the int.upitants of the island; and iii) after the end of the 1888-90
eruption, Vulcano entered a phase of closed conduit only affected by a degassing
linked to the fumarole systems.

2.3 The plumbing system

Some multidisciplinary studies based on fluid inclusions and gas geochemistry,
geophysics, mineral chemistry and petrology, have proposed models for the Vulcano
plumbing system that are substantially convergent (i.e., Clocchiatti et al., 1994; De
Astis et al., 1997, 2013a; Zanon et al., 2003; Peccerillo et al., 2006; Paonita et al.,
2013; Fusillo et al., 2015; Mandarano et al., 2016; Nicotra et al., 2018). It is a polybaric
system with several magmatic ponding zones that changed over time, showing a
progressive shallowing. The different approaches converge in indicating magma



storage at about 20-21 km of depth (Moho limit), 13—8 km, 5.5-2.8 km, and a very
shallow storage zone at 1-2 km beneath La Fossa cone. More details on the time and
space evolution of the Vulcano plumbing system can be found in De Astis et al.
(2013a and references therein) or Nicotra et al. (2018 and references therein).

In general terms, the magma differentiation processes are variable, and changed with
the evolution of the plumbing system. The early epochs (see Table 2 and Section 2.2)
are characterized by a stable feeding system, consisting of a deeper reservoir
dominated by fractional crystallization, continental crust assimilation and magma
mixing processes. EE 6 (Table 2) marks the establishment of a shallow reservoir(s)
system confined between 5.5 km and 2.8 km of depth, related to or fed by deeper
resenvoirs located in the lower and in the upper crust anc at the Moho limit (data from
Vulcanello shoshonites).

EE8 shows eruptive activities from different vents (Mt. Saraceno, La Fossa,
Vulcanello, see Table 2) fed by quite different maameas, ranging from shoshonites to
rhyolites. In historical times, La Fossa ana ‘/ulcanello vents erupted almost
simultaneously when the shoshonitic products frc~ Vulcanello followed in short time
by the trachytic and rhyolitic magmas of Tlzzi and Commenda erupted from La
Fossa and then again by latites from Vulcenc o,

In compositional terms, La Fossa .2l_anic successions contain the most evolved
products in the Vulcano eruptive history, which also show high alkali contents and the
highest radiogenic Sr ratio, probzhly due to (low amounts of) upper crust assimilation
by small volumes of rhyolitic mag nis. By contrast, the Vulcanello products represent
the most mafic magmas erote!! on the island in the last 6 ka, characterized by
isotopic features close to ‘hose recorded for most of the more evolved magmas
erupted from La Fossa (L~ Astis et al, 2013a), despite their deeper origin. By
comparing the volcanic .~cns and deposits from La Fossa and Vulcanello, we obtain a
rather complex his.~ry of different magma compositions erupting over the last 6 ka
from a plumbing syste m made up of distinct magma batches with both deep and
shallow accumulation zones.

The documented and recurrent mingling and mixing processes observed also in sin-
eruptive phases (De Fino et al., 1991; Clocchiatti et al., 1994; De Astis et al., 1997;
Bullock et al.,, 2019; Costa et al. 2020; and references therein), together with the
decreasing of the erupted volumes in the last millennia, provides a robust support for
the proposed model of the Vulcano plumbing system reported above (and fully
explained in Section 4).

As an example that further support the proposed model, the Vulcanian-type eruptions
that occurred from La Fossa from AD 1739 to AD 1888-1890, with their transient
dynamics characterized by alternating eruptions and quiescence periods, provide a
strong evidence that stratigraphy reflects the complexity of magma feeding system.



Indeed, their pyroclastic deposits contain both lati-trachytic bread-crust bombs and
rhyolitic pumice in coexistence; or the rhyolitic Pietre Cotte lava contain latitic enclaves
showing from plastic to solid behaviour within the host. Therefore, it seems beyond
doubt that the shallow system is dominated by a network of dykes and sills at different
states of crystallization that can be remobilized and can interact, erupting, through the
arrival of fresh and hotter magma into the system. Note that recent experimental
studies on the viscosity of Vulcanello shoshonitic lavas have proposed possible ascent
times (from 20 km of depth) on the order of hours to a few days (Vetere et al., 2007).

2.4 Seismicity and ground deformation

Seismic and ground deformation monitoring began at Vulcano in the mid-1970s.
EDMI/GPS, levelling and tilt time-series revealed process:.~ at different scales ranging
from regional tectonics involving the Lipari-Vulcano Vcica.ic Complex (LVVC) to the
volcanic and hydrothermal activity at Vulcano (e.g. Alz~icie et al., 2019; Harris et al.,
2012).

Eighteen years of GPS data show an overall ~ortyward trend of the ground motion
and an active N-S shortening with a maxir.um between La Fossa caldera and
Vulcanello (Esposito et al., 2015; Figure 47) while vertical velocities and levelling
show a diffuse northward tilt of the V. lcano main island (Esposito et al, 2015;
Alparone et al., 2019). This strain ficid '3 in agreement with transpressive kinematics
of the NNW-SSE prolongation of ‘he TLF (Bonaccorso, 2002; Bonforte and
Guglielmino, 2008; Mattia et al., 2¢18). The seismicity of LVVC shows depths of the
crust comprised between 5 anc .0 km and prevailing strike-slip (and subordinately
reverse faulting) focal solutions, (Raireca et al., 2014).

In the last 50 years, seisn:ic ctrain release shows a roughly constant background rate
(Alparone et al., 2019) nterupted by a few abrupt strong releases due to strong
earthquakes as on Agril 15, 1978 (M=5.5) and August 16, 2010 (M=4.6). On Vulcano,
seismicity with doubic -cuuple sources typically occurs in swarm-like sequences of low
magnitude (M<2.6) a* at shallow depth (1-8 km). In particular, a seismogenic structure
beneath Vulcanello has been recognized (C1 in Figure 3D; Gambino et al., 2012).
Locally, La Fossa Cone is also affected by a microseismicity composed of long-period,
monochromatic and high-frequency events. They have been attributed to the
resonance of cracks (or conduits) filled with hydrothermal fluid or to rock-fracturing
processes driven by hydrothermal fluid dynamics (Alparone et al,, 2010; Cannata et
al., 2012).

The Vulcano kinematics can be disrupted by local strong earthquakes that temporarily
change the local stress field, such as on April 15, 1978, when a M=5.5 event caused
evident anomalous horizontal and vertical deformation. Leveling measurements
showed a significant uplift between September 1978 and March 1980 of the central
region surrounding La Fossa, which was explained by Ferri et al. (1988) and Bonafede



(1995) as a large increase of the mean stress within a magma chamber at 6.5 km
depth close to Vulcanello (Figure 4D).

For what concerns the sources of ground deformation, a modelling of 1999-2013 GPS
and levelling data shows as Vulcano, during quiescence phases, is affected by the
action of a tectonic tabular source (TLF) coupled with a deflating magmatic Mogi
source 4.7 km b.s.l. under Vulcanello (Figure 4D; Alparone et al., 2019).

The transition of the volcanic system from a stability phase to unrest one induces the
heating and expansion of shallow hydrothermal fluids that cause measurable ground
deformation on La Fossa cone. Gambino and Guglielmino (2008) inverted the 1990-
1996 EDM and levelling data, showing a deflating ellipscidal source, centred under La
Fossa Crater at about sea level depth (Figure 4D). The _'ibsidence recorded at La
Fossa Cone in that period has been explained as the fluic loss from the geothermal
reservoir in agreement with the strong increase of st:ai,> emission and temperature at
crater fumaroles (ltaliano et al., 1998).

2.5 Hydrothermal and fumarolic system

Since the last eruption occurred in 1888-13°20 AD, Vulcano is in a state of solfataric
fumarolic activity. The main fumarolic ¥=la s located at the crater of the Fossa
volcanic cone, with gas emissions t'iat cunently reach temperatures around 400 °C
(Figure 5A). A second exhalative area at a lower temperature (<100 °C) is located at
Baia di Levante area, and in pa‘icular on the beach of the isthmus, in the area
immediately offshore, and near .~ so-called “Vasca degli Ippopotami”. A diffuse
degassing of CO, develops from e soil in the whole area of the inhabited centre of
Vulcano Porto and from the rnon-fumarolic areas of the Fossa cone. Several hot wells
in the area of Vulcano Pcrto hear witness to the existence of a vast thermal aquifer
(Figures 5A and B).

As concerns low-ten,~erature Baia di Levante fumaroles, the genesis of the emitted
fluids can be found ir wo vaporiferous levels existing at depth below this area. In the
1950s, drilled wells by AGIP-Vulcano in the area of Vasca Ippopotami at Baia di
Levante, revealed the existence of two boiling aquifers at depths of 90 and 200 m
b.s.l., respectively, at temperatures of 135°C and 194°C (Sommaruga, 1984). Among
the fumaroles of the area, we find 1) gaseous emissions at temperatures close to
water boiling at local atmospheric baric conditions, which consist of 80-90 mol% HO,
with complementary CO», H,S and N, (Paonita et al., 2013, and references therein); 2)
emissions with lower temperatures, largely dominated by CO, (> 95 mole%), which
practically consist of the incondensable species of the first group. Applying geothermo-
barometric approaches in the CO-CO,-CHs-H,-H,O system and assuming boiling
conditions in the genesis of the emitted gases, equilibrium temperatures around 195
°C and vapour pressures close to 1.3 MPa can be estimated (Chiodini et al., 1991,
1995). The consistency between the temperatures and pressures estimated by the
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gases and those measured in the wells confirms the genesis of the fumarolic fluids of
Baia di Levante in the underlying geothermal systems. Secondary condensation
processes subsequently modify the composition of low-temperature emissions.

Chiodini et al. (1991) showed that increased inputs of high-temperature fluids at the
crater were positively correlated with increases in geotemperature and geopressure
estimated for Baia di Levante hydrothermal system. These episodes, therefore,
represent moments of pressurization of the geothermal system, which necessarily
approaches instability conditions in which the risk of ground explosions increases.

The systematic monitoring of the thermal aquifer in the Vulcano Porto area started in
1977, aimed at the chemical analysis of water and stat’e H and O isotopes (6D and
0180; Martini, 1979; Carapezza et al.,, 1983). The laroe s~t of data obtained since
then allow the characterizations of the superficial watei takle and the identification of
the area mainly affected by fumarolic vapour contri’yunons (Figure 4B; Carapezza et
al., 1983, Dongarra et al., 1988; Capasso et al., 14192,. The superficial water is a very
immature meteoric water system, permanently fuxcd by gases from underlying boiling
aquifers (Bolognesi and D’Amore, 1993; Cortecc. <t al., 2001). Waters can be further
distinguished between steam-heated grounc..~ter in Baia di Levante area, and waters
most directly fed by deep fluids rich in C!-C). or condensing from the fumarole area
along the flanks of the Fossa cone ‘Colognesi and d’Amore, 1993; Chiodini et al.,
1996; Fulignati et al.,, 1996; Capasco and Inguaggiato, 1998; Aiuppa et al.,, 2000;
Capasso et al., 1997a,b, 2000, 2701). A general model that describes this process of
condensation of steam and relatz1 L2iling was proposed by Federico et al. (2010).
Some variations found during he: increased degassing of 1988-1990 can be
accordingly explained by a -iffe.ant composition of the fumarolic fluid entering the
aquifer, in step with a hig. er proportion of this fluid (rich in CO», HCI and S) with
respect to the superficial \~eteoric term. According to Capasso et al. (2014), the
thermal aquifer chemisi >’ viould be significantly modified by the entry of deep fluids
only when the '.«di>ulically conductive fractures are opened due to deep
pressurization during 1 creased degassing periods. In the La Fossa area, meteoric
waters would intercept the rising hydrothermal fluids along vertical volcano-tectonic
faults, while the condensed steam could flow horizontally towards the Vulcano Porto
aquifer, along volcano-stratigraphic discontinuities (Madonia et al., 2015).

Coupled to the results from the study of the thermal waters, key clues on the existence
of a deep hydrothermal system that would feed the widespread thermal manifestations
within the La Fossa caldera come from the survey of the high-temperature fumaroles
at La Fossa crater (Figure 5C). The main feature that emerges from the vast
geochemical dataset on these fumaroles is the correlation between CO, concentration
and other geochemical parameters, such as He, N, (Figure 5D), 5*3Ccop, partly HCI
and S, which was interpreted as a result of a mixing process between magmatic and
hydrothermal fluids (Chiodini et al., 1993, 1995, 2000; Tedesco, 1995; Capasso et al.,
1997a; Nuccio et al., 1999; Di Liberto et al., 2002; Leeman et al., 2005; Taran, 2011).



Based on these correlations, it was concluded that the magmatic fluid would be richer
in CO,, He, No, 13C (i.e., high 8'3Cco2) and Ar, and poorer in H,O, HCI, S and 2H (i.e.,
low &Dpo) with respect to hydrothermal vapours (Bolognesi and D'Amore, 1993;
Tedesco, 1995; Tedesco and Scarsi, 1999; Capasso et al., 1997a, 2001; Chiodini et
al., 1993, 1995, 2000; Nuccio etal., 1999; Di Liberto et al., 2002; Paonita et al., 2002).

Two main points of view in the literature debate the state of the deep hydrothermal
systems. According to a "dry" model, the hydrothermal end-member derives from
seawater that is completely vaporized when it infiltrates under the La Fossa edifice
due to contact with hot igneous rocks (Cioni and D'Amore, 1984; Chiodini et al., 1993,
1995, 2000). Vaporization zones at different temperatures, which produce fluids rich in
H,O with different contents of HCI, HF, H,S and SC-» can be recognized when
comparing the concentrations of these species in fumaronc fluids with the predicted
fluid compositions in equilibrium with various paragel esi¢ of hydrothermal minerals
(Chiodini et al., 1993). In contrast, the "wet" model ¢/ Ccrapezza et al. (1981) consists
of a two-phase hydrothermal vapour-liquid system at « depth of 1-2 km. Nuccio et al.
(1999) reconciled the two models by comparirg ‘e compositions of 1970 with the
composition of hydrothermal fluid extrapolated .~n the 1988 fumarolic data, which
showed a decrease in CO, and an incres.> in NaCl. They concluded that the wet
model would work until the late 1970s, w'tt, th2: boiling of the hydrothermal system at
around 330 °C and 15 MPa. An inc:cse in the magmatic contribution caused the
increasing volcanic activity in the secow. half of the 1980s and the total vaporization of
the central part of the hydrotherm~l system, resulting in a single-phase central column
surrounded by a two-phase systzm with higher temperature and pressure than the
1970 conditions (390 °C and 20 M 2¢.).

It is noteworthy that the "alue of &Duyo of the source fluid feeding the deep
hydrothermal system, recoi.nuted by taking into account a number of secondary
processes, is very closc to mat of local seawater (Chiodini et al., 1995, 2000; Paonita
et al, 2002). Sea.at.* 1 fact undergoes a series of processes while it infiltrates
through hot rocks (for example, water-rock and boiling interactions) that modify the
iIsotopic composition of O, B (Chiodini et al., 1995, 2000; Paonita et al., 2002; Leeman
et al., 2005) and partly H (Paonita et al., 2002). Na-Ca chemical exchanges between
water and local rocks control the pH conditions of this fluid (Di Liberto et al., 2002).
According to Taran (2011), hydrothermal fluids would carry a generalized crustal
component that may be associated with contributions from both the subduction
lithosphere and the crust beneath the volcano.

2.6 Monitoring system

The analysis of the state of activity of Vulcano is based on the use of advanced
monitoring systems, which measure geochemical and geophysical parameters through
periodic campaigns and permanent instrumental networks (Figure 6A).
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2.6.1 Geochemical monitoring

The gas and water emissions on Vulcano are monitored by one of the most densely
distributed and complete observation systems in existence (see Inguaggiato et al.,
2018 for a review). The geochemical surveillance network has been implemented
since 1984 to monitor the evolving volcanic activity subsequent to the unrest of the
end of the 1970s. Monitoring activities include periodic field measurements and
sampling collection of thermal waters, high-temperature fumarole gases of La Fossa
crater and widespread flows of carbon dioxide from the soils in the area of Vulcano
Porto and Spiaggia di Levante. The surveys are performed every two months and
provide on-field physical-chemical data of thermal waters (water table level,
temperature, pH, Eh, conductibility), emissions temperature of selected fumaroles and
diffuse CO- fluxes from soils. The collected samples are ~nalysed for measurement of
1) chemical composition of hydrogen, helium, oxyger, niudgen, carbon monoxide,
methane, argon and carbon dioxide in fumarolic gav~s and dissolved in thermal
groundwater; ii) chemical composition of the major <elerients in thermal groundwater;
and iii) isotopic composition of hydrogen, helium, argon, oxygen, nitrogen, carbon in
fumarolic gases and dissolved in groundwater.

In addition, continuous measurements ¢re produced by permanent instruments
installed at both crater and Vulcano village: a.~4s (see Inguaggiato et al., 2018; Figure
6B). Near-real-time heat release has ve2n monitored since 1984 by two temperature-
monitoring stations in the main fun.o ole area of the crater, while three heat-flux
monitoring stations have been more recently added in steam-heated soil zones. A
network of permanent stations ~o “tindously acquires data of temperature, level and
conductivity in four thermal wells, =ind diffuse CO, fluxes in several key degassing
sites of Vulcano village. Fina''v, SO, output through the crater plume is continuously
surveyed by UV scanner fixe station.

2.6.2 Geophysical mo' it ring

Geophysical monito..ng at Vulcano consists of discrete (EDM/GPS, levelling,
gravimetric) and confi~.dous (seismic, GPS and tilt networks) measurements (Figure
6A).

The first EDM network, consisting of 13 benchmarks and 39 baselines, was set up in
1975 and covers the whole island of Vulcano and central-southern part of Lipari
(LIPVUL in Figure 6C). In 1987, a smaller and denser network was set up on the
northern part of Vulcano with the aim of monitoring La Fossa cone (VULNORD in
Figure 6C). Since 1996, these two networks are surveyed by using GPS technique
(Bonaccorso et al., 2010; Esposito et al., 2015).

The levelling network is currenty made up of 100 benchmarks distributed over a
length of about 25 km, with a very high density in the centre-northern sector of the
island. The operating network has been expanded and made denser several times



since 1976, the year of installation (e.g., Obrizzo, 2000). Gravimetric measurements
started in 1982 and involve a network composed of 26 benchmarks (Di Maio and
Berrino, 2016).

Since the late 1970s, continuous seismic monitoring in the Aeolian Archipelago was
performed by a permanent network made up of a few analogue stations. Since 2007,
the Aeolian permanent seismic network consists of 12 (4 of which on Vulcano)
broadband (40s) three-component digital stations (e.g., Gambino et al., 2012).

A permanent tilt network currently comprises five borehole stations equipped with bi-
axial instruments, four of which installed at a depth of 8-10 m (Gambino et al., 2007).
A permanent GPS network is active since the end of the 1990s and at present 7
stations cover the Lipari—Vulcano area (Barreca etal., 2014,.

2.7 Reference period and states of the volcano

The definition of the reference period is rooted in cunsidering a period of time that can
be considered representative of the phenomer: we want to analyse (the present day
volcanic system and its associated hazard, ir ouw case). This period must be long
enough to satisfactory represent different erurtive dynamics and vent opening in a
volcanic setting comparable to the preser.. day one.

Most of the structural studies convergc on identifying a significant structural change
around 10 ka, with a change from .. NW-SE shear to present E-W extensional regime.
During this time period, Vulcary e>perienced the last sector collapse of LFC, the
fissural eruption of Mt. Sarac:i.n. e effusion of small rhyolitic domes and thin lava
flows along a N-S alignment, the emplacement of youngest intracaldera PDC units
associated with the Pianc Giotte dei Rossi formation, and the La Fossa-Faraglione-
Vulcanello activity. The inracaldera phreatomagmatic activity associated to the Piano
Grotte dei Rossi, occ urre 1 approximately 8 ka, is the youngest in a series of large
scale eruptions occu.veu between ca. 80 ka and 8 ka, which means most of them
occurred before the s*-uctural change inthe tectonic regime.

Chrono-stratigraphic reconstructions indicate that most of the activity during the last =
5 ka occurred at La Fossa and Vulcanello. In this period, both the geomorphologic
context and the tectonic regime of the volcano have been comparable to present day
situation, corresponding to a rather stable pattern of eruption dynamics. Activity
between 10 ka and 5 ka occurred in a geomorphological context completely different
from present day situation, and with eruptive dynamics (fissural eruptions, dome
emplacement, large PDCs) not recognised in the last 5 ka.

The present repose time is the one of the longest among the repose times recorded in
the reference period (depending on dating, see Section 2.2). However, it is far too
short (< 150 yr) to suggest a significant change in the volcanic feeding system. In



addition, historical records, as well as field and monitoring data since last eruption, do
not show any event that may suggest a specific change in the volcanic system or in
the tectonic regime. Therefore, we do not think that 130 years of repose time can
herald a major change in volcano eruptive behaviour.

For these reasons, we consider that limiting the reference period to the last 5 ka is
appropriate, at least for the hazards with ordinary mean annual frequencies (> 10™ -
10 yr!, Connor, 2011). The eruptive patterns observed in this period can be surely
expected in the future. Eruptive styles not represented in this period, but that occurred
in the same tectonic context (that is, in the period 10 to 5 ka), cannot be completely
ruled out. However, they appear unlikely and they should be, at least, contextualized
in present day geomorphology of La Fossa caldera (LFC’

In the following, the quantitative characterization of vLqrest and eruptive periods is
discussed considering the reference period of 5 ka.

2.7.1 Characterization of unrest phases

In the last 30 years, the unrest phases at Vulcono were always characterized by
variations in the degassing pattern, autr.adance and composition, sometimes
accompanied by an increase in seismiciy vuc not by ground deformation. At least 4
main episodes of unrest have been cost rved (1987-90, 1996-98, 2004-05, and 2009),
as well as the several other minor uni .t episodes up to 2017 (Figure 7A; Paonita et
al., 2013). All these episodes ha.~ been characterized by an increase of magmatic
species (CO,, He, Ny) in crater *u ~arvles, accompanied by a generalized increase of
the fumaroles’ temperature, ard ¢ » increase of CO, and SO, fluxes. Note that, as it
will be better explained in Cection 4, these unrest periods have been named as
"crises” in literature and, heiinafter, the word "crisis" can be considered synonymous
of unrest.

During the 1988-Cu ep.code and, to a lesser extent also during the 1996 episode,
important anomalies o:curred outside the crater area, including the Vulcano Porto
area (Capasso et al, 1999), which also modified the chemical and physical
parameters of the aquifers, with a pH decrease and an increase in Cl and SO
contents. Again, in Vulcano Porto, a significant increase of CO; flux was observed
(Diliberto et al.,, 2002), while a progressive appearance of low-temperature fumaroles
(hereinafter, mofette) was observed in the southern portion of Vulcano Porto (area of
Camping Sicilia). Since 2004, the involvement of these peripheral areas was much
less significant, with the exception of the degassing areas of Faraglione and Grotta di
Palizzi. The progressive decrease in the intensity of the anomalies (in terms of fluxes
and temperatures) seems to indicate a decrease in the involvement of deep sources.

The geochemical anomalies are accompanied by a significant increase in the volcano
seismicity, with peaks corresponding to the increase of CO, and temperature of
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fumaroles. This microseismicity has been associated with variations in the
hydrothermal system located 0.5-1.5 km below La Fossa (Alparone et al., 2010;
Milluzzo et al., 2010; Cannata et al., 2012). On the other hand, neither an increase of
volcano-tectonic events nor significant deformation have been observed

The poor record of unrest episodes and, in particular, the lack of records of unrest
preceding eruptions prevent the quantitative definition of different types of unrest
episodes or linking them to their causative phenomena and potential outcomes. This
can be done only through a subjective interpretative framework of the observations
summarized above, as discussed within the conceptual model of Section 4. This lack
also prevents a satisfactory description of the potential variability of non-eruptive
sources during all periods of intensification of the activit 7. which not only may help in
eruption forecasting, but also are hazards for the pop''au~n. For Vulcano, the only
possibility to quantify these hazards is to model their impact characterizing sources
with reference to the activity in other volcanoes, frcm vhich, for example, it can be
derived a quantitative definition of the variability in «ize sources.

2.7.2 Characterization of eruptive phases

Based on the geological-stratigraphic recc.struction of the last 5 ka of activity
integrated with information obtained tiwrougn the analysis of historical sources
available for the last 2 ka, we identific.d \2ur main eruptive categories: Strombolian and
effusive activities, Vulcanian erup“ons, explosive sustained eruptions, and
phreatomagmatic eruptions. To the ~e eruptive categories, we also add as fifth eruptive
type large phreatic explosions u wing massively the deep hydrothermal system.
These events have shown in the »ast all the characteristics of a magmatic-driven
eruption, that is they may .2 accompanied by typically eruptive phenomena like
ballistic clasts and PDCs. Ti..'s, hereinafter we refer to these large phreatic explosions
as phreatic eruptions.

This classification ‘= an2d at hazard quantification, and it is based on the size of the
potential impact area, Jjrouping together distinct activities (such as Strombolian and
effusive activity) that are characterized by a comparable areal impact.

The main characteristics of each eruptive category are described in the following. For
each category, a reference representative event is described (best observed/studied in
the past). In addition to the main features, a possible sequence of pre-, inter- and
post-eruptive events that combine to define a possible timeline of the eruptive event
itself are briefly presented.

Type O includes phreatic eruptions. Phreatic eruptions are impulsive events related to
the flashing of the deep hydrothermal system. Differently from smaller phreatic
explosions involving only the shallow hydrothermal system, phreatic eruptions may be
accompanied by convective columns, ballistic ejection or by PDCs. We assume the



Caruggi formation (aka Breccia di Commenda eruption) as a potential reference for
Type 0, regardless of the absolute age of the eruption (AD 1000-1200 or VIl century
AD, see discussion in Section 2.2). The hypothetical timeline suggests that the main
eruptive activity was preceded by weak phreatic/hydrothermal explosions, followed by
the phase of emission of ballistic blocks and turbulent PDCs. These were followed by
other phases of more concentrated and less dispersed PDCs. The final stages were
represented by ash emission, whose duration could last from weeks to months.

Given their limited preservation potential in the stratigraphic record, especially for the
oldest events, the period of completeness for Type O eruptions is necessarily limited to
the historical period (last 1 ka), in which at least three events are certainly identified.
This latter number is a minimum, given the difficulty of ciscriminating on the basis of
the historical chronicles between small hydrothermal evniccions and actual phreatic
events. The events identified on the basis of eruptive dvoosits and attributed to events
described in historical sources occurred in 1444 AD ‘ina 1727 AD (Forgia 1 and Forgia
2), together with the explosive event of Caruggi (' nit ur the Breccia of Succession of
Commenda, cal in De Astis et al.,, 2013b or Freccia di Commenda in Gurioli et al.,
2012 and Rosi et al., 2018).

Type 1 includes eruptions with limited imgac. area, which we divided into effusive
(Type l1la) and Strombolian activity (TyZe 1.}

Effusive activity (Type 1a) incides dows of modest volume, with a variable
composition from shoshonite to *hwouite. In the last 5 ka, there were five lava flows
from La Fossa and three from vulcanello (Vulcanello 1 and 3), and one underwater
event associated with the ac:ivity of Vulcanello 2 responsible for the formation of an
extensive field of submarirc pihows to the east of Vulcanello. Given that most of the
effusive events occur with,~ complex eruptive periods, it is difficult to define a
reference event and a Z2ss.ule timeline.

Strombolian activity (1 pe 1b) has been concentrated in Vulcanello, with moderate
intensity, associated with the emission of scoriaceous material which mostly built
Vulcanello's cones. The affected area was limited to Vulcanello surroundings.
Strombolian activity occurred in all the three main clusters of Vulcanello activity (1, 2
and 3, see Section 2.2).

Type 2 includes Vulcanian eruptions. Two sub-categories can be distinguished within
Type 2 based on the presence of PDCs associated with Vulcanian activity: (i) Type 2a,
I.e. Vulcanian eruptions characterized by PDC absence or PDCs with runouts limited
to the slopes of La Fossa cone; (ii) Type 2b, Vulcanian activity characterized by
significant PDCs, many passing the limit of the LFC. The Vulcanian activity of the last
5 ka of the La Fossa cone were characterized by eruptive periods lasting for years
with many explosions associated with repetitive weak, non-sustained eruptive columns
(hereinafter, Vulcanian cycles). They were accompanied by strong detonations and



launch of ballistic bombs and blocks, as well as by the formation of PDCs. In the last 5
ka, four Type 2a eruptive cycles (all included in the last 2 ka), and five Type 2b cycles
were identified (of which three occurred in the last 2 ka; Di Traglia al., 2011; De Astis
et al., 2013a,b; Biass et al., 2016b).

The reference event for the eruptive scenario of Type 2a can be considered that of
1888-90. Although pre-1888 cycles may have been characterized by slightly higher
magnitude and intensity (e.g., Pietre Cotte cycle), longer durations, and height of the
eruptive columns, stratigraphic data suggest this event is fully comparable respect to
older Vulcanian eruptions at La Fossa, but it is better exposed and preserved. It is by
far the best described Vulcanian event by the work by Mercalli and Silvestri (1891), a
milestone that provides information about dynamics, tming, products, and hazard.
This 1888-90 cycle has been characterized by intermitte~t activity with convective
columns with height up to 10 km, significant ballisti~s, abundant gas and steam
emissions, and repose time for single explosions frc n 4 to 72 hours (see Section 2.2
and Table 4). The reference event of Type 2b is th2 vuicanic eruptive period of Palizzi
(Grotta dei Palizzi 2 and 3 formation, gp2a and gp.2a member; De Astis et al., 2013),
dominated by the generation of diluted PDCs, mi.>7r fall beds and two lava flows. The
deposits associated with PDCs are more t©.cn 1 meter thick at La Fossa cone base,
and indicate transport capacities and rurou s ‘hat suggest the possibility of reaching
and overpass the walls of the current ru:le.? (LFC, Dellino et al., 2011).

Type 3 includes short-lived, explcive sustained eruptions of high intensity. In the 2 ka
time window, two events of unec.vocally sustained nature occurred within the Palizzi
cycle (with a possible younger thrd event during the Pietre Cotte activity), with
different compositions and dispe.sion axes, but similar size (volumes of 3-4x10°® m®
and column heights betwee,> 5 and 12 km; Di Traglia, 2011). Even if no PDC deposits
linked to the two events we,~ found, the occurrence of possible phenomena of partial
collapse of the eruptiz.> column cannot be excluded. Although the volumes of the
single event may e ~ornparable with the total volumes of a Vulcanian cycle, the
accumulations of tephre occurred in a shorter time.

Type 4 includes phreatomagmatic eruptions associated with PDCs able to cross not
only the limits of the LFC, but also to affect large areas of the archipelago up to the
coast of Sicily (Dellino et al.,, 2011). Even if this eruption type is not represented in the
reference period of 5 ka, we consider its inclusion to provide a reference for extreme
(but unlikely) large scale eruptions. The reference eruptive event is TGR (Tuffs of
Grotta dei Rossi; De Astis et al., 2013), which represents the proximal expression of
the deposits of the Upper Brown Tuffs (24-8 ka; Lucchi et al., 2008). Although it is not
possible to exclude its occurrence in the future, based on the current state of the
system the possibility of the occurrence of a Type 4 event appears rather remote, with
the past record showing no Type 4 events in the reference period and one eruption in
the last 10 ka.
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The known eruptions in the last 5 ka of all the types are reported in Table 5, taking into
account also the uncertainty in eruption dates. In Table 5 the observed frequencies
(the number of observations and the frequency observed for different observation
windows) is estimated. A diagram of relative frequencies in the last 2 ka is reported in
Figure 7B. The observed frequencies do not necessarily have to be identified with the
probability of occurrence of the different sizes given one eruption. Probability
estimates require a deeper analysis of completeness, the possible addition of data
from different volcanoes considered analogous, and the definition of a probabilistic
process (e.g., Poisson) generating events. From these data, it emerges that the most
frequent eruptions are Type 1a, with annual frequencies of the order of 107210 /year,
corresponding to average recurrence times of 0.1-1 ka. Less frequent are Type O
eruptions, with average recurrence intervals of the order of 1 ka. For the remaining
eruptive types (Type 1b, 2a, 2b and Type 3), the range ot vcriability of the frequencies
observed is in the order of 103-10*/year, correspondin. to recurrence intervals >1 ka.
Type 4 eruptions are not considered in the table sirce 10 events have been reported
in the last 5 ka.

We note that, even in presence of slighu, divergent interpretations of the
chronostratigraphy and relations among La "ossa and Vulcanello activity (see Section
2.2), the general architecture of the recent, . »<. 5 ka stratigraphy is consistent enough
and allows a solid discussion on erv.. e ~tyles and mean recurrence rates. Indeed,
the different interpretations do not di.=rge in the type of eruptive style (and thus in the
definition of eruption type). They Jdiverge only on the specific dates of single eruptions
that, in all cases, remain withir the reference period of 5 ka, thus impacting the
statistics of inter-event times, bw 1o’ their overall rates in the reference period. For the
observed rates, more critical \ppcars the evaluation of the completeness of the record
for all eruption types. We sugygest that, for future quantifications of probability of
eruption and eruption tynes, the completeness of the record for all eruption types is
carefully evaluated.

The record of the erup’ive phenomena for each of the defined eruptive type appears
sufficient to characterize the source variability beyond the observed one, at least for
ordinary hazard quantifications. This variability can be also carefully benchmarked in
the future, for example making use of the records in analogue volcanoes (Tierz et al.
2019, and references therein). This type of comparisons, at the moment largely
missing in literature, will enable to better constrain the potential variability of the
source to explore the natural variability of the phenomena in hazard quantifications,
providing important information especially in the tails of the distributions.

3. STEP 2: State-of-the-art on hazard assessments

The main goal of STEP 2 is to provide a review of the state of the art on hazard
guantification at Vulcano. The review is extended to all potential hazards, including the
non-eruptive ones and independently from their frequency in Vulcano. We considered



the guidelines of the International Atomic Energy Agency (IAEA) to classify the
volcanic hazards (IAEA, 2012, 2016), slightly adapted to the Vulcano case. More
specifically, we organized eruptive phenomena in 6 sections (opening of new vents;
atmospheric phenomena and shock waves; tephra fallout; volcanic ballistic blocks;
pyroclastic density currents, lava flows) and non-eruptive phenomena in 7 sections
(hydrothermal and groundwater anomalies; volcanic gases and aerosol; volcanoclastic
flows and floods, landslides; tsunami; ground deformation; seismicity).

To systematise the analysis, we defined 5 common criteria for the review, as well as a
common reference verbal scale for probabilities and a set of reference locations for
spatial information.

The 5 criteria are: 1) the definition of the phenomenon (2na ‘ts intensity measures); 2)
a discussion about past observations in the referenc> pi:riod (with attention to the
most recent observations and those associated with the most intense phenomena); 3)
the guantification of the probability of occurrence of uie phenomenon in the different
states of the volcano (quiescence / unrest / erup,uun), 4) the analysis of hazard curves
or, when not available, of the range of potential n..=nsities in the different areas; 5) the
description of potential triggering / cascadi~, events. For each hazard, we discussed
also the main limitations of the present stete ~f xnowledge.

As in Selva et al. (2019), probab..tv values have been systematised adopting a
common verbal scale, modified frrm IPCC (2013) and ACS-CCS (2015), as reported
in Table 6. As reference locatirs, “ve considered the areas of Vulcanello, Porto,
Lentia in the northern part of the island, and Piano and Gelso in the southern part
(Figure 1C), due to their h.gh =xposure and/or for their potential use in case of
potential evacuation of the i2'ana.

The results of the revie..= «.e discussed in the following subsections and summarized
in the comparative Takb:~< 7 and 8.

3.1 Eruptive hazards

3.1.1 Opening of new vents

Vent opening is associated with all magmatic and phreatic eruptions and will occur as
the reactivation of previous vents (e.g. La Fossa, Vulcanello) or as the activation of a
new structure.

Existing vents associated with a Holocene activity include La Fossa craters, inside the
caldera, and Mt. Saraceno, Mt. Lentia, and Vulcanello, along or in the proximity of the
caldera rim (Sections 2.1 and 2.2; Figures 1, 2 and 3). However, during the last 5 ka,
activity was concentrated at La Fossa volcano and Vulcanello. The most recent event
of reactivation was associated with the 1888-90 eruption of La Fossa volcano and the
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most recent vent opening was associated with Vulcanello 3 in 1600 (Fusillo et al.,
2015). During this time, La Fossa wvolcano and Vulcanello have also erupted
simultaneously.

Currently, no probabilistic or structural study of possible vent opening exists in the
literature. Given that most of the activity within the reference period concentrated in La
Fossa and Vulcanello vents, future eruptions are expected to occur mostly around
these vents. However, vent opening is possible also in newly formed vents, as already
happened in the past.

A NS and NW-SE preferential axis for vent opening associated with magmatic
eruptions (Type 1+) has been hypothesized by sever:| authors (e.g., Ruch et al.,
2016), based upon the lineament of La Fossa crater, Vucanello and other eruptive
centres. These local structures seem to have a stiang:r impact with respect to
regional tectonics structures (Figure 2A; see discussion in Section 2.1). All the activity
in the reference period, as well as the older activiv . the last 10 ka, is concentrated
within the LFC (Section 2.2) and thus this may 'epesent an outer limit for the present
volcanic system. It is important to note that the L™ C caldera is mostly subaerial, with
only its NE part at present under the sea (e.;., Casalbore et al., 2018).

Vent opening associated with phreafi. eruntions (Eruption Type 0) is thought to be
related to the location of the deep hyrr thermal system, mostly close to Vulcano Porto
and Baia Levante areas that are Fiahly awered (Section 2.5).

From a multi-hazard perspective, vent opening is the starting phase of all eruptions; it
may generate landslides ard tsunami, and it is usually accompanied by ground
deformations and earthquak>s (as described also in some chronicles, Section 2.2.2).
Generally speaking, it has heen suggested in literature that vent opening may be
triggered by pressuriz/iinrn'uepressurization of the magmatic system due to phreatic
activity (as proba'.'v ~courred in 1888, see Sections 2.2.2) and/or gravitational
collapses, as well as fa 'oured by large regional earthquakes.

The lack of quantifications of the spatial probability of vent opening largely limits the
hazard assessment of eruptive phenomena, especially of those that have a strong
topographic control (e.g. PDCs and lava flows). Therefore, a quantitative analysis to
quantify the spatial probability of vent opening will be of primary importance for future
hazard quantifications.

3.1.2 Atmospheric phenomena

The main atmospheric phenomenon associated with eruptions on Vulcano are shock
waves, high-energy acoustic waves associated with loud detonations. Detonations
associated with La Fossa volcano activity have been heard as far as the north coast of
Sicily during the XVII and XIX centuries, as reported by historic chronicles. During the



1888-90 eruptions, shock waves broke glass windows on Lipari, up to 40 km from the
vent (Mercalli and Silvestri, 1891); loud detonations have also been associated with
lightning inside the eruptive plumes.

Shock waves and smaller-scale atmospheric phenomena (such as lightning) are
generally very likely during eruptive phases. More specifically, they are rare for Type 0
and 1 eruptions, possible for Types 3 and 4 and almost certain during Vulcanian
cycles (Type 2). They are usually triggered by the explosive phases of eruptions, while
smaller atmospheric phenomena may be induced by phenomena associated with the
dynamics of the eruptive columns. At present, no specific studies quantify the hazard
associated with shockwaves at Vulcano.

3.1.3 Tephra fallout

Tephra sedimentation includes fallout of ash (<2 mm), 'arilli (2-64 mm), and bombs
and blocks (>64 mm) . In particular, ash an lapilli mcstly fall from the convective plume
and the horizontally-spreading cloud, while bombs ~nd blocks are mostly ejected from
the eruptive vent and follow ballistic trajectories.

For the last Vulcanian cycle (1888-90, 1vpe 2a), Di Traglia (2011) reports an
accumulation of 100-500 kg/m? (i.e. 10-5) u.7 thickness) in the Porto area and <300
kg/m? (i.e. < 30 cm thickness) in th: Fiano area. Mercalli and Silvestri (1891) also
report sedimentation in the southern -« of the ltalian peninsula (Calabria region) and
in the northern coast of Sicily (bew 2en Palermo on the west and Catania/Siracusa on
the east). For sustained eruptio’ss “ype 3, i.e. Palizzi B and D), Di Traglia (2011)
reported an accumulation of 20 -1299 kg/m? (i.e. 3-150 cm thickness) in the Porto area,
while in the Piano area w.lues <800 kg/m? (i.e. <100 cm thickness) can be
extrapolated based on the compiled isopach maps (as no outcrops were found in the
area). Palizzi B and D are ncluded within the Palizzi 2 sequence of Dellino et al.
(2011) and within the Grota dei Palizzi formation of De Astis et al. (2013b).

So far, only tephra fallr,ut associated with Vulcanian eruptions of Type 2a (based on
the 1888-90 eruption) and sustained eruptions (Type 3: VEI 2 and 3) as well as
ballistic fallout associated with Vulcanian eruptions (Type 2a) have been modelled
(Biass et al., 2016a,b; Figure 8). The associated hazard assessments have only been
considered for a vent location at La Fossa.

For the Type 2a scenario, plume height of 1-10 km, individual explosions with masses
of 10%-10° kg, durations of 30-1095 days and repose intervals of 4-72 hours have been
considered (‘V-LLERS: Eruption Range Scenario of Long-Lasting Vulcanian
eruptions” in Biass et al., 2016a). In the Type 3 scenario (VEI 2, based on Palizzi B
and D eruptions), plume heights of 5-12 km and masses of 0.6-6 x 10° kg have been
considered (“ERS scenatrio: Eruption Range Scenario VEI 2” in Biass et al., 2016a). In
the Type 3 scenario (VEI 3), plume heights of 8-17 km and masses of 6-60 x 10° kg
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have been considered (“ERS scenario: Eruption Range Scenario VEI 3”in Biass et al.,
2016a). Finally, a Type 3 scenario specific for the Palizzi B and D eruptions has also
been analysed, with plume heights of 7-8 km and masses of 2.1-2.4 x 10° kg (“OES
scenario: One Eruption Scenario”in Biass et al., 2016a).

Given the direction of prevailing winds (Biass et al., 2016a), the south and southeast
of the island are the most impacted by all scenarios. Conditional hazard curves have
been compiled for two reference localities (school in Piano and medical centre in
Porto, Figure 8A) for all scenarios. Cumulative hazard curves for the same locations
have also been compiled to assess the variation of tephra accumulation in time
(Figure 8B). Maps that show the probability of reaching 10 kg/m? (damage to
vegetation and traffic disruption), 100 kg/m? (reference fc collapse of weak roofs) and
300 kg/m? (collapse of strong roofs) have also beer, compiled together with
probabilistic isomass maps for a probability of 50% for 3 sc enarios (Eruption Type 2a,
Type 3 VEI 2 and Type 3 VEI 3; Figure 8C). These orovabilities are conditional to the
scenario considered. The effect of increase of de'siiyy due to infiltration of rain water
within tephra deposits has also been evaluate 4, ~huwing an increase of probability
between 3-10% for rain between 20-50 mm (i.e. n.=dium and torrential rains).

In detail, Piano has a probability of 35-6C% of reaching a 300 kg/m? accumulation for
Type 3 VEI 2 and 3 eruptions. Prob~.lisi~ isomass maps of 50% probability show
accumulation between 100-300 kg/n.? 4t Piano for both Type 2a and Type 3 VEI 3
eruptions, even though the accurilation associated with a Type 2a eruption is more
widespread. As an example, hazz+d curves show how the probability of reaching 200
kg/m? in Porto is 50% for a Type 2& eruption and 20% for a Type 3 VEI 3 eruption. To
sum up, Type 2a eruptions “ave a 10% probability of accumulating 1-300 kg/m? in
Porto and 1-600 kg/m? in F:ano. There is a 100% probability of accumulating 10 kg/m?
of tephra at the school in F.2no after 2 months, 80% probability of accumulating 100
kg/m? after 9 months 2:.3 =% probability of accumulating 300 kg/m? after 20 months.
For an eruption Ty.= 2 V2| 3, there is a 10% probability of reaching 50-300 kg/m? in
Porto and 100-1000 kg'm? in Piano.

From a multi-hazard perspective, tephra fallout can be associated with other primary
and secondary eruptive phenomena such as acid rains, gas emissions (in particular
S0Oy), ash resuspension, lahars, PDCs, lightning and shock waves mostly associated
with Vulcanian explosions. Specifically, tephra fall is associated with any vent opening
and this opening may trigger various potential cascading phenomena, such as lahars
and ash remobilisation by wind (co-eruptive, but also long after eruptions), PDCs (for
collapse of the column), and atmospheric phenomena (e.g. lightning). Secondary
hazards on Vulcano have only been studies with respect to lahars (e.g., Ferrucci et al.
2005; Baumann et al. 2019).



The main limitations of the available tephra fallout hazard quantifications are related to
the fact that not all eruptions types potentially producing tephra have been studied
and, that simulations are limited to eruptions from La Fossa crater (Section 3.1.1).

3.1.4 Ballistic Blocks and bombs

Sedimentation of tephra from eruptive plumes can also be associated with ejection of
ballistic bombs and blocks for all eruptive activity considered (Type O - phreatic, Type
2 - Vulcanian and Type 3 - sustained).

Dellino et al. (2011) report the occurrence of ballistic blocks from La Fossa associated
with an impact energy between 10° and 10° J at a distance of < 300 m from vent and
of 1.4 x 10° J up to Vulcanello in the north of the isla.~i and down to the southern
caldera rim in the southern part of the island (at a distr..ce Jdp to 2.5 km; Figure 9A).
These observations are related to the successions of 1+ 'ine Nere (Type 1b), Caruggi
(Type 0) and Cratere Attuale that includes the 1888-230 \'ulcanian eruption. Biass et al.
(2016b) report impact energies associated wit. the 1888-90 Vulcanian eruption
between 0.06-4 x 10° J at distances between 10L7-1500 m from the vent along the
southern caldera rim. Historical chronicles (Morgi.ore, 1743) also report large blocks
(reported of about 8 kg, see Table 4) aloryg .he northern coast of Sicily (at Brolo, 25
km from Vulcano) associated with the 1% 3% CZruption; however, considering the large
distance from the vent, we hypoth.si.e at these blocks did not follow ballistic
trajectories. Specific observations of 1.t remobilized ballistic blocks are rare, with the
most reliable being those on t.> southern caldera rim, which could explain the
discrepancy between Dellino et . 2011) and Biass et al. (2016b) observations. The
main characteristics of these b'~ck~ are described in Table 9.

Biass et al. (2016b) heve compiled probabilistic maps based on the 1888-90
Vulcanian eruption (Figu:= 9t,). As an example, probabilistic isomass maps of 90% of
occurrence show that mcst of the island would be affected by impact energy > 60 J
(associated with tre ne.furation of weak tile roofs) with impact energies up to 8000 J
(associated with perforation of strong armoured roofs) in the areas of Porto, Piano,
Lentia and Vulcanello.

Due to the elevated temperatures, secondary phenomena associated with the
sedimentation of ballistic bombs and blocks include wildfires. Ballistics may also be
accompanied by tephra fallout, shockwaves, and significant gas emissions. Specific
studies for Vulcano on these issues are not available.

As in the case of tephra fallout, the main limitations of the available hazard models are
related to the fact that not all eruptions types have been studied and that the analyses
are limited to eruption from La Fossa crater, even though similar activity at different
vents cannot be excluded.
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3.1.5 Pyroclastic Density Currents (PDCs)

PDCs are mixtures of pyroclastic particles and gas that move across the landscape
under the effect of gravity. They macroscopically behave as dense, multiphase gravity
currents (flowing pyroclastic mixtures of particles and gas) immersed in a less dense,
almost isotropic fluid (the atmosphere; Sulpizio et al., 2014).

The main PDCs observed on Vulcano are associated with the Palizzi eruption
(Vulcanian eruption Type 2b; Dellino et al., 2011) and those associated with the Brown
Tuff (TGR, Type 4; Dellino et al., 2011; Figure 10A). Dynamic pressure of the PDCs
associated with the Palizzi eruption is 0.5-1.5 kPa in Piano with a particle
concentration of 1-2 x 102 and 1.5 kPa in Porto with a particle concentration of 1.5 x
1073, as simulated by Doronzo et al. (2016; Figures 10E ‘and C). The maximum value
of dynamic pressure was derived for the Brown Tuff (TCR) with a value of 5 kPa in
Piano and 1.5-2.5 x 107 particle concentration (TGR dc~s 1ot crop out in Porto). This
value of the dynamic pressure is derived from the ntecrated average of the first ten
meters of the PDC in downcurrent direction (De'ino et al.,, 2011). Most PDCs at
Vulcano are dilute, even though a few example s o» dense PDCs have been found in
the stratigraphic record (e.g., Caruggi, AD 1u'0-1200 or VII century AD, see
discussion in Section 2.2).

PDCs are almost certain for Eruptic.i ‘ype 4, frequent for Eruption Types 2 and 3,
possible for Type 0, and very raic for Type 1 eruptions. Probabilistic hazard
guantifications are not available fo. PDCs at Vulcano. All the available scenarios have
the La Fossa crater as the veinn. Given that PDCs are strongly controlled by the
topography, a part for sourr= ~zrameter variability, future hazard quantifications
should account also for the votenual of vent opening also in other positions of the La
Fossa caldera, to better ro.=r the potential natural variability. In addition, PDCs can
be quite directional, eve:» wit .out topography, and position of the vent within the crater
will control the runout “ire ~tion.

PDCs can trigger wilifires, provide material for the generation of lahars and ash
remobilisation by wind and may produce small tsunami if they reach the sea

3.1.6 Lava flows

No direct observations of lava flows on Vulcano exist (Barbano et al.,, 2017), even
though many lava flows occur within the stratigraphy of both La Fossa volcano and
Vulcanello (Section 2.2). The most recent lava flow is that of Pietre Cotte that has
been attributed to the eruption of 1739, which is testified in historical chronicles but not
directly observed (De Fiore 1922, Barbano et al., 2017). Other lava flows include those
inside Palizzi 2 succession and Punte Nere (Dellino et al., 2011). The only lava flows
that went beyond the base of La Fossa cone are those of Campo Sportivo and Punte
Nere (see Figure 1C).
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Lava flows are related to Type 1 eruptions (by definition), for which they are almost
certain. Effusive phases are located both within Vulcanian cycles (Type 2, essentially
at LFC) and during Strombolian construction phases (mainly Vulcanello). Therefore,
they should be considered as possible during Type 2 events, while they are rare for
Type 3 and 4 eruptions. Lava flows are not possible for Type O eruptions since they
can be generated only by newly erupted magma.

No probabilistic studies of lava inundation in Vulcano exist in the literature. Magmas
have been associated with medium-high viscosity resulting in short lava-flow runouts.
With the exception of the pillow lava field associated with Vulcanello 2 (whose volume
is estimated at 0.2 km?), the volumes of the lavas are small. Even if no observational
data are available at LFC, low effusion rates (<<10 m®+<1 can be assumed due to the
high viscosity and the low mobility of lava bodies.

Dedicated multi-hazard studies including lava flows ©n \‘ulcano do not exist. Generally
speaking, lava flows could trigger small PDCs du+ tu irontal collapse and landslides,
as well as cause wild-fires and very small tsunan.

3.2 Non-eruptive hazards

3.2.1 Hydrothermal activity and anom-uic s 1. aquifers

Hydrothermal systems can give rise w. a wide range of dangerous phenomena (e.g.
explosions, geysers, mud volcanis,™. contamination of water, steam flows), all linked
to the presence of the hydrothe'm.' system itself and related to the disruption of the
equilibrium conditions caused % voicanic events.

At Vulcano, as discussed n Caction 2.5, we have evidence from well data of a shallow
thermal aquifer in Vulcano -orto (Carapezza et al., 1983), two boiling aquifers at
depths of about 90 «na 230 m below sea level, at Baia di Levante (Sommaruga,
1984), as well as o1 *he existence of a deep fossil hydrothermal system (~400 °C, 25
wt% NaCl; Faraone ¢ al., 1986; Cavarretta et al., 1988). In the recent past, the
chronicles of Sicardi (1940) reported the appearance of fumaroles at the base of the
La Fossa cone during unrest, and their subsequent disappearance in quiescence, as
well as widespread thermal anomalies of wells in the area of Vulcano Porto, similar to
what observed during the monitored unrest of the last 20-30 years (Section 2.7.1).
Chiodini et al. (1991) have shown that, during events linked to the contribution of deep
high-enthalpy fluids, the geotemperatures and geopressures estimated in the
hydrothermal system of the Baia di Levante are higher, thus increasing the probability
of hydrothermal explosions.

The hazards linked to the hydrothermal system are significant in all the phases
(quiescence, unrest, eruptions of all types). Several phenomena (expansion /
appearance of steam and gas exhalant areas, acidification and pollution of surface



aquifers, mixing between deep and superficial bodies of water with variation of the
chemical-physical characteristics) are highly probable to near-certain in all the levels
of activity (unrest, Type O eruptions up to 4), as well as other phenomena like the
pressurization of the boiling aquifers present under the Baia di Levante or at the foot
of the La Fossa cone. Hydrothermal explosions may also occur due to sudden
decompression of hot aquifers, and therefore be triggered by earthquakes (also
regional) and landslides in all phases, including quiescence.

Specific quantifications regarding these hazards are still missing. Geochemical studies
suggest that a deep hydrothermal system contributes to the present fumarolic
degassing at La Fossa (Nuccio et al., 1999). ltaliano et al. (1984) estimated that
aquifers with a volume around 0.1 km? or higher, located within the first 2 km of depth,
may give rise to hydrothermal explosions (up to actual phrectic events, classifiable as
eruptions of Type 0). Such potential involves the whol> ar2a investigated (La Fossa
caldera). From a spatial point of view, the NE and NV/ tic nks of the La Fossa cone and
the Faraglione, Baia di Levante and Isthmus areac arc (he most likely sites, due to the
observable thermal anomalies

From a multi-hazard perspective, the trigge:.."g of hydrothermal phenomena is mainly
linked to the increase in the contribution »t "0t fluids from the deep magmatic system
towards more superficial aquifers, bi. heimeability changes related to landslides or
seismic events can equally disrupt the Fydrothermal system (e.g. NE side of La Fossa
facing Punte Nere). On the othcr hanu, hydrothermal alterations of the rocks may
trigger slope instability (e.g. do:mhi! and unstable zones of the Forgia Vecchia),
ground deformations, and lahars.

The main problem in quantviny these hazards in Vulcano, as for most of volcanoes
worldwide, is that there is 1.~ detailed historical information to constrain the statistics
on occurrence and r.cqi.wde of hazardous events. In particular, there are no
measurements durira <it'ier eruptive phases or unrest preceding eruptive phases.
Physical-numerical similators of geothermal reservoirs have also been used to model
the hydrothermal circulation at Vulcano (Todesco, 1997), but their applicability for the
purpose of an evaluation in space and in the short term of the evolution of the
hydrothermal system is seriously hindered from the limited geological characterization
of the substrate, a necessary input for the models.

3.2.2 Volcanic gases

Gas hazard is related to the toxicity and/or asphyxiating properties of the endogenous
gas species emitted and to their concentration and dispersion in the atmosphere. In
the short term, the gas hazard at Vulcano is mainly related to the reaching of
dangerous concentration levels of CO,, H,S and SO- in the air, or a mixture of them.
Long-term exposure to volcanic gas, aerosol and particulate matter can also be



harmful but the effects are poorly understood and will not be taken into account here.
More details on the potential impact can be found in MHHN (2005).

At Vulcano, gas emission occurs both from fumarolic fields and from soil characterized
by diffuse degassing. In the first case, hazardous levels of gas (mainly SO, and H,S
and, secondarily, CO;) can be reached in the plume while dangerous concentrations
of endogenous gas emitted by diffuse degassing (mainly CO, and, secondarily, H,S)
can affect low-lying areas and confined spaces. In the latter case, CO; is usually the
most hazardous endogenous gas while, more in general, H»S is the gas that more
easily reaches an outdoor concentration potentially hazardous for human health
(Figure 11A,B).

At Vulcano the diffuse degassing of CO; is comparable tn J:at emitted from the plume
of open-conduit volcanoes. During unrest episodes, soi. derjassing can increase up to
nearly one order of magnitude in the crater area end 'Ip to a factor 3-4 at Levante
Beach and Palizzi, as happened during the 200> wuest phase (Carapezza et al.,
2011).

Past concentrations of dry fumarolic gas rany,2d from 95 to 97.72% and from 1.57 to
2.47% for CO, and H,S, respectively (Cric«ir. et al., 1991, 1995; Capaccioni et al.,
2001) while concentrations of SO, up «w 3v" were observed at the crater-rim fumaroles
(Badalamenti et al., 1984).

In Vulcano Porto, for CO,, the ma.“mum air concentration values were observed
during the 2005 unrest phase aid reached levels of 9.8 and 100% for indoor and
outdoor measurements, resp-ctivcly (Carapezza et al., 2011). In the same period, a
total diffuse degassing of 92 tons/day was recorded at Vulcano Porto while 14
tons/day were emitted at Le ante Beach (Granieri et al., 2014). Numerical simulations
of CO, dispersion in the atmosphere, taking into account the diffuse degassing
contributions of La ~0s~a cone, Vulcano Porto and Levante Beach for the 2005 unrest
phase for a total of 17. 4 tons/day (Granieri et al., 2014, Figure 11C), show that excess
CO, air concentration never exceeds 300 ppm, mainly due to local soil degassing
more than from the crater. For H,S, the maximum air concentration levels were
observed in 1991 (quiescence) a few tens of meters N of the thermal pool (4500 ppm;
Annen, 1992). In 2015 (quiescence), 270 ppm and 65 ppm of H,S were recorded at
fumaroles located 20 m off-shore Levante Beach and at the thermal pool,
respectively (Carapezza et al., 2016a,b). The total amount of H,S emitted by viscous
degassing in these areas was measured on 2009 (quiescence) for a total of 20.3
kg/day, while the H,S released in 2007 (quiescence) by diffuse degassing was 93.5
kg/day (Carapezza et al.,, 2011). A maximum concentration value of 19.8 ppm was
recorded at Levante beach in 2007 (quiescence; Carapezza et al., 2011) along a 20
m-long profile (20 cm height for 33'). For SO,, the maximum air concentration levels
were observed in 2005 (quiescence) at Ponente Beach (0.05 ppm; D’Alessandro et
al., 2013). Numerical simulations of SO, dispersion, based on a fumarolic SO, flux of
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30 tons/day (quiescence), have shown values just above 10 ppm in the easternmost
sector of Levante Bay (Graziani et al., 1997) and more than 30 ppm at the western
foot of La Fossa cone (Pareschi and Ranci, 1997; Pareschi etal., 1999, Figure 11D).

In Vulcano Piano, no air concentration data are available for CO, and H,S at Vulcano
Piano while the maximum air concentration level of SO, was 0.05 ppm observed in
2005 (quiescence; D’Alessandro et al., 2013). A total CO; soil diffuse degassing of 4
tons/day was measured at Vulcano Piano and 1 ton/day in the Gelso area
(quiescence; Inguaggiato et al., 2012).

Within La Fossa cone, the maximum air concentration of CO» (15%) was observed in
1984 (quiescence) in a channel on the NW slope of the cone (Badalamenti et al.,
1984). A peak of 600 tons/day of CO; flux from the crater 'maroles was recorded in
1988 (unrest; Italiano and Nuccio, 1992), while 362 tcns/cay was observed in 2007
(quiescence; Inguaggiato et al., 2012). A total soil ciffuce degassing of 180 tons/day
from the crater area was observed in July 2005 ‘guwcscence; Granieri et al., 2006)
while 1579 tons/day from the same area, plus ¢y tons/day from the Forgia Vecchia,
were observed on December 2005 (unrest Tranieri et al, 2014). Numerical
simulations of CO» dispersion in the atmosr.:.~re realised for La Fossa cone (Granieri
et al., 2014) show concentration values jus. above 0.5% with an input of 300 tons/day
for the fumarolic contribution (quiescr..~e,. For H,S, the maximum air concentration
observed on the crater rim is 179 j~e.n (quiescence, maximum concentration value
along a 30-m-long profile at 1.5 m; Carapezza et al., 2011). The total amount of H,S
emitted from the crater fumaroles ‘wa> 6 tons/day in 2005 (quiescence; Aiuppa et al.,
2005). For SO, the concentration ir the air up to hundreds of ppm were measured on
at least two occasions on the cra.ar rim: 250 ppm on 1991 (quiescence; Annen, 1992)
and 179 ppm on 2005 (gu.=escence; Aiuppa et al., 2005). More recently, 0.85 ppm
were measured 100 m dow.wind of crater rim fumaroles (quiescence, average value
calculated over a 2-d=, n.casurement period, the maximum concentration value is
evidently much higk.ar; D'Ajessandro et al., 2013). Peaks of SO, plume flux of 120 and
100 tons/day were ob: erved in 1988 (unrest; Bukumirivic et al., 1997) and in 2009
(unrest; Vita et al., 2012), respectively. An SO, plume flux of 15 tons/day was
measured in 2005 from the crater fumaroles (quiescence; Aiuppa et al., 2005).
Numerical simulations of SO, dispersion in the atmosphere resulting in over 30 ppm
were realized using an input of 30 tons/day (quiescence; Pareschi and Ranci, 1997).

The emission of volcanic gas at Vulcano occurs in all the levels of volcanic activity
(quiescence, unrest, eruptions of Type 0, 1, 2, 3 and 4). Note that all known deaths
due to the emission of endogenous gas at Vulcano occurred in the inter-eruptive
period post-1890 (during the last eruption, the island was almost uninhabited).

Probabilistic hazard quantifications are not available for Vulcano. A health risk
assessment, through a fuzzy-logic procedure, has been carried out for SO, by Klose
(2007). However, the model is affected by the inexact assumption that, in addition to



the SO, released by the high-temperature fumarole located on the NE sector of the
rim of Gran Cratere, SO, clouds are emitted also by the degassing areas of Vulcano
Porto.

More in general, past studies of gas dispersion show that, in quiescence and unrest,
the areas more exposed to the gases are La Fossa cone, Levante Beach, Vulcano
Porto village, and Palizzi. In these areas, diffuse and/or fumarolic degassing occur
permanently and dangerous concentrations can be reached. Potentially, all the areas
located on the bottom of the Fossa caldera, including offshore, are highly exposed.
During unrest and eruptions, significant increases of both fumarolic and diffuse
emissions (also with variations in the composition) are expected to occur, with an
increase of their areal distribution and the possible appe 1rance of new emission sites
(as “Lentia fumaroles” of Sicardi (1940); see Section 3.2.1\.

From a multi-hazard perspective, gradual increases )f g.s release may occur in cases
of new magmatic input, local and/or regional seismicity, meteorological factors
(atmospheric pressure, wind and rainfall), while ©1g: ficant and sudden increases (from
seconds to minutes) of gas air concentra.ns could be due to phreatic,
phreatomagmatic and magmatic eruptions s well as to landslides. The sudden
increase of gas emissions to the hazardcu. levels in the air can also be triggered by
human activities (e.g. excavations anc v reole drillings).

The main concerns in the state of “nowledge and risk mitigation measures are: lack of
an indoor and outdoor surveillanz> nctwork in the areas more exposed to short-term
gas hazard; lack of delimitation o the most hazardous areas to interdict people’
access (e.g. Vasca degli "woopotami); lack of an epidemiological study on the
exposure effects to gas anu aerusols in the long term; lack of an efficient and constant
work of awareness raising .~ the gas hazard and to volcanic hazards (Nave et al.,
2015; Carapezza et a'.,, 20.0a,b). About this latter point, the INGV Operational Centre
"Marcello Carapez.>" ("™'/sddezio et al., 2008; INGV-DPC, 2013) is the only structure
to date that explains gas hazards to tourists that spontaneously go to visit the
exhibition area.

3.2.3 Volcanoclastic flows and floods

The term volcaniclastic flows includes the whole spectra of gravity driven mixture of
volcanic material and water. The term lahar is usually used as synonymous of
volcaniclastic flow, although it best applies to flows occurring on the slope of a volcano
(Smith and Fritz, 1990). Both wvolcaniclastic flows and lahars may vary their
characteristics downstream over time and may include a variety of flow types including
debris flow, transitional or hyperconcentrated flows, or floods.

The occurrence of lahars at Vulcano is widely documented in the literature (Frazzetta
et al., 1984; Dellino and La Volpe, 1997; Di Traglia, 2011; De Astis et al., 2013a,b, Di



Traglia et al., 2013). In particular, during the reference period (5 ka), the occurrence of
lahars is associated both with intra-eruptive phenomena during the cycles of Vulcanian
activity and during periods of volcanic quiescence. In both cases, lahars occurred as
remobilization of the material emplaced during the phases of activity of La Fossa and
accumulated on the slopes of the cone. Such phenomena are always triggered by
heavy rain events. In particular, the triggering conditions are linked to the
accumulation of ash, slope, characteristics of the material (e.g. grain-size) and the
amount of provided water (Ferrucci et al., 2005). Both types (syn- and post-eruptive
lahars) have contributed over the years to progressive denudation of La Fossa, where
the ash products of recent Vulcanian cycles (post-1000 years) have been removed
from the slopes and accumulated at the foot of the volcano.

During quiescence or unrest, lahars are related to the rer.nbilization of the material
from past eruptions due to the rain. The frequency in th: re arence period is high, with
periods of nearly annual occurrence for small-volune Ichars linked to the seasonality
of the rains. During the eruptive phases, lahars ~an uccur both during intra-eruptive
periods within periods of Vulcanian activity (Cruption Type 2), and during or
immediately after sustained column eruptions (-+uption Type 3). The frequency of
occurrence, even in these cases, is linked t7 rain events, and is higher during the Type
2 activity due to their longer duration and o he associated deposits (ash) for this type
of activity, which are more suitable (i*. Jra.n-size and thickness) to the initiation of the
lahar phenomena.

Observed deposit volumes in Vi lcao are variable; in the intra-eruptive events, a
reworking of ash is largely visio'2 within the eruptive sequences and rarely affects
large areas. The variability of the volumes associated with the inter-eruptive events is
larger, essentially due to lc:aer periods in which the probability of the occurrence of
torrential rains increases Ti.> deposit volumes are from low (20-50 m?), with only local
effects at the scale of .~ cune and formation of small lobes (Ferrucci et al., 2005), to
large events that r_mchilize significant volumes of material (103-10* m®), with events
affecting the road syste n and the Porto di Levante area. All the ash remobilized in the
last 1 ka has led to an accumulation of material in the area of Vulcano Porto and Porto
di Ponente, where the ground level has progressively risen by 2-3 m.

Probabilistic hazard quantifications for lahars in Vulcano are still missing. Literature
and observational data suggest that the lahar scale is linked to the intensity of the
rains. It is, however, possible that the highest intensity values can occur immediately
after a new eruptive activity when the availability of grain-size material and ash
thicknesses is higher. Indeed, observational data suggest that the potentially invaded
areas during the most important phenomena include the area of Vulcano Porto and
Porto di Ponente, where the maximum observed lahar deposit thickness reaches one
meter for single events.



3.2.4 Landslides

At Vulcano, two main types of slope processes have occurred in the past: i) shallow
landslides (e.g., rotational and drift landslides), and ii) deep-seated slope deformation
(e.g. debris avalanches and sector failures).

Based on morphological evidence, around the La Fossa cone, Tommasi et al. (2007)
documented shallow landslides along pyroclastic strata with volume up to 200,000 m?,
and local rock slides were recognized at Lentia by Marsella et al. (2015). Frazzetta et
al. (1980) found a landslide of 24,000 m® at Forgia Vecchia slope, whereas the
youngest shallow landslide occurred on April 1988 along the NE slope of La Fossa
(Figure 12A and B), with a volume between 193,000 m® (Achill et al., 1998) and
201,000 m? (Tinti et al., 1999). This latter event was likely *iggered by seismic shaking
during the earthquake swarm of March-June 1988, .*ich reached a maximum
Magnitude of 4 (Neri et al., 1991). Other predisposi.2 ‘actors may have included
regional seismic activity, hydrothermal alteration of the involved deposits, and
repetition of cycles of fluid inflation/deflation tha. might decrease the geotechnical

characteristics of rock masses (Rasa and Villat, 1391); the landslide occurred during
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a period of low rainfall (Tommasi, pers. comm.).

Past deep-seated failures occurred prior 0 25 ka and were linked to the growth and
collapse of the ancestral volcano (e Asis et al, 2013a, b). A sector collapse
developed along the southwestern fla.”< of the island, producing a debris avalanche
deposit documented at 5-10 km offshore (Bosman et al., 2013; Romagnoli et al.,
2013).

Landslides are possible in ali *he phases of the volcano, with an increase of probability
in case of unrest and erunucn. Probabilistic hazard analyses for the different types of
landslides are still lacking. Only a few specific quantitative studies are available.
Modelling by the Bishup method (Bishop, 1955) showed that general failure of the La
Fossa cone is veiy Anlzdlt, being characterised by a Factor of safety (Fs) = 1.34,
whereas minor shallow @andslides are possible in the upper part of the crater with Fs =
0.95 (Pesci et al., 2013). Tommasi et al. (2016) showed the possibility of flank failure
of the NE part of the La Fossa cone, only in the case of important external forces,
such as a shallow magma intrusion producing a vertical gradient of at least 10 kN/m
applied for a height of 100 m, and if there are horizons in the potentially unstable rock
mass that are completely altered into clays.

Geodetic measurements of active deformation of the topographic surface of the slopes
of the La Fossa cone support the presence of an unstable rock volume of about 0.8 x
10° m® that affects the slope facing the harbour and the village (Bonaccorso et al.,
2010). Other analyses found other potential instabilities in the area of La Forgia
Vecchia (Marsella et al., 2011; INGV-DCP-V3, 2016) and in the area NW and SE of




the 1988 landslides (Madonia et al, 2019), with a potential volume up to several
hundred thousand cubic metres.

Apart from the La Fossa cone, other zones of slope instability have been located
along the western and southern island coast by the "Piano Stralcio dellAssetto
Idrogeologico” (Regione Sicilia, 2004; Galderisi et al.,, 2013; Figure 12C). Here,
landslides of “rock slide” and “rock toppling” type have been identified. Coastal
instability can also be enhanced by submarine erosion processes, as those observed
NE of the La Fossa cone (Romagnoli et al., 2012).

We lack quantitative multi-hazard quantifications related to landslides. However,
landslides may cause tsunami, as happened in 1988 (Tinti et al., 1999; see Section
3.2.5). Larger tsunami may be generated by larger 'andslides and/or submarine
landslides. Landslides may also provide material for lakars and induce important
changes to hydrothermal and degassing systems thid, 1> the worst cases, may trigger
explosions and even eruptions. In general terme la.dslides may be triggered by
deformations, earthquakes, soil alterations due w we hydrothermal and degassing
systems, erosion and argillification, as well -5 other meteorologically induced
changes.

An important step forward toward t. realization of probabilistic hazard analyses
would be a systematic collection of pos’ data, including distribution of past events, and
of instability analyses (static cond:tions, yeophysical surveys, detailed analyses of past
large scale debris analyses in !2nu and at sea, etc.), which are still missing for
Vulcano.

3.2.5 Tsunami

Vulcano may produce tcuna i, as all volcanic islands (Paris, 2015). Tsunami may
reach Vulcano from otncr regional events (earthquakes, landslides in other areas,
etc.), but these even. o2 not considered here.

In the historical record, only 1 tsunami related to Vulcano is known to have occurred,
on 20 April 1988 (Maramai et al., 2005, 2014), and originated in the bay between
Punte Nere and Punta Luccia by a landslide of approximately 2x10° m? (Tinti et al.,
1999) during an unrest phase started in 1987 (see Section 3.2.4). A fisherman
observed a positive wave of approximately 1-2 m, the wave was clearly observed in
the Porto di Levante, and it reached Lipari with waves up to 0.5 m (Maramai et al.,
2005, 2014).

Tsunami are theoretically possible in all the phases of Vulcano. In quiescent periods,
tsunami are rare and may be caused by large gravitational collapses (> 10° m®), which
are mainly possible on the slopes of La Fossa cone (see Section 3.2.4), as well as by
submarine landslides. During unrest, tsunami may be triggered also by large



earthquakes (M>6), even if local earthquakes with these magnitudes are unlikely
(Section 3.2.7). Collapses in the area of La Fossa cone may be triggered by ground
deformation and/or structural weakening due to the interaction with the hydrothermal
system (Section 3.2.4). Overall, tsunami during unrest may be considered rare to
possible. During eruptions, tsunami may be additionally caused by submarine
explosions (possible for all types, Section 3.1.1) or dense pyroclastic flows (more likely
for an eruption of Type 0, Sections 3.1.5), but they may be still considered rare to
possible.

Probabilistic hazard quantifications regarding tsunami generated by volcanoes are
rare in literature, and for Vulcano they are not available. Qualitatively, the most
exposed area is Vulcano Porto and tsunami intensity g ‘cbably do not exceed a few
meters during quiescence, while larger tsunami (up to arnu .1 ten meters, as locally in
Stromboli in 2002, Maramai et al., 2014) may be gelerated during unrest and
eruptions.

There are no quantitative multi-hazard or multi-sou.~e studies for tsunami at Vulcano.
Qualitatively, the most likely cause of tsunami se~ns to be gravitational collapses in
the area of La Fossa and near-to-coast or _'iomarine landslides, potentially affecting
Vulcano Porto and its surroundings.

3.2.6 Ground deformation

Vulcano ground deformation is acsociated with tectonic and magmatic/hydrothermal
processes. Regional tectonics u .‘'t@uy cause slight ground deformations (several
millimetres per year; e.g. Bona~ccr0, 2002; Esposito et al., 2015; see Section 2.4),
while the shallow hydrothermc! system may cause ground deformation on La Fossa
cone, as the rim subsiden~e ~f 0.055 m and the horizontal changes up to 0.06-0.07 m
recorded during 1990-25 (G.ambino and Guglielmino, 2008; Alparone et al., 2019).
Moreover, between “Y¢7 and 1993, significant deformations (ca. 0.10-0.15 m)
affected a narrow zcne of the northern edge of the cone close to a fumarolic area.
These deformations tave been correlated to the temperature changes of the

fumaroles (ltaliano et al., 1998; Bonaccorso et al., 2010).

Overall, ground deformations are constantly present at Vulcano, with low deformation
rates. The ground deformation may become significant during unrest and eruptions.
However, specific quantification of the hazards, as well as systematic multi-hazard
studies involving deformation, does not exist in the literature. Tinti et al. (1999)
suggested cone inflation/deflation as a possible trigger of the April 20, 1988, landslide
and consequent tsunami (Sections 3.2.4 and 3.2.5).

3.2.7 Seismicity

Vulcano is characterized by occurrence of Volcano-Tectonic events (VT) and a more
widespread seismicity at La Fossa area of very low energy (see Section 2.4). VT



events, recorded in recent decades, represent a modest seismicity both in terms of
events number (few per year) and intensity (Mg < 2.5).

Vulcano could also be significantly affected by strong regional earthquakes of
medium/high intensity. In the last 50 years, two main events have been recorded
within an area with a radius of 20 km centred on Vulcano: M,, = 5.5 (April 15, 1978)
and My = 4.8 (August 16, 2010). Macroseismic observations (INGV database,
https://emidius.mi.ingv.ittCPTI15-DBMI15) report for the 1978 event an MCS (Mercalli-
Cancani-Sieberg scale) of 7-8 at Vulcano Piano and 6 at Porto di Levante.

Seismic activity is certain during all the states of the volcano, with potentially different
energetic bounds. Specific quantifications are still lac<ing. Qualitatively, seismicity
during quiescence is expected to be similar to that obsened in recent decades, with a
few low-energy events per year. During an unrest episade sequences of events may
occur, probably with medium-low energy, as occurre‘s iri the 1980s and 1990s. During
eruptive phases, however, there is a larger probatility that higher energy VT swarms
may occur.

Local quantitative seismic hazard assessmr.~ts do not exist. The ltalian Probabilistic
Seismic Hazard Analysis includes Vulcaro vithout any specific treatment for volcanic
areas; in the Vulcano area, the qua~.“eu reference intensity for the Italian building
code (intensity with an exceedance rubability of 10% in 50 years) corresponds to
values between 0.175 and 0.20C g of PGA (Peak Ground Acceleration; GdL_MPS,
2004).

Systematic multi-hazard sturies involving earthquakes in Vulcano are also not
available. Apart from the 1:'38 iandslide (see Sections 3.2.4 and 3.2.5), it has been
reported that the 2010 eartr.11ake triggered some landslides at Lipari and rock falls on
the flanks of Vulcano, '..;ai and Salina (Gambino et al., 2014).

4. STEP 3: the concer tual model

STEP 3 includes the development of a reference conceptual model of the volcanic
system, with the main goal to produce a comprehensive interpretative framework that
distils the information derived from STEPs 1 and 2. In particular, the main target of the
developed conceptual model is to investigate the processes that could lead to the
onset of an eruption, based on the different phenomena that may characterize unrest
episodes. STEP 3 is an important part of the review that outlines the subjective
interpretative framework that eventually emerged from the review of the objective
observations and the past studies discussed in STEPs 1 and 2. STEP 3 also provides
a general framework interconnecting the different phenomena, representing a very first
step toward the analysis of interdependencies among hazards, in a multi-hazard
perspective.



In the state-of-the-art best practice of volcanic surveillance, it is crucial to define a
conceptual model of the monitored volcano that i) addresses the dynamics of the
system, and, ii) assigns each monitored parameter an interpretative physical meaning.
When modern monitoring data linked to eruptive unrest are absent (as in the case of
Vulcano), it may be practical to use as a benchmark what happened in monitored
modern volcanic unrest episodes. In the case of Vulcano a benchmarking unrest and
eruption may be that of Monserrat (1995-2005; Druitt and Kokelaar, 2002), which
witnessed the renewal of activity at a calc-alkaline volcano erupting dacitic magma
(Barklay et al., 1998).

A conceptual model also allows that any changes in observable features vyield
immediate implications, at least qualitatively, for the purp)se of assessing the state of
activity of the system. The ultimate goal of this conceptua! 1..1del is then to provide the
basis on which to establish future improvements in single- and multi-hazard
guantifications at Vulcano, both for long-term hazarc quantifications (e.g., IAEA 2012,
2016) and for the development of quantitative shor-icrm eruption forecasting (e.g.,
Marzocchi et al., 2008; Hinks et al.,, 2014) anc 1.ozerd quantifications (e.g., Selva et
al., 2014).

4.1 Formulation of the model

For Vulcano, as anticipated in Sect'on 2.7.1, the challenge of the conceptual model
has historically been to explain t. sudden and intense variations observed
periodically in the set of monitored geophysical and geochemical parameters, well
known in literature by the term c¢'.i3”. This term, generally adopted in the scientific
community, assumes that the.~ cpisodes represent a trend of the system toward
hazardous conditions, due tu the increase in emissive activity, sometimes evident
through simple visual obcervation of the fumarolic field. On this ground, the word
"crisis" can be considerc synonymous of unrest (and this use has been indeed done
through the text). Even 1 it is a natural starting point to define the “crisis” as an
anomaly and what 1s M a crisis as the background, it will be clear below that there is
not a simple relation b= ween “crisis” and changes in the state of volcanic activity.

As shown by Paonita et al. (2013), the analysis of the periods of volcanic unrest
highlights a discrepancy that arises from the covariation of some parameters during a
crisis: geophysical data indicate in fact the absence of magmatic movements, while
geochemical data indicate a magmatic degassing by decompression, due to ascent of
magma batch at lower pressures. The interpretative framework resulting from a
multidisciplinary and integrated approach, which models fluid geochemistry data within
the constraints given by the petrology of the magmatic products (Paonita et al., 2013),
envisages at the origin of this observation the polybaric nature of the plumbing system
(Section 2.3), with several magmatic ponding zones. The shallowest part, directly
involved in the fumarole degassing of La Fossa, consists of at least two poorly
connected magmatic storage bodies of latitic composition, located at a depth of 3-4 km



(Paonita et al., 2013; Mandarano et al., 2016; Figure 13A). The available data (see
Clocchiatti et al., 1994, Peccerillo et al., 2006, Mandarano et al., 2016 and references

therein) indicate for the shallow part of the upper crust below Vulcano (between 5 and

2 km) a system of small-volume reservoirs having different compositions, which can

connect to each other during pre-eruptive and eruptive phases, as testified by
mixing/mingling textures found in the deposits (Section 2.3). These reservoirs
undoubtedly include the aforementioned bodies of latitic magma.

In Figure 13A, we graphically represent the link between the polybaric plumbing
system (Section 2.3) and the main characteristics of the crisis periods of Vulcano
(Section 2.7.1). Data on basalt-shoshonite lavas from Vulcanello (Zanon et al., 2003;
Fusillo et al., 2015) and on compositional and textural re :crd preserved in plagioclase
crystals (Nicotra et al., 2018) highlight the possibility that the mafic magma has a main
level of accumulation at the limit between the lower ciist and the mantle (> 18 km),
and duration (some years) and transient ponding le'els in more superficial reservoirs
(<11 km). The decompression of the (mafic) magr:a num 18-21 km up to 5 km would
provide most of the magmatic fluids released or. u.> 1sland (Paonita et al., 2013). This
Is consistent with the current rate of degassing «* Vulcano (Inguaggiato et al., 2012)
that could not be sustained only by the sma' ~hallow bodies of latitic composition and
requires a strong contribution from a more L 'mitive magma. The deeply sourced fluids
would periodically feed the gaseous fro..oi. of the latite bodies (Paonita et al., 2013).

The 2004 crisis was probably linl-ad to uwie massive degassing of the shallowest latite
body, while fluids from the decne. latite level were those previously dominant.
Therefore, it is probable that the recurrence of these abnormal degassing events is
linked to the progressive acctimuation of volatiles at the top of an accumulation zone
(e.g., afoam), followed by ti:=ir niassive release (Paonita et al., 2013).

It should be noted thz: u.. large geochemical variations of the 2004 crisis were
preceded in 1998 99 Ly some variations with similar qualitative significance but
having a much smalle extent (e.g. the observed changes of He/CO; ratio). In the
same period, a modest but significant increase in seismicity was observed under the
La Fossa cone (Alparone et al., 2010). These variations, especially if accompanied by
events of volcano-tectonic seismicity in time periods far from crises, could suggest
important reorganization in the magmatic feeding system (e.g., activation of new
degassing levels), whose effects at the surface are delayed over time (Paonita et al.,
2013). Thus, the origin of the crises subsequent to that of 1996 seems linked to the
episodic increase in the degassing from the shallow Ilatitic bodies, which had
previously accumulated volatiles at the top of the reservoir.

It is worthy of note that, although all crises show very similar variation patterns for
many parameters, some peculiar differences could have a deep impact on the
evaluation of the activity. The data show that crises since 1996 have not been
accompanied by significant variations in CO, flow from soils in the Vulcano Porto area



and from changes in the chemical and physical characteristics of thermal aquifers in
the same area (Capasso et al, 2001). Taking into account that these peripheral
systems are certainly pathways for deep fluid ascent less effective than the crater
zone, the presence or not of geochemical variations in such systems during a crisis
can be considered as a qualitative indicator of the involved mass of magmatic fluids
and therefore, in some way, of the amount of degassing magma. This obviously has
implications on the type and extent of expected unrest events. From this point of view,
the 2004 crisis was smaller than previous crises (e.g. 1988), which caused significant
changes in gas flows from soils and in aquifers (Capasso et al., 1999; Diliberto et al.,
2002).

Given their modest volumes, the shallow latitic bodies re sensibly degassed melts,
capable of inducing only modest perturbations, which =re “disposable” through the
crater system or, at most, through the involvement of scme peripheral systems. Under
these conditions, it could be deduced that they are no" able to determine magmatic
eruptions (Eruption Type 1+) without a connectior wiu: deeper sources, and it is not
likely that they will cause even phreatic events hau involve the deep hydrothermal
system (Eruption Type 0). This can be true unicss significant inputs of fluids come
from the deeper mafic melts (Figure 13A) The eruptive potential of Vulcano seems
therefore linked to the possibility that t.: caruptive system reopens through an
explosion of the hydrothermal syster.. (a. it probably happened in the past, see
Section 2.2.2) or the sudden migratiu r.f a deep magmatic body to levels closer to the
surface.

The presented conceptual modcl provides reasonable paths-to-eruptions for this
volcanic system and is the hase for the development of the possible scenarios of
unrest. These types of unre_* link together different hazards, providing a first order tool
for integrating in a multi-he 7ard perspective. The model arises from a combined
analysis of the petrolor;:ca1 ..nowledge of the magmatic feeding system with data from
the geochemistry ¢! the fimaroles and from seismical and geodetical monitoring. It is
therefore an integratea functioning scheme largely compatible with the whole body of
knowledge acquired on the volcano. It should be noted that, as the geochemical and
geophysical data refer to the present state of the system, it implies a degree of
extrapolation their coupling to the information from petrology of past eruptions.
Moreover, it does not mean that other models cannot explain the available information,
or that in the future, other models will be developed, potentially distinct from the one
discussed here. On the contrary, the model explicited here can facilitate the
development of alternative models challenging its main assumptions.

4.2 Unrest scenarios

The conceptual model provides a framework that allows us to hypothesize three
possible unrest scenarios based on:



1) the potential involvement of the surface hydrothermal system,

2) the involvement of the deep hydrothermal system,

3) the potential trigger of migration of magmatic bodies coming from the deepest
sources.

In analogy with eruptions (Section 2.7.2), we refer to these different scenarios also as
unrest types. Note that even in Unrest Types 1) and 2) concerning the hydrothermal
systems, it is clear that the true engine of anomalies is an increase in the contribution
of deep magmatic fluids, but its contribution is limited to the excitement of the system
and not to magma movement.

In the following, we discuss the unrest types in the ‘ramework of our conceptual
model, linking them to the eruptive types defined in Secuon 2.7.2. As discussed in
Section 3 (STEP 2), each unrest and eruption phise is then linked to various
dangerous phenomena, regardless of the causes of t'ie .nrest itself.

In Figure 13B, we report a logical flow chart u.>t summarizes the unrest types. It
should be noted that the paths on the left siac of the figure indicate that even an
eruptive scenario that does not provide unrcct is considered in the scheme, linked to
the occurrence of a landslide that citccth, triggers a magmatic eruption by
decompression.

Before entering the details of the flow chart (next sections), we must highlight some
important limits: i) it is useful *a \~member that the scheme follows the chosen
conceptual model, but we cairot exclude the development of other conceptual
models that may alter significany ' the interpretation provided here; ii) the described
unrest scenarios are not ncesaarily identifiable by means of the present monitoring
system (Section 2.6); iii) we Aid not define any time scale for the passage between the
different states defineZ 1. the flowchart, which may occur simultaneously or be
somehow jumped, ™ecniny that the different passages will not necessarily be followed
step by step in the event of a future unrest, with their precise temporal order; iv) there
is not distinction between Eruption Types 1+ (Eruption Types = 1, that is magmatic
eruptions), since to date it is impossible to determine the type of volcanic eruption and
its duration only based on the monitoring data of the unrest.

It should finally be noted that the presented conceptual model can represent a starting
point for the quantification of short-term eruption forecasting and hazard quantification,
adopting statistical strategies like Event Trees (e.g., Newhall and Hoblitt, 2002;
Marzocchi et al., 2008; Newhall and Pallister, 2015) or Bayesian Belief Networks (e.g.,
Aspinall et al,, 2003; Hinks et al., 2014), or other similar techniques. However, this
guantification will require future work for the definition of the probability of the different
paths identified in Figure 13B, on the basis of past unrest episodes and monitoring
data of Vulcano or analogue volcanoes.



4.2.1 Shallow hydrothermal unrest (Unrest Type 1)

Crises similar to those of 2004 are events that involve only the shallow hydrothermal
system, and its connected hazards. In these episodes, the increase of the gas/water
ratio, the CO. (e.g., >10 mole%) and He concentration, the 3He/*He isotopic ratio and
the 5*3Cco, of the fumarolic gases at the crater, together with a modest increase of the
frequencies of occurrence of the volcano-seismic events (e.g., >15 events per day),
are indicative of degassing anomalies (the “crisis”). These events are accompanied by
modest increases in emission temperature and flow of fumarolic fluids at the crater,
homogenization of the chemical and isotopic composition throughout the fumarolic
field, and its areal extension.

In this case, the observable variations are mainly evia~at in the crater area of La
Fossa, and do not extend significantly into the peripherz.: ~ysiems of degassing. More
in detail, anomalies in the chemical-physical parameter. of the thermal waters are not
observed, and the release of CO, from soils increases only at Faraglione and Grotte
Palizzi sites, but not in the low-flux sites of the V.'«ano Porto area. Moreover, these
variations do not match any significant ground r efo.mation or intense volcano-tectonic
seismicity.

Within our conceptual model, as indicated L, ine paths around “1” in Figure 13B, this
type of unrest indicates a modest inriec se in the total contribution of magmatic fluids
to the volcanic system, linked to variau-ns in permeability or local overpressures in the
latite magmatic reservoirs. Such c.ises are therefore to be considered as episodes of
increased activity of the system, a*hough they are not necessarily linked to magmatic
dynamics sensu stricto. In this vie'~, specific geochemical variations in fumaroles (i.e.
He/CO,), although smaller (han those during crises, can be indicative of the
involvement of new magma in the volcanic degassing, and therefore can actually
anticipate an episode of incr.ase of gas emissions even by a few years, as happened
in the case of the 2Mu« crisis. These phases are accompanied by modest or no
increases in superiuial ucroseismicity. Although they do not indicate any increases in
volcanic activity in the <hort term, they can have a profound significance for assessing
the possible evolution of the system in the medium and long term.

4.2.2 Deep hydrothermal unrest (Unrest Type 2)

Crises similar to those of 1988 could lead to more significant and possibly more
dangerous phenomena. In addition to the variations observed to the crater and
discussed for Unrest Type 1 (Section 4.2.1), the occurrence of variations in the
physical-chemical parameters of the thermal aquifer (variations in pH, Eh, temperature
and phreatic level, simultaneously in different measurement sites), the increase in CO;
flux from soils in peripheral areas (e.g., the soils of Vulcano Porto area, with average
values >80 g m? d?'), and the evident expansion of exhalative areas, or the
reappearance of mofette (low-temperature fumaroles) and steam emissions (e.g., in



the Camping Sicilia and Centrale Telecom areas), can be related to a large
contribution of deep fluids, which cannot be disposed exclusively via the crater.

This has qualitative implications on the degassing of magma amounts that, in this
case, may imply an evolution of the deep hydrothermal system towards critical
conditions. The geochemical anomalies in the peripheral systems would indeed
indicate a significant increase in the contribution of fluids and energy from the
magmatic system, which would cause an important perturbation of the deep
hydrothermal system (as well as the superficial ones). In this condition, as highlighted
by the paths around “2” in Figure 13B, the geothermal system is considered more
susceptible to being decapitated by a significant phreatic event (Eruption Type 0, see
Section 2.7.2), which could trigger successive magmatic and eruptive activity (Eruption
Type 1+, see Section 2.7.2).

The instability of the deep hydrothermal system tha’ cr.aracterizes the Unrest Type 2
may be caused by deep magma sources, as “ell us by the occurrence of large
landslides that could disrupt the deep hydro'ne.mal system through a quick and
massive depressurization and/or the occurrence * a “cap” effect that could inhibit the
normal degassing dynamics.

Rapid and widespread variations in pf..,"he -al systems could be considered anomalies
connected to the approach of erup.*+# phenomena, even in the absence of crater
crises. It is not known whether rcnid escalation to volcanic events could overturn the
temporal relations between the —noialies in the crater area (including the volcano-
seismic sequences under the Fcsca) and those in the peripheral systems. During
these phases, the probable pressurization of the boiling aquifers under Baia di
Levante can dangerously agnroach phreatic explosion conditions. If, on one hand, the
concentrations of reactive s,|ecies (CO, Hj, partly CHg) in the fumaroles of Baia di
Levante can theoretic/. ' 1ccord this evolution, two critical issues emerge from the
perspective of fore_as.no explosive episodes. First, the overpressure threshold is not
known with respect to he hydrostatic value for which the aquifer in question becomes
truly unstable. Second, the evolution of the geothermal system toward flashing could
be extremely rapid, with shorter time scales both with respect to those of the migration
of the gaseous signals to the surface and with respect to the available observing and

processing systems.

4.2.3 Magmatic unrest (Unrest Type 3)

The migration of magma bodies toward the surface determines the conditions for
volcanic eruptions with the involvement of magma. Crises linked to eruptive events of
this type have never been monitored at Vulcano with a modern system.

The detection of fracturing seismicity at depths of 2-5 km and/or medium- to short-term
ground deformations, accompanied by the geochemical anomalies to the crater and



peripheral systems (as in unrest types 1 and 2), characterizes unrest of type 3, being
indicative- of changes in the dynamics of the magmatic system and magma migrations
toward the surface.

As for Unrest Type 2, Unrest Type 3 may have a deep origin, as well as may be
triggered by the occurrence of phreatic events (Eruption Type 0, Section 2.7.2) that
could trigger a depressurization of the magmatic system inducing consequent
magmatic migrations and therefore lead to magmatic eruptive episodes (Eruption Type
1+, Section 2.7.2). These paths are indicated around “3” in Figure 13B.

5. Conclusions and final remarks

The adopted 3 steps review scheme allowed evalue.ng the strengths and the
weakness of the present day state of knowledge a'sou. hazard quantifications for
Vulcano and for its main input information.

These steps lead to several important results, suh <= i) the definition of the reference
period for Vulcano (5 ka), ii) the definition of ti.» 5 possible eruption types and their
frequency in Vulcano eruptive record in the reference period, iii) the review of all
available hazard quantification for practicV'y all possible eruptive and non-eruptive
hazardous phenomena, iv) the identifirau>n of the potential path to eruption and the
consequent definition of 3 different ur res. types. More specifically:

e A reference period of 5 ka is con.'dered to represent the present day volcanic
system. We consider the va.*ability of the wvolcanic activity in this period
representative for future activt, ¢ least for ordinary mean return periods (> 10 -
10° yrl, Connor, 2011) .'oung that other authors (e.g. Dellino et al. 2011)
considered a longer peribva ~f 10 ka (that is, starting after the last major change in
the regional stress regi.me,, we included in the discussions also those events that
occurred in this lonoe: neriod, even if not represented in the 5 ka. It is also worth
noting that existing' di.;crepancies among stratigraphic successions of La Fossa
and Vulcanello acivity do not prevent a solid discussion on eruptive styles and
recurrence rates i.. the reference period of 5 ka. Consequently, they have only a
limited impact on hazards quantifications.

e Based on present knowledge, volcanic phases (quiescence, unrest, eruption) may
be characterized as it follows:

o Quiescence periods are characterized by diffuse degassing at and around
La Fossa cone, and evident activity of the hydrothermal system, with almost
absent seismicity and deformations and episodic landslides and lahars
mainly triggered by rain.

o Recent unrest episodes mainly show anomalies in the hydrothermal system,
with an increase in concentration of magmatic gases, larger fluxes and
higher temperatures, mainly concentrated in the crater area, but sometimes
extended to more peripheral areas. Unrest episodes leading to eruptions
have never been observed through a modern monitoring system. On the



one side, this lack prevents an objective investigation of the possible path-
to-eruption, that are here discussed only in terms of an interpretative
conceptual model. On the other side, this lack does not allow for a
characterization of the non-eruptive hazards in periods of intense activity. In
future studies, this may be partially compensated by considering unrest in
analogue volcanoes.

o Eruptions can by classified into 5 Eruption Types: Type 0 - Phreatic, Type 1
- Effusive and Strombolian, Type 2 — Vulcanian, Type 3- Explosive
sustained, Type 4 — Phreatomagmatic. Phreatic eruptions are phreatic
explosions involving the deep hydrothermal system and thus causing
eruptive phenomena as ashfall, ballistic clasts or PDCs. From the known
eruptive record, all types have mean annual fre ouencies in range 1072 - 1073
lyear, with a relative prevalence of Type 1 and ? cruptions (almost 50% and
30% in the last 2 ka, respectively). Rarer are Typ2 0 and 3 eruptions (about
10% in the last 2 ka). Type 4 eruptions ar: nct represented in the reference
period (there is one event in 10 ka). \Whiie uncertinaty in the stratigraphic
succession has a limited impact in thes> counts, some important analyses
are missing, like a solid evaluation  * the completeness of the eruptive
record through time. The recor. of the eruptive phenoma at Vulcano
appears sufficient to enable the c. aructerization of source variability beyond
the observed one, at leac. fo, ordinary mean annual frequencies. This
variability, and in paru-var extreme values, may be potentially
benchmarked making uce anaigue volcanoes.

e Quantitative probabilistic hazz-1 ctudies are few, limited to tephra and ballistic
clasts (2 out of the 13 consicerad hazards), and these studies include a limited
exploration of natural variabity (for eruptive size and vent position variability).
More common are the cnalyses of specific scenarios, as for PDCs, gases, large
landslides, and tsunami. “or other hazards, quantifications are completely absent,
apart from suscept.ciliy, studies (slope instability), past data (vent opening, lava
flows, shock v.~ve= lahars), regional studies (seismic hazard) or qualitative
analyses (deformations). The most frequent and potentially dangerous hazards are
volcanic gases, anomalies in the aquifers and the hydrothermal system, as well as
seismic activity and lahars, which may occur in all the phases of the volcano. For
eruptive hazards, apart from vent opening, tephra fallout and ballistic clasts are the
most common, for which more advanced studies exist. PDCs are instead common
only for rarer Type 2b and Type 4 eruptions, and lava flows only for Eruption Types
1and 2.

e The developed qualitative conceptual model allows for a characterization of unrest
episodes linking their potential evolution toward eruption to the deep and
superficial structure of the volcanic feeding system. We defined 3 types of unrest
(shallow hydrothermal, deep hydrothermal, and magmatic unrest episodes) that
may be potentially distinguished by the monitoring signals. Phreatic eruptions
(Type 0) are expected only during deep hydrothermal or magmatic unrest that
involve the deepest part of the hydrothermal system. Magmatic eruptions (Type



1+) are mainly expected in magmatic unrest episodes, when new magma ascends
from the deepest reservoirs. Path to eruptions in this conceptual model have been
organized into a flow chart that links quiet periods to the different eruption types
through different phenomenological escalations. The main paths to eruptions
identified include either rapid depressurization of the magmatic system (due to
large-scale landslides and/or hydrothermal explosions and/or the onset of an
unrest involving the deeper hydrothermal system) or movements of magma from
the deep plumbing system.

The overall level of knowledge that emerges from this review appears adequate for a
satisfactory quantification, on a statistical basis, only of the conditional hazards for
tephra fall and ballistic blocks, even if the available Fazard studies present some
significant gaps. These gaps are mainly due to the lackn of some important input
information, like the lack of quantification of the spatia. orc bability of vent opening, of
the unconditional probability of eruption, and of the coi.litional probability of eruption
types, preventing the possibility of developing full ‘incu.ditional hazard quantifications.
Moreover, only the most frequent types of erurdu.>s are considered, and part of the
natural variability in terms of eruptive size is negic ~ied. For the other eruptive hazards,
probabilistic hazard studies quantifying the .mpact of source variability do not exist,
while quantitative studies exist only for v'ac.e past events. An extension toward
probabilistic (conditional and unco itivhal) hazard quantifications is  therefore
required in the future, to allow a 'w.ntitative evaluation of the range of potential
intensity and their probability of ~ccurreinice in the future in all the areas of Vulcano.
For non-eruptive hazards, quantit=*ive hazard assessments are not available, and this
gap should be overcome in tn¢ ‘uture. Noteworthy, the lack of monitored unrest
leading to eruptions reduces the possibility to quantify their potential in periods of
higher activity. For all thesc reasons, at present, the characterization of the multiple
hazards of the island of Vulcono is largely incomplete.

This review identif.~d the, main potential hazards characterizing Vulcano and may
provide the ground for future improvements for single and multi-hazard long to short-
term hazard quantifications. More specifically, it highlighted important gaps in both
hazard models and monitoring system. To fill these gaps, different activity may be put
in place. Among these possible activities, in the followings we try to list the ones that
we judge potentially more impacting, grouping them for type of activity:
e Analyses to improve the knowledge at the base of hazard quantifications:
o A better definition of the regional tectonics and the local structures, to
overcome the alternative interpretations available in the literature.
o New samplings at La Fossa and Vulcanello, to overcome the existing
discrepancies in chronostratigraphic interpretations.
o New multi-disciplinary analyses of the historical documents for the last
2500 years, to fill the important gaps for ancient Greco-Roman and,
especially, Medieval epochs.



o Detailed reconstruction of the eruptive units and careful evaluation of the
completeness of the eruptive records for all eruption types in the
reference period.

e Analyses at the base of hazard quantifications:

o Quantification of the spatial probability of vent opening, potentially as a
function of eruption types and local structures.

o Quantification of the probability of the different eruption types, conditional
upon the occurrence of an eruption in the next future.

Quantification of the unconditional probability of eruption.
Joint inversion of existing and new data to constrain the sub-surfice
structure of the La Fossa cone, to constrain the potential for future
collapses.

e Hazard analyses:

o Probabilistic hazard analyses are very linitec and, when they exist, are
focussed on specific types of eruptions occurring at La Fossa. This limits
the ability to evaluate the range of p~tenuadl intensity and their probability
of occurrence in the future in all u.> areas of Vulcano. Thus, hazard
quantifications should progressively consider all potential phenomena,
starting from the most frequc.ot. For example, there is the need of
detailed characterization of a7 hazards, including in houses and
touristic areas, aerosc. 01 species with long-term impacts, also
increasing the awarenec.s on these hazards and the potential associated
risks.

o Analysis of the potertiai "esuspension of volcanic ashes due to the wind,
which may drasticailt’ modify volcanic ash hazard maps in windy and arid
areas like Vulca+o.

o Re-evaluation ~f exposure and wvulnerability, in order to refine the areas
in which it is rewired to detail more hazard quantification, to improve the
guantificeton of risk.

e Monitoring s,~te ™

o Deploymynt of instrumentations in the area of Vasca degli Ippopotami

and Istmo, where potential toxic gases and phreatic activity are possible.

We note that these analyses are strictly finalized to those studies that may directly
impact in the short term the quantification and the characterization of hazards in
Vulcano. Therefore, we did not report the many potential studies that may lead to
important improvements of the basic scientific knowledge on which to ground long-
term improvements.
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Table 1: Acronyms and other abbreviations or symbols.

CEU Commenda Eruptive Unit

DEM Digital Elevation Model

DPC Italian Department of Civil Protection, http://www.protezionecivile.gov.it
EDM Electronic Distance Measurement

EE Eruptive Epoch

ERS Eruption Range Scenario

ERT Electric Resistivity Tomography

Fs Factor of safety for landslides .
GCEC Gran Cratere Eruptive Cluster -
GP Grotta dei Palizzi formation o
GPS Global Positioning System

IAEA International Atomic Energy

INGV Istituto Nazionale di Geofisica e Vulcano._gia, www.ingv.it
LFC La Fossa Caldera

LvvC Lipari-Vulcano Volcanic Co. ~olex

MCS Mercalli-Cancani-Sieberg srai.

OES One Eruption Scenar;i - Ny

PC Pietre Cotte N

PDC Pyroclastic I, ~ity current

PEU Palizzi Eru “ive Unit

PCEC Palizzi-Commenda Eruptive Cluster

PGA Peak Ground Acceleration

PN Punte Nere formation

TGR Tuffs of Grotta dei Rossi

TLF Tindari—Letojanni Fault system

UBT Upper Brown Tuffs

VEI Volcanic Explosivity Index

Volcano-Tectonic seismic events



http://www.protezionecivile.gov.it/

Table 2: Summary of Eruptive Epochs reconstructed for Vulcano Island eruptive history

according to De Astis et al (2013a) (1 = detailed age references reported in De Astis et al.,
2013b; 2 = Lucchi et al., 2008).

Eruptive Epoch Synthem AGE (Time | Active Volcanic centers Synthetic Description
Span) (lithosomes)
Eruptive Epoch1 | Paleovulcano 127-113 ka Capo Secco (small shield Effusive erup ions
(informal unit) ca.(1) volcano)
Eruptive Epoch 2 | Casa Grotta 117-101 ka Primordial Vulcano (Serro di ~fi :cive tosubordinate Strombolian
dell’Abate ca.(1) PuntaLunga stratovolcanc) activ.ty, with minor phreatomagmatic
eruptions
Eruptive Epoch 3 | Scogliodell’Arpa 99.5-94 ka Scoglio Coniliara Mainly effusive activity and subordinate
ca. (1) Calderarin: fa.lts phreatomagmaticeruptions (PDC)
Eruptive Epoch4 | RioGrande 83-78 kaca. | Mnte Ariaand Timpadel Effusive activity producinglavapiles;
(1) i.orvofissures (mostly located | phreatomagmaticdilute PDCsinterlayered
alongthe rims of Piano with Strombolian fallout deposits.
Caldera); CasaPetrullascoria
cone
Eruptive Epoch5 | Il Piano 70-42 kaca. | llCardo, Monte Rosso, Punta Dilute PDCactivity alternated to minor
(1) Luccia, La Sommata (tuff- Strombolian fallout; effusive and/or pure
cones or scoria cones) Hawaiian to Strombolian activity
Eruptive Epoch 6 | Serra delle 28-21 kaca. | Monte Lentiadomefield Various effusive and explosive (QuadraraFm.)
Felicicchie (1) (“Lentiagroup”, Keller 1980; western borderactivities generating lava




“Lentiacomplex”, De Astis et
al., 1997b) and othervents,
originatingvarious: P.Sciarra
del Monte, Sc. Capo Secco,
P.ta Bandiera, Faro vecchio

domesand coulees, scoriae/pumices blankets,
lavaflow

Medium to high-energy PDC (Piano Grotte dei
Rossi Fm. = Upper srown Tuffs (2)); effusive
activity (dome s, I ve flows)

Frzy 'e "t phreatomagmaticeruptions with
bcthV ulcanianstyle (low energy PDCand
fallc 1t) orPDCdominated (La Fossa cone and
inside LFC:i.e. final units of Upper Brown

Eruptive Epoch 7 | Vallonazzo <2lca.to La Fossacaldera (LFC) borders
(Menicheddasub- 10 kaca. (1) | andinnervents, PuntaRoja,
synthem) Monte Lentia
Eruptive Epoch 8 | Vallonazzo (Portodi | from9-8 ka Mt. Saraceno, LFC western
Levante sub- to thelast (small domesandlavaflow),
synthem) eruption La Fossatuff-cone, Vulcan :le
(1888-1890 cone(s)
AD) (1) Tuffs).

Strombolian to Hawaiian and effusive activity
(Mt. Saraceno, Vulcanello, LaFossa)
Dome-type activity (LFCborder)




Table 3: Reconstruction of La Fossa and Vulcanello activities according to De Astis et al 2013a) and Di Traglia et al
(2013). (A= De Astis et al., 2013b and references therein; B= Di Traglia et al. (2013) and references therein; C= Mercalli
and Silvestri, 1891). The green shadowed boxes roughly correspond to the PCEC (Palizzi-Commenda Eruptive Cluster)
units, whereas the light blue boxes roughly to those forming the GCEC (Gran Cratere Eruptive Cluster) ones, as reported
in Di Traglia et al. (2013); P.t.* is referred to Mt. Pilato activity in Lipari forming a regional marker-bed differently dated in
the Aeolian archipelago (see A for further details). The column “Eruption Type” reports the type of eruption following the
classification discussed in Section 2.7.2.

—-—

Eruptive center Formation Eruptive style and deposits ~ge Range Eruptiv
(lithosome) e Type
La Fossa (older Piano Grotte dei Rossi | PDC-forming explosive ac* vty an ‘mn.: fallout 10-8 ka Type 4
activity) beds originated from erup ‘ve* ent(s ) located (8.5+0.08 ka)

withinthe La Fossa ~aldera *14). They are UBTs have an

considered the proxin. al cour.cerparts ofthe Upper

Brown Tuffs (UE ) . co_'nized in several Aeolian age range

v between 24 to 8
Islands.
ka
La Fossa (older Punte Nere (3 PNDC- i ing explosive phreatomagmatic =6 - 3.8 ka (A) Types
activity) members) «cuib interbedded with recurrent 1170+20 AD (B 1,2b
Crater 1 (Fig...) S rombolian fallout beds, Final “Punte Nere” | 0 '
ava flow)

1ava flow.
La Fossa (older Grotta dei Palizzi 1 Strombolian falloutbed (scoriaceous bombs) 2.9+0.35 ka(A) | Types
activity) Crater 2 (coalescent with | followed by PDC-forming explosive 1,2b

crl) phreatomagmatic activity.
Il Farag"one Faraglione Difficult recognition due to strongly hydrothermally| Undefined Types
b altered and locally hardened deposits. Probably

>6-m-high stack from dilute PDCs and associated ballistic 2a

deposition.




Vulcanello cone Vulcanello 1 (2 Strombolian falloutwith sporadic dilute PDC 1.9+2.0 (A); Type 1
(craterl and lava members) generation, and multiple phases oflava effusion | AD 1050+70 to
plateau) forming the plateau. 1230+30(B)
Vulcanello cone Vulcanello 2 (2 Strombolian falloutbeds (scoriaceous lapilliand Type 1
(crater2) members) bombs sequence, max8m-thick).
La Fossa (interm. Grotta dei Palizzi2 (2 | PDC-forming explosive phreatomagmaticactivity | <5 55 « 1z ) | TYpes
activity) members) and minor falloutbeds. Late effusive activity ’ ’ 1.2b. 3
Crater 2 (coalescent with generated the Commenda obsidian lava flow. Yormger thin AD | &7 7
. 150 .,3)
crl, Figure 1) | ALZ 7305100
\ava; B)
La Fossa (interm. Grotta dei Palizzi3 (2 | PDC-forming explosive phreatomagr iav *andla.> | 1.6+1.0(A); Types
activity) members) Crater 2 effusive activity of emplacinathe (-al."a tr chytic | 1 5+0.2(A) 1,2b
(Figure 1) lava flow. AD 1170+20(B)
La Fossa (interm. Caruggi (2 members) PDC-forming explosiw phrec.iomagmatic activity. | Due to P.t.* Type O
activity) Crater 3 (Figure 1) Lithicrich mass’ .- on ‘entrate PDCs crop out on interbedding: VI
southernsl g scrLil.-ossacone. century AD (A)
AD 1230 (B)
La Fossa Forgia Vecchia Lahar 2posits (A). Undefined (A) | Types
| \ 'lc_.aan activity (PDCs and fallout beds) 2a and
ir erbedded with lahar deposits (B). AD 1444 (B) various
remobili
zation
Vulcanello cone Vulcanello 3 (2 Repeated éeffushive acti\l;ityI follfO\ﬁ/ed l;)y gr and Type 1
associated with Strombolian falloutbeds (an
(crater3) members) minor dilute PDCs). 0.397+0.097(A) ?Qr% oh
La Fossa Pietre Cotte (2 PIDC-forming ﬁXDkI)SiVG phreatom?gmatic activity [ AD 1739; Types
alternating with Vulcanian activity (PDCs and 2a
(r;:{grbgr(?:?g ) falloutbeds). Late effusive activity produced the 2b to

Pietre Cotte rhyolitic lava flow.

AD 1720+30 (B)




La Fossa Gran Cratere 1 Crater 4 | Succession ofseveral, intermittent (i.e. Types
(Figure 1) quiescence periods ofyears or tens of years), 2ato
Vulcanian eruptions, characterized by AD 1739 to 1888 2
emplacementof multiple, dilute PDCs alternating
with falloutbeds.

La Fossa (last Gran Cratere 2 Crater Successi_on ofseveral Vulcanian erupt_ions, _ Types
; 4 (Figure 1 characterized by emplacementof multiple, dilute 2ato
eruption) (Fig ) PDCs alternating with fallout beds. 1888-1890 AD b

©




Table 4: Description of the activity and related eruptive types since 1739 AD

Date

Type of activity
State of the volcano

Activity description

29 March-5 June 1739

Vulcanian eruption
(La Fossa crater)

Intense and discontinuous explosive activity with formation of ash columns and ash fallout in the Aeolian
islands. Tw o sources reportthe fall of large bombs along the Tyrrhenian coast of Sicily close to the village of
Brolo ("afierycloud ... He passed over the land of Pilaino, where in the nearbyriver he threw a large stone of
about 9 ‘rotoli’ (about 8 kg) " from Mongitore, 1743). According to De Fiore (1922) the Pietre Cotte lava
flow was emitted during this eruption based on the observation . >rformed by Le Duc in 1757. Barbano et al.
(2017) confirmthis hypothesis.

1740-1770

period of repose
Open-conduit

About 30 years characterized by degassing activity fr=.. a ent!)cated on the crater bottom of La Fossa.

17 February-May 1771

Vulcanian eruption
(La Fossa crater)

discontinuous explosive activity with the orn atikn of ash columns, bombs and ash fall in Lipari with
accumulations of several centimetres. Accor.ingt , Mercalli (1891) the Pietre Cotte lava flow w as generated
during this eruption.

1772-1782

period of repose
Open-conduit

About 10 years char cteriz 2d 7 degassing activity from a vent located on the crater bottom of La Fossa.
Barbano et al. (?017) r. ~_it an eruptive event in 1780 of uncertain attribution.

February 1783

Vulcanian eruption
(La Fossa crater)

detonations ~u 1" ex Mosive activity w ith the formation of ash columns

1783-1786 period of repose A*out.' yea.s characterized by degassing activity from the fumaroles systems located along the crater rims
Open-conduit of . a Fossa.

March 1786 Vulcanian eruption .etonations before the eruption onset characterised by explosive activity w ith the formation of ash columns
(La Fossa crater) that produced bombs and ash fallout

1787-1873 period of repose About 86 years characterized by degassing activity fromavent located on the crater bottom of La Fossa and

Open-conduit
Obstructed-conduit from 1832 to
1873

by fumaroles systems. From September 1822 to the beginning of 1823 detonations heard up to the north
coast of Sicily. In 1831 Hoffmann observed the presence of a small scoria cone in the crater bottom
characterized by an intense degassing associated w ith detonations. During the nights the glow of the vent
w as observed due to the high temperature of the gases. From 1832 to 1873 the crater of La Fossa w as
obstructed and the degassing w ere associated only to the fumarole systems. From 22 July to the beginning
of September 1873 detonations heard in the area of La Fossa crater and increasing of fumarolic activity.

7 September 1873

Vulcanian eruption
(La Fossa crater)

Short (hours) explosive activity with the formation of ash columns and bombs fallout from the La Fossa
crater. This activity continues discontinuously until 18 October. From October 19th to 26th only detonations of
decreasing intensity are reported. Before the beginning of the eruption no seismic activity w as wamed by the
inhabitants.




27 October 1873-half

January 1874

of

period of repose
open conduit

Degassing activity, a few days before January 22", 1874 the detonations resume and on January 23rd night
a new vent was formed inside the crater and the fumarolic activity increases. In the follow ing months the
detonations continue and the degassing of fumaroles increased until July 27, 1874 then no phenomenon until
April 30, 1875 when the detonations resumed and an impulsive ash emission occurred. May-June 1875
detonations associated w ith seismic activity recognised in the crater area, increased fumarolic activity and
fracture formation.

29 July 1876

Vulcanian eruption
(La Fossa crater)

Impulsive explosive activity with the formation of ash column and bombs fallout in the crater area and ash
fallout in Lipari and Salina islands. This activity occurred also in September 1877, August 1878 and January
1879. In the intra-eruptive periods, detonations in the crater are w ere heard.

February 1879-1865

period of repose
open conduit

About 6 years characterised by detonations and intense fur ar. ‘ic . <tivity.

January-March 1886

Vulcanian eruption
(La Fossa crater)

discontinuous explosive activity with the formatior. -f aL 2 cc umn and lithic clasts fallout in the crater area and
ash fall in Lipari.

April 1886-July 1887

period of repose
open conduit

detonations heard up to Lipari, activit’ of # -ga. sing fromtw o vents located in the crater bottom and intense
fumarolic activity.

August 1887-July 1888

period of repose
obstructed conduit

further increase f degas -ing at the fumaroles systems. The tw o vents in the crater bottomw ere obstructed.

3 August 1888-
22 March 1890

Vulcanian eruption
(La Fossa crater)

di. ~ont "uous explosive activity of variable intensity. The most intense explosions produced the fallout of
. 9n s and blocks in the area of Vulcano port and in the sea in front of the Levante port, causing damage to
h.uses located about 1.3-1.4 km aw ay fromthe crater. The fall of centimetric size lapilli up to Lipari occurred.
uuring this eruptive period the distal fallout of ash from the eruptive column affected the southern Calabria,
the northern coast of Sicily up to Palermo and the east coast of Sicily up to Catania and Siracusa.

April 1890-today

period of repose
obstructed conduit

Degassing activity of variable intensity from several fumarolic systems located mainly in the area of La Fossa
crater




Table 5: Number of observed eruptions for the different types of activity and for the variable time windows. Values of
maximum and minimum frequencies for each type are in red and green, respectively. For each type, a reference eruption is
defined reporting the eruptive parameters. In brackets, number of multiple events is reported. Question marks refer to a
possible discrepancy in dating of some events.

Time window [a]

500 1000 2200 5000
Type 0 Eruption 1727 Eruption 1727, Eruption 1444, ‘Fup ‘on _727, Eruption 1444,
Phreatic Caruggi/ Commenda(?) C rrugg/ Commenda
# 1 2/3 3 -
Freq. [a”] 2.0x 10° 2.L 3.0x10° 1.5x 10° -
Reference eruption Commenda: Volume >0.00” km*
Pietre Cotte, Vulcanello 3 ) Pietre Cotte, Palizzi, Commenda, Pietre Cotte, Palizzi, Vulcanello 3, Punte Nere
Type la
yp Vulcanello 3 (2), Vulcanello 1(?), Commenda, Vulcanello 3 (2), Pietre Cotte, Palizzi,
Vulcanello 2(?), Punte Nere(?), Vulcanello 2, Campo Sportivo,
Effusive Campo Sportivo(?) Vulcanello 1, Punte Nere(?), Commenda, Vulcanello 3
L Campo Sportivo(?) (2), Vulcanello 2,
activty Vulcanello 1, Punte Nere
#
3 6/9 8/9 9
Freq. [a”] 6.0x 10° 6/9x10° 4/45x10° 1.8x 10°
Reference eruption | ulcanello 3 lava flow: Volume 0.003 km?
Type 1b Vulcanello 3 Vulcanello 3, Vulcanello 2(?), Vulcanello 3, Vulcanello 2, Vulcanello 3, Vulcanello 2,

Vulcanello 1(?)

Vulcanello 1

Vulcanello 1,
Punte Nere




Stromboli

an activty
# 1 1/3 3 4
Freq. [a”] 5.0x 10° 1.0/3.0 x 10°® 1.5x 10° 8.0x 10
Reference eruption Vulcanello Activity: Volume 0.9 km?
Type 2a 1888-90, Pietre Cotte (3) 1888-90, Fietre Cotte (3) 1888-90, . fetre Zoue (3) 1888-90, Pietre Cotte (3)
Vulcanian
(no
PDCs)
# 4 4 4 4
Freq. [a”] 8x 10° 41x10° 2.0x10° 8.0x 10™
1888-90 eruption: H column” 10l m
Reference eruntion Single E olo: ‘0. 10%10%kg
eterence eruptio Dura.on 21-1095 days
Rep ns. time for single explosions 4-72 ore
Type 2b Palizzi (1) Palizzi (3) Palizzi (3), Punte Nere,
Faraglione
Vulcanian
(with
PDCs)
# 0 1 3 4
Freq. [a] - 1.0x 10° 1.5x 10° 1.0x 10°




Reference eruption

Palizzi

Type 3 Event in Pietre Cotte Event in Pietre Cotte, Event in Pietre Cotte, Event in Pietre Cotte,
Palizzi rhyolitic (?), Palizzi trachitic | Palizzi rhyolitic, Palizzi trachitic Palizzi rhyolitic, Palizzi
) ? trachitic
Sustained
eruptions
G 1 1/3 3 3
Freq. [a*] 2.0x 10° 1.0/3.0 x 10°® 1.5x 10° 6.0 x 10

Reference eruption

PalB/PalD: Mass 0.6-6x10” kg
Column Height5-12 km




Table 6: Common verbal scale to express probability values.

Verbal scale

Probability ranges

Certain

Probability = 1

Almost certain / Very frequent

0.9 < Probability <1

Likely / Frequent

0.5 < Probability <0.9

Possible 0.1 < Prokability <0.5
Rare 0.01 <P obghility <0.1
Very rare Protravility < 0.01




Table 7: Synthetic state-of-the-art regarding hazard quantifications, reporting in rows the different hazards and in columns the

5 criteria adopted to characterize their potential impact.

PHENOM ENON

PAST OBSERVATIONS

PROBABILITY IN
PHASES

INTENSITY & HAZARD CURVES

LINKED PHENOMENA

Opening of new
vents
Section 3.1.1

Last observations:
Reactivation:
La Fossa, 1888-90

Formation of a new crater:

Rest/Unrest:
Not applicable

Eruption:
Certain

Quantitative studies are not available.

Spatial distribution: [qualitative, based onex' ert ¢ vini n]
The most probable areaseems to beinch’.. v ithir (or close to) La Fossa
crater and Vulcanello, and in general 7o g the N->/ NE-SW lineament w ithin

Trigger:

- Earthquakes,

- Large landslides and
Debris avalanches

Intensity Measure: Vulcanello 3 (1600) the La Fossa caldera. Cascade:
Occurrence (YES/NO) For reactivation: - Alleruptive phenomena
Possible / Likely - Large deformations
- Tsunami (if offshore)
For Formation of - Landslides and debris
new crater: avalanches
Rare / Possible
Atmosphere Last observations: During 1888- | Rest/Unrest: Qu ntitative studies are not available Trigger:
phenomenaand 1899: Not applicable - new vents
Shock waves - shaking of glasses in houses of
Section 3.1.2 Lipari, Eruption:
- volcanic roars hearable up to 40 | Types O and 1.
Intensity Measure: km Very rare;
Not defined - detonations produced by electric | Type 2: \ =ry ‘ikely
shocks in the eruptive plume. Tvne. 3ar '4:
pos. ibi
Largest observation:
During the eruptive activity of
XVIIl and XIX centuries, volcani~
roars hearable up to the Northern
coast of Sicily.
Tephrafallout Last observation: 1888-1890 Rest/Unrest: For eruptions of TypeO- 1: Trigger:
Section 3.1.3 Eruption, w ith 100-500 kg/n?? Not applicable Quantitative studies are not available - New vents
In Vulcano Porto, <300 kg/m?
Intensity Measure: for Piano, w ith maxima in the Eruption: For eruption of Tg/pe 2: [probabilistic hazard, ventin La Fossa] Cascade:
Loading at ground island up to 1000 kg/m? around Certain for all Porto: 1-300 kg/m® (10% probability; location: Medical centre) - Ballistics
(kg/m?) the crater Types (0-4) Piano:_ 1-600 kg/m”* (10% probability; location: Scuola); 100% of accumulating | - acid rains
10 kg/n? after 2 months, 80% of accumulating 100 kg/m? after 9 months, and | - gas

Largest observations:

40% of accumulating 300 kg/m? after 20 months.
Maxima in island: 50% probability for accumulating >300 kg/m? in the largest

- lahar (in case of rain
after significant




Eruptions Palizzi B and D (VE! 2),
with 20-1200 kg/n¥ in Porto,
<800 kg/m? in Piano, w ith maxima
in the island up to 2000 kg/!
around the crater

part of the southern part of the island (Piano), and 100-200 kg/nv in the
northern partand northw estern part of the islands (Lentia, Porto and
Vulcanello)

For eruption of Type 3: [probabilistic hazard, ventin La Fossa]

Porto: 10% probability for accumulating 50-300 kg/m? (VE 2-3), location:
centro medico

Piano:_10% probability of accumulating 100-1000 kg/m?, location Scuola
Maxima in island: for VEI 2, 50% probability of accumulating> 100 kg/m? in
the w hole island; for VEI 3 : 50% probability of accumulating >300 kg/m? in SE
part of the island (northern part of Piano), betw een . ©2-300 kg/m?in the
southern part of Piano, and <50 kg/m? in the area ot . Yrto, Lentia e
Vulcanello

Note: All these probabilities should be in :reas 2a uy 3-10% in case of 20-50
mm of rain (medium and largerains, The ‘en’is assumed at La Fossa.

Ballistics
Section 3.1.4

Intensity Measure
Impact Energy (J)

Last observation:

1888-1890 eruption: The maxima
observations are inthe range
0.06-4x10° Jfor ballistics
observed onthe South rim of the
La Fossa caldera. Observations
in Porto are not available, since
rocks have been removed, but
are likely for symmetry.

Pyroclastic flows
and Pyroclastic
Density Currents
(PDCs)

Section 3.1.5

Intensity Measures:

Dynamic Pressure
(kPa)
Concentration

Last observation: Small PDC
associated to the 1888-90
(testified, but deposits not
preserved)

Largest observations:

For Type 2b, Palizzi cycle:

Porto: Dynamic Pressure 1.5 kPa,
concentration 1.5 x 10 (modelled
1-2x 10%)

Piano: Dynamic Pressure 0.5-1.5
kP, concentrations 1-2x 10°
Maxima in island: Dynamic
Pressure 5 kPa, concentrations 2-
3x10°

Rest/Unrest:
Not applicable

Eruption:
They may occurin
all types;

Type 0: certain
Type 1: almost
certain

Types 2,3.4: ¢ tain

accumulation)

- possible PDC in case of
column collapse

- shockw aves associated
to Type 2 (Vulcanian)
eruptions

- atmospheric phenomena
(lightening)

For eruptions of TypeO- 1:
Quantitative studies are not ~.vai -ue

For eruption of 1yp. 2:[r.obabilistic hazard, ventin La Fossa]
Porto: 17-10 ]

Piano: 1.%-17 J

M Xima in_sland: 10*-107J

Trigger:
- new vents

Cascade:

- shockw aves

- tephra

- gas

- wild fires due to hot
blocks fall

Res'/Unrest:
Nort applicable

Eruption:

Type 0: possible
Type 1: very rarely
Types 2 and 3:
frequent

Types 4: almost
certain

Quantitative studies are not available.

Based on expert opinion, since observations coveravery large range, it can
be through that phenomena w ith larger intensity are rather unlikely.

Trigger:
- New vents

Cascade:

- Lahars (rain after
pyroclastic deposit)

- Tsunami (in case of
dense pyroclastic flows
reaching the sea)

- wildfire




For Type 4, TGR (Upper Brow n
Tuff) eruption:

Porto: not observed (modelled
Dynamic pressure 1-4 kPa;
concentration 1-2 x 10°%);

Piano: Dynamic pressure 5 kPa
(modelled 1-2 kPa;
concentration1,5-2,5x 10°*
(modelled 1-2x 10% )

Maxima in island: Dynamic
pressure 5 kPa (modelled 1-4
kPa); Concentration 3 x 10
(modelled 2-3x 10?)

Lavaflows Last observation: Rest/Unrest: Quantitative studies are not available Trigger:
Section 3.1.6 Pietre Cotte eruption (1739) Not applicable - New vent
Intensity Measure: Eruption: Cascade:
Invasion (Y ES/NO) Type 1: almost - Small slides on lava flow
certain tip and side, causing small
Type 2: possible PDC and tsunami
w ithinthe cycle - wild fire
Types 3 and 4: rare
Hydrothermal
activity and
anomaliesin
aquifers
Section 3.2.1
- Development and | Lastobservation: Res : Quantitative hazard not available. Trigger:
expansion of the [ Extension of the crater fumarole Soss< ple, if - Magmatic degassing,
fields of fumaroles, | fields during 1987-1993 unrest triygered by other Spatial distribution: [qualitative, based on past observations] seismicity, gravitational
release  of  toxic [ (Bukumirovic et al., 1997). phenomena Porto: certain during all eruption types, frequent during unrest, with phenomena
hydrothermal gases, (seismicity, preferential areas located on NW and NE flanks of the La Fossacone,aswell
acidification and | Largestobservation: gravitational as in Baia di Levante). Cascade:
chemical Development of fumarole phenomena) Piano: very rare in unrest and during eruption Types 0 and 1, rare in eruption - Phreatic eruption,
contamination of | degassing field at the foot of the Types 2, 3 and 4. landslides, gas hazard
phreatic groundw ater | La Fossacone (Sicardi, 1940). Unrest:
Frequent
Eruption

- Vaporization of

Never reported

Certain in all types

Rest

Quantitative hazard not available.

Trigger:




aquifers, hydrothermal

explosions and
geyser.

Possible, if
triggered by other
phenomena
(seismicity,
gravitational
phenomena)

Unrest:
Possible

Eruptions:
Certain for all types

Spatial distribution: [qualitative, based on past observations]

Porto: certain during all eruption types, possible during unrest, w ith
preferential areas located on NE flank of the La Fossa cone and in Baia di
Levante.

Piano: very rare in unrest and Eruption Types 0 and 1, rare in Eruption Types
2,3e4.

- Magmatic degassing,
seismicity, gravitational
phenomena

Cascade:
- Phreatic eruption,
landslides, gas hazard

Volcanic gases
Section 3.2.2

Intensity measures:

Last observation:
[CO;] Vol. %: Porto: 2; Piano: -;

Certain in all
phases

La Fossa: <0.1;
island: 2

Maxima__in

Significant gradual

Quantitative hazard not available

Rest: [qualitative, maxima fromobse "vati 1s “.nd some simulation]

Trigger:

- Earthquakes

- Magmatic fluids release
- Magmatic movements

CO; concentration in increase in case of | [CO;] Vol. %: - Meteorological factors
air ([COz] Vol. %) [H2S] ppm: Porto: 270; Piano: -; [ magmatic input, | Porto: 0-100; - New vents
La Fossa: 179; Maxima in island: | increase of | Piano: no data; - Phreatic explosions and
H,S concentration in | 270. seismicity, and for | Maxima in islanc" 0-1"J eruptions
air ([H.S] ppm) meteorological - Gravitational phenomena
[SO;] ppm: Porto: 0.05; Piano: | factors (e.q., | [H2S] ppr.-
SO, concentration in [ 0.05; La Fossa: 179; Maxima in | atmospheric Pc to: 0-24 ' ppm (up to hundreds /thousands ppm); Cascade:
air ([SO2] ppm) island: 179. pressure and | Pian * noda.3; - Acidrain (SO2)
precipitations). M Xin.» in island: 0-270 ppm (up to hundreds of ppm)
Largest observation:
[CO;] Vol. %: Porto: 100; Piano: -; | Significant nore | "] ppm:
La Fossa:15; Maxima in island: [ rapid (secinds to , Porto: 0-30 ppm (up to hundreds /thousands ppm);
100. minutes) il “rea.e | Piano: no data;
may .e triy 1eved by [ Maxima in island: 0-179 ppm (up to hundreds /thousands ppm)
[H2S] ppm: Porto: 4500; Piano -; | phi. at e .plosions,
La Fossa: 450; Maxima in islan. | »hre tic eruptions, | Unrest/Eruption:
4500. a...  gravitational | Not accessible
phenomena
[SO.;] ppm: Porto: 0.05; Pano:
0.05; La Fossa: 250; Maxima in
island: 250.
These datarefer to discrete
observations, averaged or of
short duration (max. 48h) made
during quiescence phases and
not necessarily in the locations
w ith highest concentrations
Volcanic debris Last observation: Restand Unrest: Quantitative hazard not available Trigger:




flows,lahars and 2015 Frequent - Heavy rain
floods Spatial distribution: [qualitative based on observations] - Eruption w ith PDCs or
Section 3.2.3 Largest observation: Eruption: Invasion: La Fossa flanks, including Palizzi valley, the area of Porto di tephra fall (new material)
Invaded dow nto Vulcano Porto Almost certain, in Levante, Porto di Ponente and Vulcano Porto. - Debris avalanche (new
Intensity measure: (Porto Ponente) w ith a maximum presence of tephra material)
Invasion (YES/NO) thickness of approximately 1 m deposits
Volume (Vol) (m®) Cascade:
Invasion Area (kn) - small tsunami
Landslides
Section 3.2.4
Debris avalanches Last/Largestobservation: Rest/Unrest/Erupti | Quantitative hazard not available. Trigger:
and sector collapses post-100 ka, in the SW area of on: - Earthquakes
the island (Casa Grotta Very rare Spatial distribution: [qualitative, bas~d »n ex Yeriopinion] - Eruptions
Intensity Measure: dellAbate). Costal area or close to sub-vertical . ope. - Large deformations
Volume (V) (km/h) - Alteration of the edifice
Invasion Area (kn) Events w ithin the reference period - Significantincrease of
are not know n. degassing
Cascade:
- Tsunami
- Eruptions
- Pyroclastic flows (rain
after avalanche)
Rockfalls Last observations: Rest/Unrest Jué atative hazard not available. Spatial distribution (of the impact) is not Trigger:
Possible «..dilable. - Earthquakes
Intensity Measure: 31/08/2009 landslide, at Spiaggia - Eruptions
- Volume of the dellAsino (Gelso) w ith unknown Eruptio: Volumes: [expert qualitative evaluation, based on know nsources in literature] | - Large deformations
source[m’] intensity Tvoe. 0.1 "ossible | From small volumes (0,8 x 10° m®) up to larger volumes are possible. The - Significant increase of
- Invasion Iyps. 2.4: likely smaller volumes are more likely in quiescence periods, while larger volumes degassing or groundw ater
16/08/2010 landslide at Spiaggia in unrest period. variations
di Vulcanello w ith unknow n - erosion or argillifications
intensity
Cascade:
Largest observation: - Tsunami
20 April 1988, landslide along the - Pyroclastic flows (rain
NE flank of the La Fossacone after avalanche)
V=-2x10°m?.
Tsunami Lastand largest observation: Rest: Quantitative hazard not available. Detailed simulations of 1988 event are | Trigger:
Section 3.2.5 20/04/1988: Rare available in Tinti et al. (1999). - Debris avalanche and
Porto: 1 m landslides
Intensity Measure: Piano: 0 Unrest: Rest: - dense pyroclastic flows

Wave height close to
coastline [m]

Maxima in island: 1 m

Rare / possible

Not evaluable;

and PDCs
- New vent




Eruption: Unrest/Eruption: [qualitative, based on know n landslide sources and expert | - Large shallow
Rare / possible opinion] earthquakes
Based on potential sources (landslides and eruptions), the area of Vulcano
Porto seems to be the one with relatively largest tsunami. As superior limits
for the intensity, it can be speculated that the maxima may be localized in the
Porto area, with moderate intensity (ca 1 m) during quiescence, and up to 10
m during unrest (since larger landslides are considered possible).
Ground Last observation: Unrest: Unrest: [qualitative, based on past observations] Trigger:
deformations Period 1990-1996:5-6 cmat La Very frequent From several cmup to tens of cm, localized in the | 2 Fossa cone - aquifers overpressure
Section 3.2.6 Fossacone - dykes
Eruption: Eruzione: [qualitative, based on analogues] - new vent
Intensity Measures: Largest observation: Very frequentforall | No datafor Vulcano. From global data, the larc :sta fo, mations occur in case
Horizontal and Period 1987-1993:ca10-15cm types of eruptions of Type 1 and 3. Cascade:
Vertical along the N rim of the La Fossa - Landslides and debris
displacements [cm] cone avalanches
- Fractures/eruptions
Seismicity Last observation: Rest: Rest/unrest: [regiona' "SH”. (M >04)] Trigger:
Section 3.2.7 Regional earthquake in Certain, but with PGA of 0.175- 0.20C g fur 10% in LJ years hazard level. - Magmatic movements
16/08/2016, w ith PGA = 0.05g at | low energies and dykes
Intensity Measures: Piano Eruptic s:
PGA [g] Unrest/Eruption: Quantitati = _wdies are not available Cascade:
Macroseismic Largest observation: Certain - Eruptions
intensity (MCS) MCS 6 at Porto and 7-8 at Piano, - Phreatic explosions
15/04/1978 (regional Mw =5.5 - Landslides

event)




Table 8: Extraction of the information about the probability of the different hazardous
phenomena from Table 7. Values are expressed in terms of the common verbal scale

of Table 6.

Quiescence Unrest Eruption Eruption Eruption Eruption Eruption
Type O Type 1 Type 2 Type 3 Type 4
Phreatic Strombolian Vulcanian Sustained Phreato-
and effusive magmatic
Opening of new vents - - Certain Certain Certain Certain Certain
Atmospheric - - Very rare Very rare Almost Possible Possible
phenomena and shock certain
wav es
Tephra fallout - - Certain Certain Certain Certain Certain
Ballistics - - Certain Almost Ce tain Certain Certain
certain
Py roclastic density - - Possible Very rere | Likely Likely Almost
currents (PDCs) certain
Lava flows - - - /Imos. Possible Rare Rare
v rtain
Hy drothermal activ ity Likely Likely Certain Certain Certain Certain Certain
and anomalies in
aquifers
Volcanic gases Certain Certain cooin Certain Certain Certain Certain
Volcanoclastic debris Likely Likely » ' ost Almost Almost Almost Almost
flows, lahars and cern. certain certain certain certain
floods
Landslides (Debris Very rare Very rare Very rare Very rare Very rare Very rare Very rare
avalanches and sector
collapses)
Landslides (rockfalls) Possible P ssiu. > Possible Possible Likely Likely Likely
Tsunami Rare Raic Rare Rare Rare Rare Rare
Ground deformations Rare l ".most Likely Likely Likely Likely Likely
L certain
Seismicity Certain | Certain Certain Certain Certain Certain Certain




Table 9: Characteristics of ballistic blocks observed by Biass et al. (2016b), related to
the last Vulcanian eruption (1888-90) in SE rim of LFC (La Fossa Caldera).

Distance from eruptive Diameter (cm) Density (kg/m3) Velocity ofimpact (m/s) | Energy ofimpact (J)
vent (m)

1560 25 1600 350 8.02E+05

960 68 2300 150 4.26E+06

960 31 2300 150 4.04E+05

960 24 800 150 6.51E+04

960 27 1600 150 1.86E+05

1000 56 1600 150 1.66E+06
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Figures

Figure 1: Regional settings of Aeolian islands. A) The Southern Tyrrhenian Sea, with
the Aeolian archipelago and associated seamounts; B) the Aeolian archipelago central
sector with morphobathimetry, showing the presence of submerged volcanic centers
along the Vulcano-Lipari-Salina ridge. C) morpho-structural map of Vulcano (from De

Astis et al., 2013b).
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Figure 2: Structural features and deformation field. A) Main structural features and
eruptive centers active during the various phases of evolution of the Lipari-Vulcano
complex (after Ruch et al., 2016). B) Resistivity tomogram and its interpretation.
Craters: PN (Punte Nere); FV (Forgia Vecchia); PC (Pietre Cotte); GC (Gran Cratere);
Fumaroles F1, F2, and F3 (from Revil et al., 2010). C) the horizontal velocity field from
the GPS survey style networks of Lipari-Vulcano (after Esposito et al., 2015). D) Map
and A-A’ section showing the magmatic/hydrothermal sources obtained from ground
deformation data inversions. Seismic events (and related C1 and C3 clusters) are

redraw from Gambino et al. (2012)
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Figure 3: Geology of Vulcano and eruptive epochs. A) VII Eruptive Epoch -
Schematic reconstruction of volcanic activity occurred at Vulcano in the last 10 ka ca.
Different vents erupted either along the LFC boundaries (Mt. Lentia, Mt Saraceno,
Vulcanello) or within it (i.e. La Fossa tuff-cone, Faraglione). (left) Volcanism between
about 8.5 and 2.9 ka old, including La Fossa lower portion (older products); (center) La
Fossa intermediate portion and Vulcanello activities (about 2.2 ka to AD 1600); (right)
La Fossa upper portion (volcanic products erupted in the last 300 yr of activity). B) La
Fossa cone (partial) stratigraphy according to Di Traglia et al. (2013) compared with
Vulcanello stratigraphy according to Fusillo et al. (2015), based on Arrighi et al. (2006)
data. Both activities are included in the last about 1000 yr.
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Figure 4: Synoptic diagram of Vulcano eruptive activity from AD 1739 to AD 1890,
according to the different types of recognised activity.
Dec. Legend

Nov. IEprosive activity I Detonations

Oct. I Effusive activity Period of repose

Sept.

Aug.

July

June

May

April

March ] )
Feb. L L_.

Jan.

iR E IR | F s ! Bt S o R P

L6312 U I L URE R EEN 4. T RIS R T
(=3

T T
(=] (=3
o =3
e~ oc
— —_

78
1790

T T
=N =
o wy
~ ~
= =

1760

| O L 8 1 1 9 O [ L UL L L U UL T A U B U UL LR U L T L L

1861
1870
1890

T
=4
wy
o
—_

1820
1830
1840



Figure 5: Hydrothermal and fumarolic system. A) Main degassing and thermal areas.
B) Thermal wells in the area of Vulcano Porto, relative distribution of aquifer
temperature, and classification of water-rock interaction processes (courtesy by G.
Capasso). C) Temporal variations of CO, and 8Ccop in two crateric fumaroles. D)
He-N>-CO; correlation in fumarolic gases.
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Figure 6: Vulcano monitoring networks. A) Location of all the networks of the
monitoring system in Vulcano. B) Geochemical network for fumaroles, soil degassing
and aquifers monitoring; in black: summit stations; in blue: base stations; in yellow:
areas with high temperature fumaroles (from Diliberto, 2013); in red: temperature
monitoring in vertical profiles (from Ricci et al., 2015). C) EDM/GPS discrete networks
(LIPVUL and VULNORD).
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Figure 7: Volcanic Phases at Vulcano: A) Unrest - A set of monitored parameters,
including daily number of seismo-volcanic and seismo-tectonic (1, 2), soil temperature
at the bottom of the crater, far from fumaroles (3), temperature of F5AT fumarole on
the crater rim (4)CO» concentration in fumarolic gas (5), and tilt-components (6) at
SLT (Lentia) e GPL (Grotta Palizzi) stations (modified from Cannata et al., 2012); B)
Pichart of eruptive events in the last 2000 years by each defined Eruption Types (Type
0: Phreatic eruptions; Type 1: effusive and Strombolian activity; Type 2: Vulcanian
eruptions; Type 3: short-lived explosive sustained eruptions; see Section 2.7.2).
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Figure 8: Tephra hazard at Vulcano: A) Cumulative curves computed for the School of
Piano in case of Eruption Type 2a: (above) variation in time through median, 25™ and
75" percentiles, (below) variations in probability to reach a given accumulation (10,
100 e 300 kg/m?), from Biass et al. (2016b). B) Effect of rain: hazard curves for School
at Piano and Medical Center in Porto for Eruption Type 2a (V-ELLERS) and 2
scenarios of Eruption Type 3 (ERS VEI2 and VEI3) considering light, moderate and
torrential rains (corresponding to 4, 20 e 50 mm), from Biass et al. (2016b). C)
probability maps to reach 300 kg/m? (top row) and conditional hazard maps (or
probabilistic isomass) (bottom row), considering a probability threshold of 50% for 3
scenarios (Eruption Type 2a, Type 3 - VEI2; Type 3 - VEI 3), from Biass et al. (2016b).
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Figure 9: Ballistics hazard at Vulcano: A) Map of distribution of ballistics based on
field observations. Red zone: energy of impact 10° J; yellow zone: energy of impact
1.4x10° J (from Dellino et al., 2011). B) Map of distribution of impact energy for an
occurrence probability of 90% (Biass et al., 2016c). The dashed circle line shows the
credibility limit for the model based on the distance from the vent.
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Figure 10: PDC hazard at Vulcano: A) Distribution map of dynamic pressure and
concentration of particles for Palizzi and Punte Nere — Eruption Type 3, and the TGR —
Eruption Type 4 (from Dellino et al.,, 2011). B) Map of the sedimentation rate of PDC

for the Palizzi — Eruption Type 3. C) Map of PDC velocity for the Palizzi — Eruption
Type 3 (from Doronzo et al., 2016).
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Figure 11: Gas hazards at Vulcano: A) Cat killed by lethal concentration of gases
(Photo: A. Gattuso, April 2009). B) Tourists doing “aerosol therapy” with fumarolic
emissions in the same location of 10A (Carapezza et al., 2011). C) Simulation of CO»
concentration in air with contributions from crater area , Forgia Vecchia, Vulcano
Porto and Levante Beach (from Granieri et al., 2014). D) Numerical model of SO
dispersion (from Pareschi et al., 1999).
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Figure 12: A) Simplified sketch map of Volcano island (from Tinti et al., 1999) with
position and picture of the 1988 landslide. B) Zones of slope instability at Vulcano
Island calculated by Galderisi et al. (2013) with a Mohr-Coulomb failure criterion on

water-saturated deposits.
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Figure 13: A) Shallow portion of the magmatic feeding system below Vulcano (based
on the view of Paonita et al., 2013). Pressure-depth relation has been computed by
assuming hydrostatic load down to the top of the latitic body, given the presence of
deep hydrothermal circulation. B) Hazardous events and possible scenarios, indicated
by the numbers visible near the paths. In blue the non-eruptive paths, in red the
eruptive ones.
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