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Abstract. Fallout of ballistic blocks and bombs ejected frenuptive vents represents a well-known hazardraxipal
areas. However, fallout of large clasts sedimenfiogn plume margins extending to medial areas \lin potential to
produce severe injuries to people and cause datoagéastructure, is often overlooked. Recent &umgpevents at Mount
Etna (Italy) provide a clear example where largestfallout from plume margins (>5 cm) has poseeahthreat both to the
many visitors reaching the summit area and to las@hstructure, and, therefore, has been seleased case study. To
quantify this hazard, a new particle-sedimentatimuel was calibrated with field data and then Usegrobabilistic hazard
assessments. For a fully probabilistic scenariohfizard zone covered 72 kmnd included some 125 km of paths and
roads, and 15 buildings; evacuation on foot tofa asea was estimated at almost 4 hours, but thiklde reduced to less
than 3 hours if two shelters were provided. Ouultesshow the importance of integrating probabdistazard analysis of
large-clast fallout within effective strategiesrisk management and reduction, especially in thse cd volcanoes where

visitors can reach the summit areas.

1 Introduction

Tephra sedimentation associated with explosivearotceruptions includes particles ranging from @stmm) to lapilli (2-
64mm) and blocks (>64mm). Ash mostly falls out frtime umbrella cloud and from the top of buoyanihmds and, unless
aggregated, can reach distances of hundreds ohé&ites from the vent; lapilli mostly fall out frothe plume margins
within tens of kilometres from the vent, while bkscejected directly from the vent can fall baltsily within a few
kilometres, or be entrained within the plume andirsent from its margins together with the coarsagsili (e.g. Bursik et
al. 1992). The hazard associated with the sedirtientaf ash and fine to medium lapilli (i.e. paltie <16mm) and with
ballistic blocks has already been analysed ancudéed in many studies (e.g. Biass et al. 201éagd¥ald et al., 2014;
Biass et al. 2014; Costa et al. 2009). Howeverhtmard associated with the sedimentation of cdapsi and blocks from
the convective region of eruptive plumes (i.e. iple$ >16 mm; hereon defined as “large clasts”) haser been

characterized. The risk associated with the sedimien of large clasts from plume margins is maealised than for ash
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and fine to medium lapilli, where the area affeatad extend over hundreds of kilometres and theatipan be felt across
several economic sectors including agriculture taadsport (Jenkins et al. 2015). However, physitg@lact associated with
ash and lapilli is rarely dangerous for peoplehwite exception of eye irritation and long-ternypiestory health issues (e.g.
Horwell and Baxter, 2006). The impact area assediatith the sedimentation of large clasts from mumargins is,
however, potentially much larger than the aredsit of ballistic impact, which extends no more tfakm from the vent
(e.g., Bertin, 2017; Biass et al., 2016a; Fitzgesilal., 2014). In fact, for small explosive eiaps (e.g. large lava fountains
and small Vulcanian events), ballistic blocks avafmed in very proximal areas (1-2 km from ver@p(vari and Pinkerton,
2002) but large clasts can fall out some 10 km fitbin eruptive vent (Andronico et al., 2015, 200&)d this poses a
particular risk at Mount Etna where many peoplét\tise summit area throughout the year. This afaplies a risk of
damage to infrastructure, including buildings aodds (e.g. Andronico et al. 2015, Wardman et él220mpact from large
clasts (up to 10s cm) is particularly evident fanafl explosions that do not generate thick and lyidkspersed tephra
deposits, but it has also been reported for higitensity eruptions (e.g. Vesuvius 79AD, 472AD, 1&thd 1906 eruptions:
Cioni et al. 1992, Barsotti et al. 2015, Rosi etl&93, Sulpizio et al. 2005; and Soufriere St ¥imc1902 eruption: Zuccaro
et al. 2015). It is therefore important to asshestazard models and probabilistic strategies.

As an example, we present the assessment of tledhagsociated with the sedimentation of 5 cm €letn lava-fountain
fed plumes at Mount Etna using the sedimentatiodehof Rossi et al. (2019). Explosive activity ofrequently at the
summit craters of Mount Etna, often consisting ttb8bolian eruptions and lava fountains (e.g., Amito et al., 2015;
Corsaro et al., 2017; De Beni et al., 2015; Vulpinal., 2016). Tephra fallout is a well-documehteazard from these
explosive eruptions (e.g., Donnadieu et al., 2@dllo et al., 2013), and proximal to the vent ¢hisra high risk of injury
to people and damage to infrastructure both frorgelaclasts sedimented from the eruptive plume aadh fballistic
projectiles (Andronico et al., 2015; Calvari andkgirton, 2002). Results provide an opportunityl$o assess the associated
risk to infrastructure and consider emergency mamamt (i.e. analysis of time required for peopledach a safe area
based on a dedicated USGS modelling tool (Joned.,e2014)). Validation of the model with Etna oh&dions, model
parameters and both eruptive and atmospheric péeesrare described in Appendices A, B and C, rasdy; in addition,
data on historical activity at Mount Etna (Table),SAind analysis (Figs S1-6), model sensitivity lgas (Figs S7-10), and

additional hazard and evacuation-time analysess(5idl-14) are presented in the supplementary rakteri

1.1 Lava-fountain fed plumes at Mount Etna

Explosive eruptions at Mount Etna often take thaenfof lava fountains, when jets of lava reach htsighnging from a few
tens to several hundreds of metres, and many denash plumes that can rise up to 15 km above ee= (a.s.l.)

(Andronico et al., 2015 and references therein)revtban 200 such events have occurred in the Pagt&s (Andronico et
al., 2015). High intensity lava fountains are oftort-lived but they can be extremely hazardousnMarge clasts are

sedimented out proximal to the vent (Andronicolgt2015). Some details of lava fountains since8LB&ve been published
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and listed in Table S1. In order to explore thaakility of lava fountain events during which largkasts sedimented out
from plume margins, two reference events have bearidered, for which data on clast type and diades available.

A sequence of eight eruptive events occurred betv@eober and December 2013 at the New SoutheaserQINSEC).
The paroxysm of 23 November 2013 was unusually astyé although the total erupted DRE volume wasilainto
previous events (~1.6 x 1M Bonaccorso et al., 2014). A lava fountain from309to 10:10 UTC reached a height of
around 1 km above the vent (Andronico et al., 2Qi%) volcanic blocks damaged cars at Rifugio Gjtetbund 5 km from
the crater (shown in Fig. 1). Large clasts wereirsedted from the rising plume, with the averagenditer of scoria
collected near the refuge being over 10 cm (Andwet al., 2015).

Deposits from a lower intensity eruptive event @January 2011 were also extensively surveyed (@mdo et al., 2014).
A lava fountain from 21:50 to 23:30 UTC reachedua 800 m height, with an ash plume estimated &in%.s.l. and
lapilli up to 5 cm in diameter collected 5 km fratre vent (Andronico et al., 2014; Calvari et aD12; Donnadieu et al.,
2016). Large clast deposition from the eruptivenpus also described for many smaller lava foustaihich produced less
extensive ash plumes with fallout of large clastsfined to a small area proximal (<5 km) to the tvffor example,
Andronico et al., 2009).

2 Proximal exposure at Mount Etna

Large clast sedimentation is likely to be a hazeitdin 10 km of the summit craters, an area witia Ente Parco dell’Etna
Regional Nature Park which has no permanent papulatiowever the Park is very popular with visitarsd an estimated
1.3 million people visited the craters in 2010 @@adell’Etna, 2013) with visitor number increasimg 50 % since the park
was made a UNESCO world heritage site in 2013 {€&sre, 2017). Infrastructure at risk of impact urd¢s some 1390 km
of footpaths, unpaved tracks and paved roads, dkaseover 4600 buildings, including commercial aresidential
properties but no critical facilities such as htalgior schools (Fig. 1 and Table 1 using data f@menStreetMap and Ente
Parco dell’Etna). In addition, there is a cablead two ski areas (Etna Nord and Etna Sud) witlifskand around 21 km
of ski trails (OpenStreetMap Foundation, 2017a,72)1

For the purposes of this work, we have considdrednost-used buildings and infrastructure arousdstimmit area of Etna
(Fig. 1). On the southern slope they are: the tafio;m of the Funivia dell’Etna cable car (waitiagea for hundreds to
thousands of tourists who daily visit the volcanomsnit or use the ski slopes in winter), and Baitdled Guide (a
transportable shelter located at around 2900 rhentaiting area for tourists using four-wheel diueses). On the northern
slope there are: the INGV Pizzi Deneri Observai@847 m; a building used by volcanologists fordistchools, research
and monitoring activities), Rifugio Citelli (at trend of a no-through secondary road, used by hdedyEpeople especially
at weekends and during the ski season). Furthermarestudy also covers the infrastructure in twaimtourist areas, i.e.
Etna Sud (at 1920 m) and Etna Nord (at 1810 m),neonty known as Rifugio Sapienza (an area visitedipyo thousands

of visitors during the day) and Piano Provenzanardey popular ski station), respectively. Finalggveral secondary
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mountain huts are also located along tracks atslaoides, especially on the western and northerreslopthe volcano (Fig.
1).

3 Plume modelling

We make use of the particle sedimentation modé&axfsi et al. (2019) in order to simulate the tramspf clasts within a

volcanic plume and their sedimentation. This modedtifies the well-known methodology introduced bgr&y and Sparks

(1986) in order to take into account the effectswifid on the eruptive column. Particles are firsleased into the

atmosphere from the clast support envelope, amagfithe plume where the velocity of the gas mixtaquals the terminal

velocity of the clast. Clast’ trajectories are thmymputed solving the second law of motion in adyimtmosphere. The

model applies best to centimetre-scale particlasghow a reduced, but not negligible, couplindhwiite gas mixture of the

plume. Plume dynamics are described based on thelmbDegruyter and Bonadonna (2012).

The main inputs to the model are:

» Particle parameters: size, density, the Stokes etvafficient kS (for particles falling in randomiemtation) and the

Newtonian drag coefficient kN (for particles fafiiitn a gas). kS and kN are as described by Baghelri
Bonadonna (2016b).

« Three-dimensional wind profiles (in this model wimbfiles are space-dependent with distance front)ve
e The number of particles to be sedimented.

e The mass eruption rate (MER) of the event.

e Adigital elevation model (DEM) of the area.

The model takes a three-dimensional wind profild areates the wind field across the modelled ard¢laen uses the input
MER to model the maximum height of the plume abtiveeruptive vent. The clast diameter and the nurabparticles to

be sedimented are fixed for each simulation andighes are released from the vent. When their (deard) terminal

velocity exceeds the plume upward velocity theytgdtafall and the model calculates the trajectofyeach particle until it
reaches the ground, with the terrain being defimethe DEM. The modelled ground surface is gridded] the size of the
grid cells is equal to the cell size in the DEM (®@tres in our case). For each simulation the pofirimpact of each
sedimented particle is recorded on that grid. Theehalso calculates the kinetic energy of eachigaimmediately before

impact with the ground.

3.1 Deterministic versus probabilistic approach

The plume model described above can be used deistitélly (with one three-dimensional wind profdad fixed eruptive

parameters) to compare clast sedimentation witth ibservations for a specific eruptive event. Ttdel can also be used
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probabilistically in order to compile maps that tmur the probability of a clast of a given diameteaching a certain
location. In the probabilistic approach the modetun several times, with one or more of the ihjiarameters selected
randomly from a statistical distribution. At thedeof each simulation, a contour is created fromrtiost external points of
ground impact and all grid cells inside that contate assumed to be impact locations for that sitimi. When all the
simulations are complete, the number of times emithcell has been impacted is counted and divigethe total number

of simulations, to give the probability of impaot feach cell in the grid, which can then be mapped.

3.2 Input data
3.2.1 Wind data

Four-time daily wind profilefrom the National Oceanographic and Atmospheric AdministraiNOAA, 2017) were
analysed for the period 1997-2015 using the Matiatkage TephraProb (Biass et al., 2016c). Wind itond were found

to be very similar foone year (2013), 10 years (2006-2015) and thedathset (19 years, from 1997-2015) (see Figs S1 to
S6, for full wind analysis). Results are also imesgment with those of Scollo et al. (2013). Ligkasonal difference was
found for the expected plume heights up to 15 ler.awith prevailing winds towards the NE to SQftsr. The 2006-2015
dataset was selected for the probability assessarahtgiven the limited extent of large-clast fatlgg 10 km from the
vent), wind profiles are not considered space-dégenin this assessment (i.e. only one wind prafdatred on the vent is

considered).

3.2.2 Field observations

The 23 November 2013 event was selected to valatadecalibrate the plume model for the descriptiblava-fountain fed
plumes. In fact, this event represents a lava fonwith one of the largest mass eruption ratdd@int Etna (Andronico et
al., 2015; Bonaccorso et al., 2014). For sampldeated following the event (Russo, 2016), both thedian and the
average of the 5 largest clasts (measured usinm#tieod of Bagheri and Bonadonna (2016a)) wereulzikd and the drag
coefficients ks andky, derived for use in the hazard analysis, as desdrin Appendix A. We found that the median is more
stable than the average of the 5 largest clastheatscale of the outcrop (Tables Al and A2), as alsncluded by
Bonadonna et al. (2013); however, isopleth mapspdech based on the median values (and corresporttiagnwind and
crosswind ranges) are not more stable than théefomaps compiled based on the average of thegbdaclasts (Fig. Al).

In addition, modelled contours more closely matalugs calculated using the average of the 5 ladests (Fig. A2).

3.3 Model validation and calibration

The model was validated and calibrated to the 2@eNer 2013 lava fountain by varying the modelleBRvito produce
the observed plume height of 11 km a.s.l. (Coriiagtiral., 2016), using wind conditions for the timkthe eruption. Table

B1 summarises the model input parameters that fiveze for this study and Table B2 lists the inpatgmeters used for the
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model calibration. During an eruption MER will vatyut because reported plume heights are usualyn#ximum height
achieved by the plume and MER is estimated basquumne height (Degruyter and Bonadonna, 2012)nmbdelled MER

represents the maximum MER for the eruptions. Githext a range of MER values could equally produree dbserved
plume height, the best-fit MER (5.4 x®1kg s*) was found by comparing modelled clast size camstand the field data.
Fig. A2 shows the modelled contours for this MERijickh most closely match the field observations waked using the

average of the 5 largest clasts method (see Appéntbir use of the 5 largest clasts in model valmta).

3.4 Sensitivity analysis
3.4.1 Number of particles

The optimum number of particles to be released faoneruptive plume was tested using simulations06f 500, 1000 and
5000 particles, keeping both the wind and the glertliameter (5 cm) fixed, in order to maximize rabgderformance in
terms of machine time. For this analysis we usedthinee-dimensional wind profile for 12 Decembet204:00 to 16:00
UTC, when wind speeds were high, which resultsartiple sedimentation over a wide area, makingefffiect of changing
particle numbers easier to identify. Using 100 iplr$ produced an angular contour, indicating pkertdensity within the
contour is low and hence the contour is likely hamge with each simulation. In contrast, contoars$5D0 or more particles
were smooth and almost completely overlapped &i@). As a result, 500 particles were selectediigaixde for the hazard

analysis as described below.

3.4.2 Particle density

The sensitivity of the model output to particle signwas tested using simulations with particle diées selected from end
member values measured at Mount Etna. In particwar considered the events of 12 January 2011 (kg06i°), 23
November 2013 (865 kg™ and 3 December 2015 (760 kg®nfAndronico et al., 2015, 2014; Russo, 2016). W& was
fixed to 12 December 2015 14:00 to 16:00 UTC adtierparticle number test. The contour for the lstwkensity clasts is
26 % larger than for the highest density clastg.(5i7b), mostly due to the clasts reaching a greliseance from the crater.
Therefore, particle density is an important vagafdr the hazard analysis: the lower the densitg, larger the impacted

area.

3.4.3 Number of simulations

The stability of the results in terms of the imgatarea is dependent on the number of runs usetbasdt this, different
numbers of runs were compiled for a 5 cm clast. Msimulations give a more stable result, but as ealtditional

simulation takes time, a balance must be found éetveonfidence in the output and a realistic timlkesfor the simulations.
For very low impact probabilities (< 1 %), the hakarea is very sensitive to the number of simaieti(as shown in Figs

S8 and S9) because for each additional run, neatitots will receive one impact. Areas with probipik 1 % were
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excluded from further analysis because of the thayel of uncertainty, and for each simulation threb@bility contours
were treated as stable if the associated area eldng< 3 % between different numbers of simulaidpifferent numbers

of simulations are used for the different probahidi scenarios considered (e.g. Appendix B).

3.4.4 Choice of eruption crater

As mentioned earlier, lava fountains have beenywed at different vents on Mount Etna and it isewmsy to predict where
the next lava fountain will occur. In order to idiénthe sensitivity of model outputs to the choimkeruptive vent, the 23
November 2013 event was separately modelled asugti@n from each of the five summit vents. Althbuthe hazard
zones largely overlap, lava fountains from the Neast Crater (NEC), Voragine or Bocca Nuova arel\iko extend the
hazardous area further north compared to events Southeast Crater (SEC) and NSEC (Fig. S10). N&&€chosen as
the primary vent for our hazard assessment, avéimshas produced most of the lava fountains theepast 5 years (Table
S1). However, given the prevailing westerly windgrobability map from NSEC may underestimate thithern extent of
clast fallout from NEC, Voragine and Bocca Nuova ifivestigate how the location of the eruptive vaffects the
infrastructure at risk of impact, the exposure gsialwas conducted for high MER events from bottERSnd Voragine

(Supplementary material).

4 Hazard assessment

To allow a range of eruptive and atmospheric comaiitto be investigated, a probabilistic hazaréssment was completed
for three scenarios from NSEC:
e One Eruption Scenario for a high mass eruptioneaémt (OES — high MER) based on 23 November 283 |
fountain (MER = 5.4 x 10kg s%).
e One Eruption Scenario for a low mass eruption egent (OES — low MER) based on 12 January 2011 lava
fountain (MER = 2.5 x 10kg sY).
e Eruption Range Scenario (ERS), using a Monte Gagsfroach where values of particle density and MERe
randomly sampled from within a statistical disttion based on previous activity at Mount Etna (MER.5 x 10 -
5.4 x 10kg sY).
For OES, eruptive parameters are fixed but the visndelected randomly from the available dataséilenfor ERS the
eruptive parameters are also randomly selected &omssociated probability density function. TheSGEhigh MER event
was selected as being the largest MER so far esqpead from a lava fountain at Mount Etna and th& GHow MER event
was the smallest MER likely to cause significantdrd beyond the immediate proximal area. For th&,E&R uniform
distribution was chosen for particle density, liuatcount for small eruptions occurring more freglyethan large ones, a
logarithmic distribution of MER was used (Biassakt 2016b; Bonadonna, 2006). In Appendix C we retle frequency

distributions for the sampled particle density aW&R, the distribution of sampled wind profiles atfie resulting
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distribution of plume height (calculated from thentbination of MER and wind speed) (Fig. C1). Theeafirm that the
sampled values are within the expected frequenstyilditions and the winds are representative of20@6-2015 dataset.
The low frequency for the smallest MER 3 x 10 kg s%) suggests that some plumes with this MER are noyant and so
are discarded by the model. The modelled plumehiteidrig. C1c) range from 6.0 to 14.9 km a.s.l.

For each scenario a clast diameter of 5 cm wastseleas being likely to cause significant injury @axter personal
communication, 2017). Hereon particles >5 cm afendé as hazardous clasts. The damage caused &ielgpon impact
depends on its kinetic energy and the modelledgbestshowed a bimodal distribution of kinetic egies, with peaks at 15 J
and 21 J and a maximum value of 46 J (shown inBigBiomechanical experiments have shown thatrehc load (such
as a falling clast) can cause skull fracture argae of around 28 J (Yoganandan et al., 1995)2af6 of modelled clasts
had energies above this val@8 % of clasts had impact energies >10 J and heragecause building damage, as impact
energies of 2 J can damage glass windows, andieserfj0 J can penetrate roof tiles (Jenkins epall4).

Table B3 summarises the variable input parametersdch scenario, with the fixed parameters begted in Table B1. For
each simulation a wind profile was randomly selddtem the 14608 (4 times daily for 10 years) aafal in the 2006-2015
year NOAA dataset (NOAA, 2017) (Appendix C). The&a zone, defined as the model grid cells withbphility of
impact>1 %, was classified into 5 categories and for es@nario a map was produced showing the area where
probability of impact was >40 %, 30-40 %, 20-3026;20 % and 1-10 % (Fig. 3). Areas with probabitfyimpact < 1 %
were excluded because, at very low probabilities,iHazard area is very sensitive to the numbeinuflations (as shown in
Figures S8 and S9). In each scenario the highebapilities occur east of the vents, with probébgi no higher than 20 %
west of the vent, confirming the influence of theyailing westerly winds. Table 2 shows the areduhed within each
probability category for each scenario. For prolids >1 %, the hazard zone covers a total areal@® knf, extending up
to 8 km from the vent, for the OES — high MER, a2 knf, extending up to 6.5 km from the vent, for the ERSe
hazard zone for the OES — low MER covets knt andis limited to the area immediately proximal to tbeaters,
confirming that for lava fountain events with MEBwler than that for the 12 January 2011 event (21%>g s%), any

hazardous clast fallout is unlikely to pose a tskeople or infrastructure.

5 Exposure analysis

The amount of infrastructure at risk was calculdte@deach scenario. Table 3 summarises the infretsire exposed within
each hazard zone for each scenario and Fig. 3 sti@aisfrastructure within the hazard zone for @S — high MER, the
OES - low MER and the ERS (for the NSEC scenahiohrder to investigate how this exposure varigsldwa fountains
from different eruption vents, the probability még the OES — high MER at NSEC was translated tocéetred on
Voragine, which is at the same height as NSEC angesexpect particle sedimentation to follow simtl@nds (Table 3 and

Supplementary material: Fig. S11).
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For the OES - high MER from NSEC, no buildings iarareas with >30 % probability of impact and theyobuilding in
the 20-30 % area is a hut (Baita delle Guide). $&een buildings in the area with 10-20 % probapiliclude Rifugio
Citelli, the INGV Pizzi Deneri Observatory and ttop station of the Funivia dell’Etna cable car. Bwita del Guide hut
and the observatory are both in a higher hazaregoay for this scenario from Voragine, although rallefewer roads and
buildings are within the total hazard zone (roa2.5 km compared to 274.2 km; buildings: 104 camggo 118, for
fountains vented from Voragine compared to NSE)thé ski lifts are in the hazard zone, with twdly within the 10-20
% probability area for the NSEC eruption and o dor the Voragine eruption. In both cases onetiisses the 10-20 %
and 1-10 % areas, as does the Funivia del’Etnk @y, and the remaining ski lifts are fully ireth-10 % area.

For the OES - low MER scenario, very little infrasture is at risk, with only 0.2 km roads in tH&20 % probability area
and a further 5.7 km plus the Baita delle Guideihuhe 1-10 % probability area. For the ERS, rioastructure is within
the area having a probability of impact >30 %. Kinbof roads are in the 20-30 % probability aredahwi further 11 km plus
the Baita delle Guide hut in the 10-20 % probapéitea. A total of 112 km of roads, 14 building$,Kin of ski trails, 6 ski

lifts and the Funivia dell’Etna cable car are ie 110 % probability area.

6 Pedestrian evacuation analysis

The USGS Pedestrian Evacuation Analyst (PEA) tdohés et al., 2014) was used to estimate how kwguld take for
people at the summit to descend to a safe arezafdr of the hazard scenarios. The main inputs are:
» Digital elevation model of the area (90 m resolt®RTM data).
* Hazard area defined here as the hazard zone degénitSection 4.
+ Safe zone, defined as the area outside the hazzad a
e Landcover within the hazard area. Each landcoves ty assigned a speed conservation value (SC\thwhi
compares the ease of walking on the various swsfat@ues vary from O (building) to 1 (road). Adlads, paths
and tracks were assigned a value of 1 and sk tnagre not included as they are likely to be teegtto walk
down. Moreover, we assumed that most visitors éostimmit area will be within a maximum distanceffgn)
from a path or track. The ‘buffer’ was set to 300hbmt to investigate sensitivity to the maximunmtalige, the OES
— high MER scenario was also run with a buffer @ 5n. As there is no detailed information on threai@ around
each path and track, but it is likely to be sloteewalk on than a road, an SCV of 0.65 was assigned
«  Walking speed, taken as 3.3 ki lwhich is defined as a slow walking speed withie PEA tool.
Figure 4 shows evacuation times to reach the safe for each scenario, assuming people are a maxiofitB00 m from
any path. For the OES - high MER, people nearéccthters who are furthest from the path will tal@re than five hours
(313 minutes) to reach the safe zone. The maximwanuation time for the OES — low MER is 30 minuesl for the ERS,
it is 236 minutes (about 4 hours). Sensitivity to the buffize is low when increased to 500 m for the OE$gh MER, as

the maximum time to reach the safe zone increagexhly 1 minute (Fig. S12).
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This analysis shows that for large events, peopkr the summit would, in many cases, be severaishfibom safety. In
addition, given that even relatively minor impactthe head can cause concussion, escape can laldifBaxter and
Gresham, 1997). Hence possible locations for oetan shelters were selected and the analysis @ra® to investigate
how that would reduce the time taken to reach a kafation (considering the shelters as additisa® zones). For one
shelter, the location was chosen to be within tieahd zone for the OES — low MER, so that it cdaddused for the whole
range of expected events. For two shelters, oneclvasen as the top station of the Funivia dell’Etaale car and the
second shelter was located towards the north. €igushows that, for the ERS, provision of one sheléduced the
maximum evacuation time to 176 minutes, with oniyiaor further reduction (18 minutes) for two skedt For the OES —
high MER, the maximum evacuation time was reducgdsgt under 4 hours (233 minutes) when one shislterovided and
to 199 minutes with two shelters (Fig. S13). Insieg@ the buffer zone around footpaths to 500 mceaton times
increased to 238 and 207 minutes respectively &i®). For the OES - low MER, adding a shelter it reduce the

maximum evacuation time below 30 minutes (Fig. S14)

7 Discussion
7.1 Risk assessment

Large-clast fallout from plumes generated by tleg@ient lava fountains at Mount Etna poses a sutitask to people and
infrastructure (e.g., Andronico et al., 2015; DenBet al., 2015). It is therefore important to iti§nthe area likely to be

impacted and to understand how long it would taepte to evacuate to a safe area. For large engptam area of up to
130 knf is in the hazard zone; roads have a probabiliiynpict of up to 40 % and the Funivia dell’Etnaleatar is also at
risk. The area affected depends on the eruptivg wéth lava fountains at Voragine, Bocca Nuova &HeC resulting in a

hazard zone shifted further north and impactingefereads and buildings, compared to events from 8&CNSEC. It is

important to bear in mind that even though the mitgj@f lava fountains over the past 5 years haseuaed from NSEC,

more than 80% of the eruptions occurring at Voragmthe past 20 years have been characterizeartyy plumes (>10 km
a.s.l) (Andronico et al., 2015; Bonaccorso and &&\2017; Calvari and Pinkerton, 2002; Vulpianiaét 2016) (see also
Table S1). The probabilistic analysis took accafrthe range of MER observed in the recent lavafains at Mount Etna
(detailed in Table S1), but it cannot be excludeat &a future event could have a higher MER. Howewear analysis has
identified the smallest MER that could produce hdaas impact from 5 cm clasts (i.e., 2.5 X i@ s%), as the hazardous
clast fallout from lava fountains smaller than ®ee Eruption Scenario — low MER will only affecethrea very proximal

(<2 km) to the eruptive vent.

As well as the hazard from large clast falloutisialso important to consider impact from balligtiojectiles and hazard
from tephra fallout which may all occur simultanstyuduring an eruption. Probabilistic modelling édson the large

explosive eruption at Mount Etna on 5 January 18@wed that tephra accumulations over 200 Kgoecurred up to 10

km from the eruptive vent (Scollo et al., 2013)eTdrea around the Funivia dell’Etna cable car ha@-3a0 % probability of
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tephra deposit densityl00 kg n¥ and this is the same area that had a 1-10 % pititpads fallout of 5 cm clasts in the
current study. Ballistic projectiles ejected frohe tvent could also pose a hazard on the pathsclesg to the summit, as
happened on the Tongariro Alpine Crossing hikiag th New Zealand in August 2012 (Fitzgerald et 2014). Modelling
at La Fossa, Vulcano in Italy also indicated a ean§around 3 km for projectiles with sufficientpact energy to cause
injury (Biass et al., 2016a). Large ballistic puaijkes have also been observed proximal (<1 knthéovent at Mount Etna
(e.g. Calvari & Pinkerton, 2002).

In order to quantify the exposure of people to hdaas clast fallout, further work is required tachcterize visitor numbers
and behaviour. For example, tourists are likel\stay near the paths and tracks, while hikers mai fuather from the
paths. In addition, many scientists visit the sutrangéa, although they are likely to be in contaithwolleagues who could

warn them of ongoing volcanic activity.

7.2 Emergency management

The PEA tool was run using several assumptionschvhéquire more detailed analysis to confirm thgults. The most
sensitive assumptions are:

» Paths and tracks are the fastest routes down freraummit. In most cases this will be true, andppeeanfamiliar
with the area are likely to retrace their stepddecend. However, there may be routes that amr fdwstn using the
paths, particularly where slopes are gentle arat®covered in loose tephra. If these were to bsidered as
evacuation routes they would, of course, need todwly identified to ensure people descendingndidget lost.
In addition, this study did not consider pedesteaacuation during the months when the area isredvie snow.
During the winter more people may be ‘off piste@ireas with no paths, resulting in different evéiomaroutes
compared to the paths used during the summer.

« The same buffer zone was applied around all pathsks and roads and the assumption of a constffier zone
width can be considered as a worst case. Morethefandcover and associated walking speed wasnaskto be
constant in this zone. In reality, once away fraathg the land cover will be variable, and walkipgexs could
vary considerably between ash, lava and denselgtatsgl areas.

e The analysis considered people walking slowly,dsuspeeds could vary, the results have therefergifid
maximum times to walk to a safe zone. Moreoveiibilisy may be limited by ash fallout or sudden agas in
weather conditions (e.g. dense fog formation, Wegguent at Etna high elevations). Therefore, \&lueed to be
assessed empirically.

»  Evacuation from the summit was assumed to be anfpot. However, vehicles may also be availableti@aarly
in the southern sector.

The analysis of evacuation times indicates thataftarge eruption, walking out to a safe areaddake several hours, and
given that the paroxysmal phase of an eruptionnofialy lasts around an hour (Table S1), provisidnsloort-term

emergency shelters near the summit could limiti@ecasualties. The results for the ERS show shetters could reduce
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evacuation times by more than an hour, and fuitharstigation is needed to identify optimal locaso The shelters would
have to withstand impact energies of around 4@ehtified as the highest kinetic energy of clastsmpact. Data on likely
numbers of visitors at the summit at any time, dgample from numbers of people using the cable waunld also be
required, in order to identify the size of shelteegded. Exercises to evaluate the evacuationsauig times would also be
needed. It is important to bear in mind that acdesthe summit is restricted during orange/redtaléssued by Civil
Protection authorities, and hence the expected eumbtourists on the summit may be significantyuced. However,

some eruptions (e.g. 23 November 2013) do not@nigh warning for the orange/red alert to be dsu¢ime.

8 Conclusions

The hazard associated with the fallout of largestsldrom the convective portion of a volcanic plulrees been often
overlooked even though field evidences clearly skimat it is a common feature of small to high isigneruptions. As an
example, in this study the hazard associated witlngentation of hazardous (>5 cm) clasts from fmastain fed plumes at
Mount Etna was assessed using a new dedicated gledimmentation model. The model was calibratedgufigid and wind
data for the largest eruption to date for a lawanfain at Mount Etna, and a probabilistic hazaskessment was then carried
out using three scenarios. Hazard scenarios wesedhan events with high and low MER plus one séemnainich sampled
both a range of eruptive parameters (e.g., MERtighardensity) and wind conditions. The area ak 1§ impact from
sedimentation of hazardous clasts (>5 cm in diarheteas mapped for each scenario, the exposed infcasre was
guantified and pedestrian evacuation times fromstimamit were investigated. From the hazard analysNSEC we can
conclude that:

1) For the One Eruption Scenario — high MER, the tthzane (area with probability of impagt %) covered an area of
129 knfand extended up to 8 km from the vent. Exposeasiifucture for an eruption from NSEC included s@mé
km of paths and 118 buildings, while for an eruptimm Voragine 235 km of paths and 104 buildingsenexposed.

2) For the One Eruption Scenario — low MER, the hazamk covered 5 khand extended up to 1.4 km from the vent.
Exposed infrastructure included 6 km of paths amlgt one building (a mountain hut).

3) For the Eruption Range Scenario, the hazard zovered 72 krhand extended up to 6.5 km from the vent. Exposed
infrastructure included some 125 km of paths anddiklings, including mountain huts, an observatamg a refuge.

4) The maximum evacuation time for people walking ddwm the summit was just under 5 hours for the Gngption
Scenario — high MER, almost 4 hours for the ErupRange Scenario and 30 minutes for the One Emnui@nario —
low MER.

5) For large eruptions, provision of one or two shslould reduce maximum evacuation times by uphols.

Impact of an eruption from Voragine, Bocca NuovaN&C is of similar magnitude but with the affectaga slightly

shifted to the north (Table 3 and Fig. S11). Futmoek is needed to confirm how land cover (and ledilely walking

speed) varies across the area and to understandvamuation routes change in winter, when pathsheagovered in snow.
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The proposed approach could also help in locatiegshelters; their structure and capacity shouldengded by the Civil
Protection authorities, based on information predithy the private companies that manage touristreians to the summit,
i.e. ski lifts, four-wheel drive vehicles, and hilg. A communication strategy would also be impdrtarensure that shelters
do not encourage reckless behaviour, with peojgléniig safer about going into the hazard zone wherparoxysmal phase
of an eruption has started. The model has already bnplemented within the operational platformiNGV-OE for rapid
daily hazard assessment for Civil Protection use firoposed methodology can be easily appliedhter aolcanoes and
results obtained for Mount Etna show how the assessof the hazard associated with hazardous ¢lastem) from
eruptive plumes should be accurately characteringolarticular for all those volcanoes that arepyar destination for

tourists and where visitors can reach the sumreasr

Data availability

Most data is made available in main tables and lsapgntary material. Additional data is availabl®npequest, based on a

collaborative agreement.

Appendices
Appendix A Field survey analysis: median versus thaverage of the 5 largest clasts

A detailed field survey was carried out by Rusd@1) who measured the 3 axes of 10 to 15 clagdlifferent areas, each
of 25 nf, at 16 locations at different distances from teatv The equivalent diametely, of each clast was calculated using
the equation (Bagheri and Bonadonna, 2016a):

deq-0.887 L1 9™ (A1)
whereL, | andS are the three axes of the clasts (large, interneediad small). Both the median and the averagéef t
largest 5 clasts were derived for each of the Zsam@nd for the 3 areas together, in each of théod#&ions. Shape
descriptord=s andFy were also calculated:

Fg= fe® (A2)

Fy =fe (A3)
where flatnessf, = Sl and elongatione = I/L (Bagheri et al., 2015)he Stokes drag coefficieri (for particles falling in
random orientation) and the Newtonian drag coeffitiky, (for particles falling in a gas) were then calcethfor use in the
hazard analysis (Bagheri and Bonadonna, 2016b):

ks = 0.5(F"*+ Fs™) (Ad)

1092 (A5)

At individual field locations, median values weruhd to be more stable than values using the agevfghe largest 5

kN — 100.45[—10g(FN)

clasts, confirming the results of Bonadonna ef2013) (Table Al); however, over the whole samplinga both methods
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produced widely varying values of crosswind and adwwd ranges (Fig. A1 and Table A2) indicating tha use of the
median values does not improve the stability oplisthh maps at the scale of the deposit. In additiég. A2 shows that
modelled contours contain the median values buemtrsely match the values calculated using theageeof the 5 largest
clasts. Based on this analysis, we conclude tlatisie of the average of the 5 largest clasts éoctémparison of field data
with clast sedimentation modelling (e.g. Burdenakt 2011; Carey and Sparks, 1986; Rossi et all9P@ the most
appropriate and induces a variability at the lesfethe deposit (i.e. isopleth map) similar to tireduced by the median

values (even though median values are more stabie ¢evel of the outcrop).

Median Average of the
largest 5 clasts

Field location Outcrop variance (%)

1 5.9 20.3

2 2.6 18.4

3 4.8 17.6

4 7.1 18.3

5 51 15.8

6 6.9 12.8

7 10.9 20.6

8 11.3 22.4

9 0.6 13.6

10 3.9 135

11 3.1 15.6

12 10.1 13.9

13 10.8 17.6

14 8.3 19.1

15 5.7 12.7

16 8.3 13.3
Deposit variance (%)
6.6 16.6

Table Al Variance across the 3 areas of 10 to 15 sta for each outcrop and across the whole deposirflocations from Fig. A2.
Deposit variance indicates the average of the outap variance.
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Downwind Crosswind

(% discrepancy) | (% discrepancy)

8 cm 4cm 8 cm 4cm
Median
(All - Largest)*100/All -0.99 -20.00f -28.89 - 967
(All - Smallest)*100/All 0.79 0.83 3.33 -12.07
Average of the largest 5
(All - Largest)*100/All 13.25 3.60 -0.89 -8.49
(All - Smallest)*100/All 20.35 15.45 36.89 27.49
(Median All - Av of largest 5 All)*100/Median All 2530 -41.93| -150.00 -133.62

Table A2 Percentage discrepancy amongst downwind anctosswind distances of individual contours (as diefed by Carey and
Sparks 1986) for the isopleth maps of Fig. Al. Allmedian/average of 5 clasts values calculated camsiing all clasts from the 3
areas of individual outcrops (30-45 clasts); Largestlargest median/average of 5 clasts values of ti& areas (with 10-15 clasts
within each area); Smallest: smallest median/averagof 5 clasts values of the 3 areas (with 10-15 sfa within each area).
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Figure A2 Comparison of modelled contours for 4 cnmand 8 cm (compiled using the model of Rossi et aR019) and field data
values calculated using a) the average of the 5 st clasts (considering all 3 sampling areas atawalocation) and b) the median
values (considering all 3 sampling areas at eachdation). (Note that to facilitate the comparison, madel contours are the same in
both figures, while observation data are differentj.e. average of 5 largest clasts and median valygsspectively).
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Appendix B Model parameters

Radial entrainment

Wind entrainment

Relative humidity [%0]

Brunt Vaisala frequency of the tropospherd [s
Brunt Vaisala frequency of the stratospher [s
Radial entrainment

Wind entrainment

Relative humidity [%0]

Brunt Vaisala frequency of the tropospherd [s
Brunt Vaisala frequency of the stratospher§ [s
Plume temperature [K]

Mass fraction solid phase

Mass fraction vapour phase

Mass fraction dry air phase

Density of liquid water in the plume [kg#h
Condensation

Drag coefficient

Eccentricity of the ellipse for sedimentation
Shape factor for a gravitationally spreading pluiye
Ellipse descriptors)

Specific heat capacity: dry air [JK

Specific heat capacity: water vapour [3]K
Specific heat capacity: liquid water [J'K
Specific heat capacity: solid fraction [JK
Latent heat of vaporisation [J Kg

Specific gas constant: dry air [J kg™

Specific gas constant; water vapour [JKg']
Gravitational acceleration [np

Boltzmann constant: [J'§

0.1

0.5

0

0.01

0.02

0.1

0.5

0

0.01

0.02

1400

0.97

0.03

0

2000

0.0098

(Bagheri and Bonadonna, 2016b)
0.5

0.8

3.9

998

1952

4190

1250

2.26 x 10

287

461

9.81

1.38 x 107

Table B1 Fixed model input parameters
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Vent NSEC

Eruption date 23 November 2013
Eruption start time 09:30

Eruption end time 10:10

Particle density (kg M) 865

ks 1.003803782

Ky 1.320755187

Table B2 Input parameters used to calibrate the modeNSEC = New Southeast Crater. Particle densityks and ky are median
values calculated from field data.

Scenario Particle density MER Number of
(kg m?) (kg sh simulations

OES - high MER 865 5.4 x 10 8000

OES - low MER 1000 25x 10 4000

ERS 760 - 1000 2.5x105.4 x 16 8000

Table B3 Input parameters for hazard analysis scenaos, each run with 500 particles. For all simulatias vent was set to the New
South East Crater, particle size was 5 cm and dragoefficient values wereks=1.003803782 andty = 1.320755187.
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Appendix C Eruption and atmospheric parameters samfed for the Eruption Range Scenario

5%
_ @ =% [©
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Figure C1 Parameters sampled for the Eruption RangeéScenario. a) particle density, b) mass eruption r&, c) plume height, d)
wind speed and direction (created in TephraProb) (Biss et al., 2016c; NOAA, 2017). Plume height dependn mass eruption rate
and wind speed. Wind direction is the direction tovards which the wind blows, measured in degrees fromorth.
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Tables

Infrastructure type Quantity

Footpaths 337 km

Unpaved tracks 589 km

Paved roads 464 km

Ski trails 21 km

Cable car 1

Ski lifts 4 (Etna nord); 5 (Etna sud)
Buildings (number) 4612

Buildings (area) 620300m

Table 3 Infrastructure within 10 km of the summit craters of Mount Etna (OpenStreetMap Foundation, 2017afrom 2017b). The
5 buildings include an observatory, huts and refugeas well as industrial, commercial and residential bildings.

Probability of impact for OES - high OES -low MER ERS
a 5 cmclast MER

>40 % 4.9 0.1 0.4
30-40 % 6.6 0.1 0.9
20-30 % 11.2 0.3 3.0
10-20 % 23.8 1.0 9.4
1-10 % 82.7 3.3 58.6
Total area / krh 129.2 4.8 72.3

Table 2 Area within each probability category in thehazard zone (in knf) for One Eruption Scenario — high mass eruption ree,

One Eruption Scenario — low mass eruption rate and Emption Range Scenario. Hazard zone is the area witbrobability of impact
10 from 5 cm clast>1 %.
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Probability of Length of different road types (km) Number Area of Number of

impact of a Paths Tracks  Roads Ski trails  of buildings  ski lifts
5 cm clast buildings  (m?)

OES - high MER from NSEC

>40 % 0 0.7 0 0 0 0 0
30-40 % 25 2.3 0 0 0 0 0
20-30 % 16.3 2.0 0 0.7 1 7.5 0
10-20 % 35.3 10.1 0.9 3.8 7 1323 3
1-10 % 80.6 82.6 40.9 15.8 110 16081 6
Total 134.7 97.7 41.8 20.3 118 17411.5 9
OES - high MER from Voragine

>40 % 0.6 0 0 0 0 0 0
30-40 % 4.5 3.4 0 0.1 1 7.5 0
20-30 % 171 5.4 0 0.9 1 429 0
10-20 % 23.4 8.0 0.6 4.3 6 215 2
1-10 % 834 76.0 30.1 16.0 96 16178 7
Total 129.0 92.8 30.7 21.3 104 16829.5 9
OES - low MER from NSEC

>20 % 0 0 0 0 0 0 0
10-20 % 0 0.2 0 0 0 0 0
1-10 % 3.2 25 0 0.2 1 7.5 0
Total 3.2 2.7 0 0.2 1 7.5 0
ERS from NSEC

>30 % 0 0 0 0 0 0 0
20-30 % 0 1.5 0 0 0 0 0
10-20 % 7.9 3.1 0 0.1 1 7.5 0
1-10 % 75.0 32.6 4.5 14.3 14 2652 6
Total 82.9 37.2 4.5 14.4 15 2659.5 6

Table 3 Infrastructure within the hazard zone for One Eruption Scenario — high mass eruption rate (fronNew South East Crater
(NSEC) and Voragine), One Eruption Scenario — low maseruption rate (from NSEC) and Eruption Range Scenao (from
NSEC). Hazard zone is the area with probability ofmpact from 5 cm clast> 1 %.
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Figure 2 Infrastructure within 10 km of summit area of Mount Etna (Data from OpenStreetMap Foundation,2017a, 2017b). BN =
Bocca Nuova, NEC = Northeast Crater, NSEC = New Soutlst Crater, SEC = Southeast Crater, VOR = Voragine.
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Figure 2 Modelled kinetic energy on impact of 5 cnparticles.
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Figure 3 Probability map showing exposure of infragucture to impact from a 5 cm clast for a) the OES- high MER, b) the OES
— low MER and c) the ERS. NSEC = New Southeast Crate§ki areas: ET-N = Etna Nord, ET-S = Etna Sud. BG = B&a delle
Guide, CCN = Top station of the Funivia dell'Etna calte car, PDO = INGV Pizzi Deneri Observatory, RC = Kugio Citelli.
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