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ABSTRACT

Santorini is the site of the famous Minoan eruption of the late Bronze Age and Vesuvius is the type locality for Plinian eruptions. Haz-
ards from the eruption most likely to occur in the near future at these volcanoes are discussed. Downwind zones of Santorini can be af-
fected by minor ash fallout and gas emission from a Vulcanian eruption of Nea Kameni, the most active post-caldera vent. More danger-
ous would be a sub-Plinian eruption from Columbus, a submarine volcano located 8 km NE of Santorini, whose eruption in 1649-1650
A.D. caused several casualties in Santorini, mostly by wind transported poisoning gas. Vesuvius last erupted in 1944 and its eruptive his-
tory includes periods of long quiescence, lasting centuries or tens of centuries, interrupted by violent Plinian or sub-Plinian eruptions. A
sub-Plinian eruption is the reference event in the Civil Protection emergency plan. The scenario includes a Red Zone exposed to the risk
of being invaded by pyroclastic flows and that should be entirely evacuated before the eruption onset, together with some nearby areas
where there is a high risk of roofs collapse by overloading of fallout tephra (nearly 700,000 persons in total). The Red Zone is encircled
by the Yellow Zone exposed to pyroclastic fallout and related risk maps are here commented. Another serious risk is associated with earth-
quakes of the pre-eruptive unrest phase. Because of the high seismic vulnerability of the buildings within the Red Zone, many of them
might collapse before the evacuation order of the Red Zone be issued. Finally, the scientific difficulty of forecasting the time evolution of

the eruption precursory phenomena is discussed together with the related civil protection implications.

1. INTRODUCTION produced by:

- Pyroclastic flows, generated by gravitational col-

Explosive eruptions consist of violent emissions of lapse of the eruptive column or by direct blast
fragmented magma and gas. They cover a wide energy from an emplacing lava dome, e.g. Mt. Pelée, Mar-
range, from Hawaiian to Ultra-Plinian, depending on the tinique - 1902: 33,000 victims [Fisher and Heiken,
volume of erupted magma, its fragmentation degree, the 1982].
height of the erupted column and the tephra areal dis- - Tsunami, generated by flank or caldera collapse of
persial [Walker, 1973]. Some explosive eruption types, volcanic islands or by the entrance into the sea of
i.e. Strombolian, Vulcanian and Plinian, take their name huge volumes of pyroclastic flows, e.g. Unzen,
from active Italian volcanoes: Stromboli, Vulcano and Japan - 1792: 15,000 victims (also by mud flows)
Vesuvius respectively. [Nakada et al., 1999]; Tambora, Indonesia — 1815:

The major historical volcanic disasters have been 10,000 victims (also by pyroclastic flows) [Bronni-
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FIGURE 1. Location of Vesuvius and Santorini volcanoes in the Mediterranean area.

mann and Krimer, 2016]; Krakatau, Indonesia -
1883: 36,000 victims [Brown et al., 2017].

- Lahars, generated by (i) melting of snow and ice
cover of the volcano summit, e.g. Nevado del Ruiz,
Colombia - 1985: 25.000 victims [Lowe et al.,
1986]; (ii) flooding from crater lakes, e.g. Kelut, In-
donesia - 1915: 5110 victims (also by pyroclastic
flows) [Brown et al., 2017]; (iii) rain mobilization of
loose tephra on steep slopes, e.g. Vesuvius, Italy -
1631: 3000 victims (also by pyroclastic flows) [Rosi
et al.,, 1993; Bertagnini et al., 2006].

- Tephra fallout, that may cause (i) damages from
ballistic blocks in the proximity of the eruptive
vent, e.g. Sakurajima, Japan, and (ii) roof collapses
by tephra overloading in the downwind area, e.g.
Pinatubo, Philippine - 1991 [Newhall et al., 1997].

Santorini in the Aegean island arc of Greece and
Vesuvius in southern Italy (Figure 1) are the most fa-
mous explosive volcanoes of the Mediterranean area.

Santorini has been the site of the so-called Minoan (or
Thera) eruption, a violent Plinian eruption occurred in the
late Bronze age, approximately 3600 years ago [Druitt et
al., 1989], that covered by thick tephra all the near
emerged land and caused a large caldera collapse with as-
sociated tsunami.

Vesuvius is the type volcano for Plinian eruptions, the
name coming from the letters of Plinius the Younger to
Tacitus describing the famous 79 A.D. Pompei eruption.

In the Aegean island arc and in Southern Italy there

are other active explosive volcanoes that also would de-
serve attention, such as Nysiros [Vougioukalakis and
Fytikas, 2005] and Campi Flegrei [Di Vito et al., 1999].
We feel, however, that the case histories of Santorini and
Vesuvius conveniently address the problem of explosive
volcanoes in the Mediterranean area.

2. SANTORINI VOLCANO

21 VOLCANOLOGICAL BACKGROUND

After the caldera collapse generated by the huge Mi-
noan eruption of about 1650 b.C,, starting from 46 A.D.
two volcanic islets (Palea- and Nea-Kameni) were pro-
gressively formed near the centre of the collapsed area (Fig-
ure 2). A likely sub-Plinian eruption occurred at Palea Ka-
meni in 726 A.D., but it did not cause significant dam-
ages in Santorini main island [Fytikas et al., 1990]. From
1570 to 1950 A.D. six eruptions occurred at Nea Kameni,
with extrusion of dacitic lava domes and flows, associ-
ated to mild Vulcanian explosions [Fytikas et al., 1990 and
1998; Pyle and Elliott, 2006].

Another active submarine volcano (Kolumbo or
Columbus) is located outside the caldera, ca. 8 km to the
NE of Santorini Island (Figure 2). Kolumbo most recent
explosive eruption occurred in 1649-1650 A.D. and
caused heavy losses in Santorini that was severely affected
by ash fallout, volcanic gas clouds and by a tsunami gen-
erated by a caldera collapse [Fytikas et al., 1990].



4 ~
/ =
/ = -

JAAC
Valy & '6?) J
; /4'/ A \K(: ‘jl
) (|
— ‘&
/
# Kolumbo '
submarine volcano|

SANTORINI ISLAND GROUP =

1

THIRASIA

ASPRONISI

HAZARDOUS ZONES FROM:
SRELTIRR D CONED TRUN
Probabable positian of g

futur res 4

FIGURE 2. Preliminary volcanic hazard zonation map of San-
torini [after Vougioukalakis and Fytikas, 2005], with
location of the intra-caldera Kameni islets and of the
submarine Kolumbo volcano. NE-SW aligned grey
shaded areas mark the two active volcano-tectonic
lines of Kameni and Kolumbo.
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FIGURE 3. Tectonic map of the broad Santorini area. Grey star:
Kolumbo submarine volcano. Solid circles: (M =4.5)
earthquakes occurred before the 2011 Santorini un-
rest. The focal mechanisms of the two large 1956
earthquakes (M= 7.5 and M= 6.9) are also shown. In-
sert: distribution of the seismological stations [after
Dimitriadis et al., 2009].

VOLCANIC HAZARD OF VESUVIUS AND SANTORINI

All eruptions that affected Santorini in historical
times have occurred from vents located on two parallel
NE-SW volcano-tectonic lines: the Kameni line in the
Santorini caldera, running from the Kameni islets to the
main island of Santorini, and the Columbus line, run-
ning from northern Santorini to the submarine Colum-
bus volcano (Figure 2) and extending furtherly to NE, to
Amorgos island along the Santorini-Amargos ridge
(Figure 3). In recent years, until 2011, these two lines had
a marked contrasting behaviour, as the Columbus line
has been the site of an intense seismic activity, whereas
the Kameni line was characterized by an almost com-
plete absence of seismicity [Dimitriadis et al., 2009;
Tassi et al., 2013].

2.2 THE 2011 SANTORINI UNREST

On January 2011 an anomalous seismicity (M; up to
3.2) began inside the Santorini caldera on the Kameni
line and continued up to April 2012 (Figure 4) [Parks et
al., 2013; Tassi et al., 2013]. In the same time, a rapidly
expanding radial deformation was observed by GPS
from a point located within the caldera to the north of
Nea Kameni (Figure 4) [Newman et al., 2012].

Chemical and isotopic changes and a strong increase
of CO, and HF concentrations were observed in Nea Ka-
meni fumarolic gases, suggesting an increasing input of
magmatic gas [Tassi et al., 2013; Rizzo et al., 2015].

These geophysical and geochemical anomalies cre-
ated concern about the possibility of a volcanic reacti-
vation of Nea Kameni, considering that there are 15,000
permanent residents in Santorini and the population in-
creases in summer to more than 500,000 people [Jenk-
ins et al., 2015] being Santorini one of the most attrac-
tive touristic sites of Greece.

2.3 ERUPTIONS THAT MAY IMPACT ON SANTORINI

Following Jenkins et al. [2015], we think that the
probability of occurrence at Santorini nowadays of a
large Plinian explosive eruption, like the 1650 b.C. Mi-
noan event, is very low, as the recurrence interval of
such an eruption is approximately 15 to 20 thousand
years [Dominey-Howes and Minos-Minopoulos, 2004].
Two eruptive scenarios can be considered: a “most
likely” event similar to the recent historical eruptions of
Nea Kameni (such as those occurred in 1866-70, 1925-
26, 1939-40), and a “largest considered” sub-Plinian
event like the 726 A.D. Palea Kameni eruption.

The “most likely” future eruption scenario includes
the following hazardous events:
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FIGURE 4. Map of the horizontal displacement field and seis-
micity (local magnitude M; = 3.2; blue) during the
2011 unrest. GPS campaigns and continuous stations
(magenta diamonds) show near radial displacements
between 2010 and late-August 2011 [after Newman et
al., 2012].

a) pre-eruption earthquakes located on the Kameni
line, with M; up to 4.5-5 and focal depth mostly
concentrated between 4 and 2 km; possibility of
damages to high-vulnerability buildings on San-
torini island and of rock falls and landslide from
instable slopes of the caldera walls;

b) pre-eruption ground deformation; the related up-
lift may affect the whole caldera, including its rims;
however, as it consists of slow movements, no sig-
nificant effects are expected on slope stability;

¢) pre- or syn-eruption increase in fumarole gas emis-
sion; possible phreatic explosions with emission of
steam and gas (mostly CO,) and ejection of frag-
ments of pre-existing rocks with grain size from ash,
to sand, to blocks; associated hazards are essentially
limited to the Kameni islets and their proximity, that
will have to be restricted to visitors;

d) the magmatic eruption may last up to 2 years. It
will consist of a limited fallout of blocks and ash
from phreatic explosions that may affect downwind
Santorini zones, extrusion of viscous lava flows and
domes with very limited advancing capacity and
intermittent Vulcanian explosions (VEI= 3) that can
eject blocks of rocks as far as 1-2 km from the vent
and produce ash plumes that reach up to 3 km
height, with a possible SO, output of 200 tons/day. As
there are no settlements within 2 km from the like-

ly future vents, the potential impact from ballis-
tics is not a realistic hazard, although ships and
boats will have to pass not too close to Kameni is-
lands. The main Santorini island can be invested
by wind transported volcanic gas and ash. These
hazards have been investigated by Jenkins et al.
[2015] and their results have been used by prof. G.
Zuccaro of the University of Naples and co-work-
ers to assess the associated risk (E.U. Snowball Pro-
ject). Based on the dominant wind direction, haz-
ards are greater in the southern and south-eastern
parts of Santorini and the presence in the air of fine
ash and gas may cause trouble to the exposed pop-
ulation. However, only thin ash accumulation
should occur without causing roof collapses of San-
torini buildings.
The “largest considered” future eruption scenario is
a sub-Plinian event, similar to the poorly known Palea
Kameni eruption of 726 A.D. of unknown magnitude. Its
probability of occurrence is obviously lower than the
“mostly likely” scenario and likely less than 10% [Jenk-
ins et al., 2015]. The sequence of events a), b) and c) pre-
viously described holds also for this scenario, whereas
the eruption d) scenario and related hazards obviously
change. Jenkins et al. (2015) assumed a column (or
plume) height of 12 km, a 4-hour duration, a discharge
rate of 1000 m>/s corresponding to an erupted mass of
3.3 x 10'° kg (density of erupted material = 2300 kg/
m?). For gas output, an average daily value of 800
tons/day of SO, was considered. Ash and gas hazard is
likely to be of concern in the downwind zones of San-
torini, should such an eruption occur at Nea Kameni. Ac-
cording to the prevailing wind direction, higher hazard
is expected in the Santorini zones located to the south
and east of Nea Kameni, notably at important tourist
and transports hubs. In addition, should the erupted
mass be significantly high, a tsunami generating
seafloor collapse might occur, which would affect fa-
cilities located within the caldera, mostly the port.

2.51 SUBMARINE ERUPTION AT COLUMBUS VOL-
CANO AND RELATED EVENTS

Columbus volcano is located on the active NE trend-
ing volcano-tectonic Columbus line, belonging to the
Santorini-Amorgos tectonic structure (Figure 3).

This is a very active seismic zone, which in 1956 pro-
duced two strong earthquakes with magnitude of 6.9
and 7.5 with epicentre respectively at half way between
Santorini and Amorgos islands and a few km south of



Amorgos (Figure 3). The location of earthquakes with M

4.5 recorded in the last 5 decades is shown in Figure
3 [after Dimitriadis et al., 2009]. The epicentres of the
best-located events, recorded between mid-2002 and
mid-2005, are visible in Figure 3 that clearly indicates
that the main cluster of local seismicity is located be-
neath the Columbus volcano, mostly at depths of 6-12
km [Dimitriadis et al., 2010]. Note that, before the 2011-
2012 unrest, Santorini caldera has been seismically in-
active for long time.

As previously mentioned, Columbus volcano pro-
duced in 1649 -1650 A.D. a very hazardous eruption of
gas-rich silicic magma, which affected Santorini island
by ash fallout, volcanic gas and a tsunami likely gen-
erated by a seafloor collapse which produced the present
Columbus caldera [Fytikas et al., 1998 and references
therein]. The eruption caused the death of 70 people and
1000 animals on Thera, likely mostly by volcanic poi-
soning gases [Vougioukalakis, 2005].

VOLCANIC HAZARD OF VESUVIUS AND SANTORINI

hazard is the north-eastern part of Santorini island;
in the case of a volcanic reactivation of Columbus,
most earthquakes will be likely located in the prox-
imity of the submarine volcano; however also the
Santorini-Amorgos seismo-tectonic line could be
activated and earthquakes of significant magnitude
could occur also on or near the NE extremity of
Santorini. As most of these earthquakes are shallow
(h< 10 km) there may be severe damages on vul-
nerable buildings;

Ash and gas: Santorini island can be affected by
ash and gas emitted by a Columbus sub-Plinian
eruption, mostly in case of wind blowing towards
SE and S; the local wind statistics reported by
Jenkins et al. [2015] indicates that there is a sig-
nificant probability that Santorini will be affected.

In addition, as occurred in the 1650 A.D. eruption, a
tsunami generated either by a new caldera collapse of
Columbus volcano or by the rapid entrance into the sea

FIGURE 5. View of Vesuvius showing the Mt. Somma summit caldera and the presence of a continuous densely urbanized zone at
the periphery of the volcano.

An intense hydrothermal activity with fluid temper-
ature higher than 200 °C is still present in the Colum-
bus caldera, which has an elliptic shape with main axis
of about 3 km, a NE-SW elongation and about 500 m
depth [Sigurdsson et al., 2006].

The hazardous events associated with a sub-Plinian
eruption at Columbus volcano similar to that of 1649-
1650 A.D., that may have an impact on Santorini, are
the following:

- Earthquakes: the zone most exposed to seismic

of pyroclastic density currents [Nomikou et al., 2014]
may affect the eastern coast of Santorini.

However, in the scientific literature, there is no sound
hazard assessment for these events and only a qualita-
tive estimate is possible. Considering that in 1650 A.D.
significant losses were recorded in both human life and
animals [Vougioukalakis and Fytikas, 2005], the repeti-
tion nowadays of a similar eruption could have a strong
impact on Santorini human health, fauna, agriculture

and communications.
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3. VESUVIUS VOLCANO

Because of the very high population density on its
slope (Figure 5) and the explosive character of the
expected eruption, Vesuvius is likely one of the volca-
noes with the highest risk in the world.

Vesuvius is a 1281 m high volcanic cone, grown
within the summit caldera of Mt. Somma, an older
strato-volcano whose activity initiated about 37 ka
B.P. The eruptive history of the Somma-Vesuvius
volcanic complex includes several periods, character-
ized by different activity styles and by variations in
the chemical composition of erupted magmas.

The first period of the volcanic activity (from 37 to
20 ka B.P.) was characterized by mainly effusive erup-
tions of basic magmas, with subordinated low-energy
explosive events, that built most of the Mt. Somma
edifice [Andronico et al., 1995]. An important varia-
tion in the volcanic activity was recorded 18.3 ka B.P.,
when the first and largest Plinian explosive eruption
of trachytic magma (Pomici di Base) occurred, causing
the first collapse of Mt. Somma caldera, that was suc-
cessively modified and enlarged after each major
explosive event [Cioni et al., 1999].

Other Plinian eruptions occurred at 8 ka (Pomici di
Mercato), 3.8 ka (Pomici di Avellino) and A.D. 79
(Pompei eruption). Several sub-Plinian explosive erup-
tions are recorded in the inter-Plinian periods (the
most recent in A.D. 472 and 1631), as well as several
smaller explosive events (Figure 6).

Important periods of dominant effusive activity are
recorded after the Pomici di Base Plinian event, in the
Middle Age before the 1631 eruption and in the most
recent activity period from 1631 to the last 1944 erup-
tion (Figure 6).

Since the Pomici di Mercato Plinian eruption of 8
ka B.P., a variation is recorded in the composition of
the erupted magma that becomes more silica under-
saturated and alkaline; basic magmas vary from
k-tephritic to leucititic, whereas evolved magmas
feeding the most explosive eruptions have a phono-
litic composition generated by differentiation of the
basic magma in shallow reservoirs [Cioni et al., 1999].

The eruptive history of Vesuvius is marked by long
periods of quiescence that lasted centuries or tens of
centuries with an awakening more and more violent
the longer had been the preceding repose time [Cioni
et al., 2003 and references therein].
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FIGURE 6. Chronostratigraphy of Vesuvius activity in the last 18
ka [after Cioni et al., 2003].

31THE EXPECTED ERUPTION AND RELATED PHE-
NOMENA
After a long period of frequent open-conduit activ-
ity, lasted over three centuries, from 1631 to 1944,
Vesuvius is in a quiescent phase and it is not possible to
establish how long the present repose will still last.
Three-quarters of a century have already passed since its
last eruption in 1944 and the volcano conduit is
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that wind will disperse tephra in that direction.

presently closed. Therefore, there is a very low proba-
bility that next eruption will have the characteristics of
one of the events typical of the open-conduit activity
periods, dominated by the emission of lava flows with
associated Strombolian or Violent Strombolian [Arrighi
et al., 2001] explosions. This is the main reason why
only explosive eruptions have been considered in the
volcanic emergency plan for Vesuvius of the Italian
Civil Protection [DPC, 1995; 2001; 2008; 2016].

The choice of the reference eruption for the defini-
tion of the scenario to be used for volcanic emergency
planning is very difficult and delicate. The concept of
the “maximum expected event (MEE)” was introduced
by Barberi et al. [1990] and defined as the largest out of
all the possible eruptions in the case of a short term re-
activation of the volcanic activity of Vesuvius (20-30
years after 1990, by now nearly passed). A VEI = 4 sub-
Plinian eruption from the summit crater, similar but not
identical to that of 1631, has been assumed as the ref-
erence event for the civil protection emergency plan
[DPC, 1995] and it was maintained in all successive up-

dating of the plan [DPC 2001; 2008; 2016]. The main dif-
ference from the 1631 event, is that pyroclastic flows of
the 1631 eruption were confined by the Mt. Somma
caldera wall and could not travel over the northern slope
of the volcano [Rosi et al., 1993], whereas in the hazard
scenario adopted for the emergency plan this confine-
ment was not considered and pyroclastic flows could
pass over the Mt. Somma wall.

The possibility of adopting either a less-violent VEI=
3 eruptive event (Violent Strombolian) or a more-vio-
lent VEI = 5 Plinian one, was discarded because i) it was
considered very unlikely that a Violent Strombolian
eruption could be produced in a closed-conduit condi-
tion of the volcano like the present one and ii) accord-
ing to Marzocchi et al. [2004] the probability of having
a Plinian eruption in the next 125 years or so, is esti-
mated to 1 % only.

A 1631 like sub-Plinian Vesuvius eruption includes
the following main phases [Rosi et al., 1993]:

- a short opening phase, possibly with phreatic ex-

plosions and fallout of ash and blocks, mostly af-
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volved municipality [DPC, 2008 and references therein].

fecting the near vent area;

- a sustained column phase lasting several hours,
during which the eruptive column rises convec-
tively to an height of 12-22 km (a 18 km height
was assumed for the reference event); it is sur-
mounted by an umbrella like cloud and produces
pumice and ash fallout in the downwind zones
[Cioni et al., 2003 and references therein];

- a collapsing column phase, lasting only a couple of
hours, during which the eruptive column collapses
by gravity, generating pyroclastic density currents
of gas and volcanic particles (called hereafter py-
roclastic flows) that travel at velocities of ten to
hundreds of meters per second [Druitt, 1988; Gu-
rioli et al., 2010].

Because of their high temperature, missile content,
particle concentration and dynamic pressure, pyroclas-
tic flows are the most hazardous volcanic phenomenon
for human life and property [Gurioli et al., 2010 and ref-
erences therein].

Results of recent researches (EU Exploris and Speed

Projects) indicate that there will be probably a signifi-
cant damage reduction as far as pyroclastic flows ad-
vance far from the vent, because of the dynamic pres-
sure attenuation caused by their impact with the barrier
of the first encountered buildings of the densely urban-
ized circum-Vesuvian area [Zuccaro and Iannello, 2004].
Damages from pyroclastic flows could also be consid-
erably reduced if the house openings (doors, windows)
would be conveniently closed and protected [Spence et
al., 2004]. Notwithstanding these possible damage re-
ductions, the hazard associated with the emplacement of
pyroclastic flows is considered so high, and so low the
survival probability within the impacted area, that in the
Vesuvius emergency plan the zone exposed to the risk
of being invaded by pyroclastic flows is designated as
the “Red Zone” and has to be totally evacuated from
people and animals before the eruption onset. In the last
revision of the Vesuvius emergency plan [DPC, 2016],
the Red Zone has been enlarged (see Figure 11) so to in-
clude some areas having a severe risk of roofs collapse
by overload of fallout tephra and bringing to nearly
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FIGURE 9. Ash fall risk map of a sub-Plinian Vesuvius eruption related to a low probability (0.93 %) northwestward wind direction.
Ash fallout will affect Naples city. Colours indicate expected ash loads and estimated roof collapses. In the insert the ex-
pected damages are indicated for each involved municipality [DPC, 2008 and references therein].

700,000 the number of people to be evacuated before the
eruption onset.

The “Yellow Zone”, that is the one most exposed to
the ash fallout risk, encircles the Vesuvius Red Zone. The
hazard map of pyroclastic fallout, elaborated by a nu-
merical simulation made by the INGV-Osservatorio
Vesuviano for a sub-Plinian eruption (column height=
18 km; total discharged mass= 5x10!" kg) with the oc-
currence probability (in %) depending on the dominant
wind direction, is reported in Figure 7. This has been
converted into a risk map by the Plinivs study Center of
the University of Naples, using data on the vulnerabil-
ity to ash load of the circum-Vesuvian building roofs. In
the sector east of the crater, having the highest proba-
bility (17.16 %) of being affected by ash fallout, a total
of 24,378 roof collapses by ash load are expected, in-
volving nearly 85,000 people (Figure 8). Should the
wind blow toward NW (fortunately only 0.93% of prob-
ability) the city of Naples will be invested with 49,235
roof collapses involving 410,240 people (Figure 9). In
this case distal fine ash fallout will affect also Rome cap-

ital city.

The processing of wind data indicates that the prob-
ability that wind will maintain the same blowing direc-
tion decreases rapidly with time and so only at the mo-
ment of the eruption onset it will be possible to know
which is the zone that will be mostly affected by ash
fallout. This implies that protection measures for the ex-
posed population can be adopted only at the moment of
the eruption onset [DPC, 2008].

Another significant hazard of a Vesuvius sub-Plinian
eruption is related to the generation of syn- or post-
eruptive mud flows (lahars) generated by rain mobi-
lization of loose tephra accumulated on the Vesuvius
cone and on the steep slopes of downwind Apennine re-
liefs, as occurred in all historical sub-Plinian Vesuvius
eruptions. The dispersal area of lahars generated from
the Vesuvius cone coincides substantially with the Red
Zone that should have been evacuated before the erup-
tion onset. More difficult is to adopt proper civil pro-
tection measures in distal downwind towns and villages,
where lahar hazard will long persist also after the erup-
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FIGURE 10. Seismic risk map of Vesuvius. Colours indicate the number of building collapses that might be generated by an earth-
quake with an epicentre intensity of IX MCS located in the crater zone [DPC, 2008 and references therein].

tion end.

A further dramatic problem is related to the earth-
quakes that will most likely occur during the
pre-eruptive reactivation phase of the volcano. The
maximum estimated event is a M= 5.5 earthquake
with 3-4 km ipocentral depth and epicentre in the
crater area (intensity at the epicentre = IX MCS) [DPC,
2008 and references therein]. Based on the seismic
vulnerability of circum-Vesuvian buildings, Zuccaro
et al. [2008 and 2010] estimated that such an earth-
quake would produce severe damages in the Red Zone
(Figure 10).

A double problem then arises: (i) civil protection
might have to face a serious seismic emergence just
before issuing the Red Zone evacuation order for
impending eruption, and (ii) evacuation of the Red
Zone could be severely hindered because the ruins of
collapsed and partly collapsed buildings caused by the
earthquakes, may hamper the road practicability; then
Red Zone evacuation might not be completed at the
moment of the eruption onset.

4. DISCUSSION AND CONCLUSIONS

Volcanic unrest process leading to the eruptive reac-
tivation of a quiescent volcano includes the following
main phenomena:

- Ground deformation, with reduction of the affected

area and increasing localized uplift as far as the
magma approaches the surface;

Anomalous seismicity, with concentration of the
epicentres in the zone where the eruptive vent will
open;

Increase of the magmatic gas discharge from ex-
isting or newly created fumaroles, and composi-
tional changes in the emitted gas with progressive
enrichment in the more soluble species (e.g. HCl,
HF) as far as the magma rises up. In the relatively
frequent case in which the fumarolic gas is fed by
a boiling geothermal aquifer, heated by magmatic
gas, its temperature is buffered by the coexistence
of liquid water and steam and does not increase
during the unrest phase.
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FIGURE 11. Limits of the Red Zone exposed to the risk of pyroclastic flows and to severe risk of tephra fallout as indicated in the Vesu-
vius emergency plan of 2016. The black circle indicates the ash fall limit of 300 kg/m? [after DPC, 2016].

In a well-monitored volcano, where geophysical and
geochemical data are continuously recorded and pro-
cessed in nearly real-time, these precursory phenomena
will be certainly recorded before the eruption onset.
However, it is very difficult to recognize exactly the mo-
ment in which the process toward an impending erup-
tion becomes irreversible and to estimate the time still
lacking to the eruption onset. An excessive anticipation
of the alert for impending eruption might lead to a false
alarm, but waiting too long may lead to an alert issued
so near to the eruption onset to become in practice a
failed alarm, at least in volcanoes like Vesuvius, where
several days (at least 3) are needed to complete the evac-
uation of the population from the threatened zones.

Such a dramatic dilemma exists also for Santorini,
but only for a Kolumbo eruption, being the impact from

a Nea Kameni eruption not so high to require a pre-
eruption evacuation. In this dilemma, our feeling is
that a false alarm, also considering its severe social an
economic impact, has to be preferred to a failed alarm
that may cause the loss of very many lives. We also
think that national and local authorities, as well as the
population living in the risk zones, should be made
aware of this limited capacity of volcanologists in esti-
mating the time evolution of the volcanic precursory
phenomena.

We have shown in this paper that the definition of
the eruptions expected either at Santorini and Vesuvius,
is based on a review, with a rough probabilistic estimate,
of their respective eruptive histories. This is the approach
used by volcanologists for assessing volcanic hazards,
and this implies that so far volcanologists are not able
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to estimate the type and intensity of the expected erup-
tion from the characteristics of the geophysical and
geochemical phenomena recorded during the volcanic
unrest. We feel that to gain this capability is the main
challenge toward the future of the volcanology re-
search.
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