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Abstract. The Naples (southern Italy) area has the highest
volcanic risk in the world due to the coexistence of three
highly explosive volcanoes (Vesuvius, Campi Flegrei and Is-
chia) with extremely dense urbanisation. More than 3 million
people live to within 20 kilometres from a possible eruptive
vent. Mitigating such an extreme risk is made difficult be-
cause volcanic eruption forecasting is currently an empir-
ical procedure with a very uncertain outcome. This paper
starts by recalling the state of the art of eruption forecast-
ing, and then describes the main hazards in the Neapolitan
area, shortly presenting the activity and present state of its
volcanoes. Then, it proceeds to suggest the most effective
procedures to mitigate the extreme volcanic and associated
risks. The problem is addressed in a highly multidisciplinary
way, taking into account the main economic, sociological and
urban issues. The proposed mitigation actions are then com-
pared with the existing emergency plans, developed by Ital-
ian Civil Protection, by highlighting their numerous, very ev-
ident faults. Our study, besides regarding the most complex
and extreme situation of volcanic risk in the world, gives
guidelines for assessing and managing volcanic risk in any
densely urbanised area.

1 Introduction

Volcanic eruptions, in particular super-eruptions from large
calderas, represent one of the highest natural threats to hu-
mankind (Newhall and Dzurisin, 1988; Papale and Marzoc-
chi, 2019). However, eruption forecasting is still an empiri-

cal, largely uncertain practice. Successful forecasts are very
few and sometimes obtained too shortly before the eruption
(Consensus Study Report, 2017). Globally, the percentage of
timely and correct volcanic alarms is still very low, and fail-
ure cases have often resulted in considerable human losses
(Winson et al., 2014). Many volcanoes on Earth are located in
remote areas that are not densely populated. In remote areas,
the only threatening volcanoes are the very explosive ones, in
particular large collapse calderas, which are able to produce
large-scale catastrophes. However, there are places on Earth
in which very explosive volcanic areas are also densely popu-
lated; in such cases, the volcanic threat can be very high even
in the case of moderate to small eruptions, and the volcanic
risk can attain extremely high values. This is exactly the case
of the volcanoes located in the Neapolitan area (southern
Italy). Neapolitan volcanism is hosted in the larger Campania
Plain, a former volcanic field which has given rise to six ig-
nimbritic eruptions since about 300 000 to 39 000 years BP;
the last one (Campanian Ignimbrite, 39 000 years BP) is the
largest eruption that ever occurred in Europe to our knowl-
edge. The Neapolitan volcanic area has always been (since
4000 years at least) one of the most densely populated vol-
canic areas in the world (Mastrolorenzo et al., 2006a) and one
of the main cradles of Western civilisation (Astarita, 2013).
The high attractions of this area, namely mild climate, fer-
tile land, landscapes, hot springs and natural bays and inlets,
have in fact always been perceived to be able to overcome
the volcanic threat. Since ancient times, Neapolitan volca-
noes have been among the most known in the world: Vesu-
vius, Campi Flegrei and the island of Ischia, all of them very
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explosive volcanoes. In the eighth century BC, the island if
Ischia became the first Greek colony on the Italian penin-
sula, named at the time “Magna Graecia” (Carratelli, 1983).
The large metropolitan area of Naples, the largest metropoli-
tan area in southern Italy, contains about 3 million people,
all of them living within about 20 km from a possible erup-
tive vent. The Neapolitan area is then characterised by the
highest volcanic risk in the world, which must somehow be
managed and mitigated. In fact, there are emergency plans
issued by the national Civil Protection Department in Italy
for the two main volcanic areas: Vesuvius and Campi Fle-
grei. This paper describes the main volcanological issues of
the three Neapolitan volcanic areas and the associated risks,
and it describes the main problems of the present emergency
plans. It then proceeds to define the most important features
that a realistic emergency plan aimed at effectively mitigat-
ing the extreme volcanic risk of the area, should contain. Mit-
igation of volcanic risk is addressed here in a highly multidis-
ciplinary framework because the main action needs to start
from volcanological considerations but necessarily involves
economic, sociologic and urbanistic considerations. The ex-
treme risk of the Neapolitan volcanic area is a paradigm for
other volcanic areas of the world. Addressing the best pro-
cedures to mitigate volcanic risk here is a very important
benchmark for any populated volcanic area in the world.

2 The state of the art of eruption forecasting and alerts

Eruption forecasting for timely evacuation is the only way to
protect populations exposed to volcanic risk today. In fact,
if people can be made safe from earthquakes, provided the
edifices are robust enough (which can be a difficult task
only where extreme magnitude events occur very close to
urbanised areas), there is not presently any possible defence
against the most hazardous eruption products (i.e. pyroclastic
flows, very fast lava flows or, in some cases, huge pyroclastic
falls) other than timely evacuation before the climax of the
eruption.

Eruption forecasting is often considered feasible in prin-
ciple as opposed to earthquake forecasting, today considered
impossible. Such statements are equally wrong since erup-
tion forecasting is just easier to imagine because volcanoes
are well-identified and localised objects that are easy to mon-
itor, whereas active faults involve very large areas, and spe-
cific active patches are not evident. However, eruption fore-
casting is still a largely empirical matter with a very uncer-
tain outcome (Winson et al., 2014). Although some studies
are starting to constrain, with physical considerations and
modelling, volcano behaviour forecasting (Kilburn, 2012;
Robertson and Kilburn, 2016; Kilburn et al., 2017), this re-
search is still at the forefront and not easily generalisable
for practical use. The basic problem of eruption forecast-
ing, which can be dramatic in extreme risk areas (i.e. very
densely populated volcanic areas), is schematically shown in
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Fig. 1. As can be inferred from the figure, a timely forecast
of an eruption occurs when a well-defined alarm is given,
followed by an eruption. The alarm can be considered ef-
fective if it allows the population to be evacuated before an
eruption occurs. If an alarm is issued and not followed by
an eruption, it should be regarded as a false alarm. As a
consequence, in contrast with an appropriate alarm (imply-
ing evacuation), two types of failure should be considered:
false alarm and missed alarm. In the most general case, as
depicted by Fig. 1, a certain trend of precursory phenomena
(which usually involve increase in seismicity, ground uplift
and changes in chemical species and/or equilibrium in wa-
ters and in gas emissions) increases (more or less monotoni-
cally) until the eruption occurs. If the alarm for evacuation is
given in the initial phase as these precursors increase, there
is a low probability of a missed alarm but a high probability
of a false alarm. In contrast, when waiting for the precursory
phenomena to become very high, there is a low probability
of a false alarm but a high probability of a missed alarm be-
cause the eruption could start before having the time to com-
plete evacuation. Thus, given the complete trade-off between
false alarm and missed alarm probability, the time of alarm
should be given in such a way so as to minimise the “cost”,
which in the case of a false alarm is the economic and social
cost of moving away the population, whereas in the case of
a missed alarm it is the loss of human lives likely as a re-
sult of the eruption. It is then very clear that, in the case of a
large exposed population, the probability of a missed alarm
can be unsustainable in terms of human losses as well as of
very low values of eruption probability; however, in contrast,
a false alarm could have an economic and social cost that is
also unsustainable. Failure to correctly manage this problem
in the case of a high exposed value can also imply heavy ju-
dicial responsibility for decision makers.

The serious complexity of volcanic-risk mitigation when it
is extremely high can be further clarified by considering the
low degree of confidence of actual forecasting techniques.
Given that the catastrophic Mt. St. Helens eruption can be
considered to be the starting point of modern awareness of
the importance of eruption forecasting, a look at the most
renowned eruptions in the literature since 1980 can give ini-
tial insight into the problem. A good comprehensive review
of the outcomes of eruption forecasting as applied to vol-
canic eruptions since 1980 has been given in the Consensus
Study Report (2017). The outcomes from that report indi-
cate a success rate of much less than 50 % in the forecast-
ing for the most significant eruptions of the last 4 decades.
Howeyver, even in the case of “successful” forecasts, the time
of alarm before the eruption should be taken into account: in
fact, the most successful forecast is considered to be the 2000
Hekla eruption, for which a very precise timing of the erup-
tion was predicted but only half an hour before the eruption
occurred (Stefansson, 2011). Obviously, forecasts achieved
very shortly before the eruption occurrence are not of any
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Figure 1. Sketch of an “ideal’ evolution in time of precursory sig-
nals before an eruption. When declaring an eruption alert shortly
after the beginning of precursory signal increase, the probability of
a false alarm is very high, but the probability of a missed alarm is
low; in contrast, when declaring an alert only when precursory sig-
nals are extremely high, the probability of a false alarm is low, but
the probability of a missed alarm (in the sense of “too late”) is very
high because the eruption could start suddenly, before any civil pro-
tection measure (normally, evacuation of the most risky areas) can
be completed.

practical use for the evacuation of large numbers of people
exposed.

A very complete assessment of the state of the art in the
practical use of eruption forecasting, evaluated through the
timely issue of proper volcanic alerts, has been given by
Winson et al. (2014). They analysed 194 eruptions that oc-
curred in the period 1990-2013 from 60 volcanoes, measur-
ing the appropriateness of the issued volcanic alerts. Figure 2
shows the main results of their study: only appropriate vol-
cano alert levels issued by authorities anticipated 19 % of the
eruptions. Such a discouraging outcome is only a little bit
higher (30 %) for larger eruptions (VEI > 3); it increases for
better-monitored as well as for closed-vent volcanoes but in
any case never reaches 50 %. In addition, there is an average
of 33 % of issued alerts for unrest which did not give rise to
eruptions, i.e. “false alarms”.

These results clearly show that, presently, the state of the
art in eruption forecasting implies that it is much more proba-
ble to miss an eruption or to give a false alarm rather than cor-
rectly forecast it. In such conditions, the “forecast dilemma”
depicted by Fig. 1 becomes very dramatic to solve in ex-
tremely risky (i.e. extremely populated) volcanic areas.

Before discussing the implications of such an ambiguous
outcome for the extremely populated Neapolitan volcanoes,
let us just recall the main elements of the actual emergency
plans for these volcanoes, which are based on rather com-
mon procedures: (1) defining a “red zone”, which should be
evacuated before the eruption starts; (2) defining a “traffic
light” system, in our case made of four colours (green, yel-
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Figure 2. Percentages (in terms of relative frequencies) of success-
ful and unsuccessful volcanic forecasts and warnings (from Win-
son et al., 2014). (a) Relative frequencies of the eruption forecasts
in each category are associated with a colour. Note that successful
forecasts (timely and almost timely, in two gradations of green) are
only 19 % of the total. (b) Proportion of alerts for unrest without
eruption (false alarms) as a percentage of all categories but the first
(“missed”).

low, orange, red) such that the green level is the “completely
quiescent” one, and the hazard level for a possible eruption
increases until, with a red alert, the complete evacuation of
the red zone must be realised in 72 h (3 d).

3 The Campanian Volcanic Zone and the Neapolitan
volcanoes

The Campanian margin displays the typical features of a
continental crust and lithosphere extensional domain: sev-
eral normal faults, very shallow Moho (Ferrucci et al., 1989),
high heat flow values (Della Vedova et al., 2001) and large-
volume ignimbrite eruptions (Di Girolamo, 1968; Rolandi et
al., 2003, 2019a). All these features indicate that the Campa-
nian Plain forms an elongated sedimentary volcanic plateau,
50km long by 20km wide, limited to the north, east and
south by the Apennine chain. In accordance with these spe-
cial volcanic and tectonic features, the Campanian Plain (see
Fig. 3) has been indicated as the Campanian Volcanic Zone
(CVZ; Rolandi et al., 2003; Bellucci et al., 2006a). In the
last 600 kyr, the CVZ has been affected by uplift and intense
volcanism, alternating with periods of subsidence and ma-
rine sedimentation (Cinque and Romano, 1990; Scandone et
al., 1991). Presently, the Campanian Plain hosts at least three
active volcanic areas: Mt. Vesuvius, Campi Flegrei caldera
and the island of Ischia. Besides such well-identified vol-
canic edifices, at least six ignimbrites were emplaced over
the CVZ out of the three mentioned known volcanoes in the
last 300 kyr (Rolandi et al., 2003, 2019a). The existence of a
unique, large volcanic area involving the whole Campanian
Plain, in which the three most known volcanoes are the ones
which have erupted in recent times, is supported by seismic
tomography studies (Zollo et al., 1996, 2008) which identi-
fied a large, thin melt layer spread at least beneath the whole
Vesuvius—Campi Flegrei area at a depth ranging between 8
and 10 km. The CVZ is delimited in the northern part by the
Roccamonfina volcano, in the southern part by the Somma-—
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Vesuvius (SV) volcano complex and Campi Flegrei and off-
shore by the islands of Ischia and Procida (Rolandi et al.,
2019a). The active volcanoes of the Naples district (Somma—
Vesuvius, Campi Flegrei, Ischia and Procida) are described
in more detail later. We shortly describe here the Roccamon-
fina volcano, which is considered to be extinct. It is a large
stratovolcano with numerous post-caldera cones within the
summit caldera and on the flanks. The eruptive history con-
sists of three main phases. The first stage built the main cone
via lava flows and pyroclastics. The second stage is defined
by large explosive eruptions, brown leucitic tuff, white tra-
chytic tuff and caldera collapse. The third stage formed the
lava domes and scoria cones that exist on the volcanic edi-
fice today (Giannetti and Luhr, 1983). Rouchon et al. (2008)
dated summit caldera lava domes back to 170-150ka. Pec-
cerillo (2005) gives an age range of 0.58-0.1 Myr for the
whole Roccamonfina activity. Eruptive activity of the Roc-
camonfina volcano in the last 300000 years is then coeval
with five of the six ignimbritic eruptions generated from the
CVZ.

The offshore volcanism does not involve only the islands
of Ischia and Procida; over 50 % of the Campi Flegrei caldera
is below sea level (Somma et al., 2016), and the Gulf of
Naples hosts several submerged volcanic centres (Passaro et
al., 2015, 2016). The southernmost area then contains the
three volcanoes surely active today; about 3 million people
live within less than 20 km from a possible eruptive vent.

3.1 Mt. Vesuvius

The Somma—Vesuvius (SV) volcanic complex is the most
known volcano of the Neapolitan area and one of the most
famous in the world, mainly because of its ancient eruption
in AD79, which was well described by Pliny the Younger
(Scandone et al., 2019). SV is also a renowned volcano be-
cause it has frequently erupted in the last centuries, thus
becoming popular as a natural attraction in Europe and
one of the classic stops of the 19th century Italian “grand
tour” (Astarita, 2013). The eruptive history of SV, shown
in Fig. 4, is characterised by periods of frequent activity
(open-conduit activity) alternating with periods of quies-
cence (closed-conduit periods). The history of SV began
0.3-0.5 million years ago. In the past, closed-conduit peri-
ods have lasted up to 1000 years; they are generally inter-
rupted by Plinian and sub-Plinian explosive eruptions, which
only differ in the volume of emitted magma and the energy
of the eruption. SV is composed of a multistage and older
summit caldera (Mt. Somma, 1132ma.s.l.) and a nested
younger cone (Mt. Vesuvius, 1281 ma.s.l.; Fig. 3). In the
last 25 kyr, five Plinian caldera-forming eruptions (Pomici di
Codola, 25 ka; Pomici di Base, 18 ka; Mercato, 9.7 ka; Avel-
lino, 4.3ka; and Pompei, AD79) and at least three major
sub-Plinian eruptions (Pomici Verdoline, 17.6 ka; Pollena,
AD472; and AD 1631) occurred (Rolandi et al., 1998). The
last cycle of open-conduit activity started in 1631 and lasted
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until 1944. Since 1944, this area has experienced vast ur-
ban development: the population in towns around the vol-
cano tripled, becoming seamlessly connected to the city of
Naples. It is important to note that towns around Vesuvius,
which were primarily tourism-oriented before the Second
World War, are now very busy outskirts of Naples, host-
ing a resident population. The present activity of this vol-
cano, otherwise quiescent, only consists of a background
seismicity seldom overcoming magnitude 2, with maximum
magnitude M = 3.6 reached by an earthquake on 9 October
1999, during a period of increased seismicity rate and mag-
nitude that lasted some months (between 1999 and 2000; see
De Natale et al., 2004). A convincing explanation for back-
ground seismicity at this and similar composite volcanoes
was given by De Natale et al. (2000); it is interpreted as re-
sulting from gravitational stress due to the volcano topogra-
phy load, which is focused along the sharp rigidity contrast
between the external rocks made of explosive pyroclastic de-
posits and the central conduit made of solidified magma. At
Vesuvius, however, with the exception of the increased seis-
micity that occurred in the mentioned period, no other signals
of anomalous activity have ever been recorded at this vol-
cano (ground uplift, geochemical anomalies, consistent LP
seismicity, seismic tremor etc.).

The volcanic hazard at SV has been thoroughly described
in a probabilistic framework: first by Rossano et al. (1998)
and then, in a more complete way, by De Natale et al. (2005).
The main volcanic hazards are pyroclastic flows and ash and
pumice fallout (see also Sacchi et al., 2019, 2020) but also
associated hazards like earthquakes, lahars, lava flows and
floods, which need to be considered (Sacchi et al., 2009).
In particular, large floods caused by the remobilisation, due
to heavy rains, of the old, loose pyroclastic deposits on the
topographic reliefs around Vesuvius caused nearly total de-
struction and 160 casualties in May 1998 (Mazzarella et al.,
2002).

The Somma—Vesuvius volcano was the first one for which
a complex emergency plan had been issued, by Italian
Civil Protection, in 1995. The features of this first plan
were almost the same as the present ones (Dipartimento
Protezione Civile, 2015), although some minor modifica-
tions have been made in the last decades. The eruptive
scenario, used to define the red zone (shown in Fig. 5), was
a sub-Plinian eruption mainly because at the time in which
the first plan was released the idea that a shallow magma
chamber was almost constantly fed by deeper magma was
predominant in the literature (e.g. Santacroce, 1983), and
related computations of the volume of magma fed from
1944 were consistent with a sub-Plinian eruption. Later on,
such a volcanological hypothesis was heavily questioned,
mainly as a consequence of seismic tomography studies
which failed to identify such a shallow chamber filled with
molten magma (Zollo et al., 1996). In particular, Marzocchi
et al. (2004) pointed out that, from probabilistic estimates,
after 60-200 years of quiescence a violent Strombolian
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Figure 3. Geological sketch map of the Campanian Plain, with the Neapolitan volcanic area (a; modified from Orsi et al., 1996). Also
shown (b; modified from © Google Earth) is a map with the most densely urbanised areas evidenced (more intense white means denser
urbanisation). Note that more than 3 million people live in the volcanic area shown, thus making it the most risky in the world.
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Figure 4. Eruptive history at the Somma—Vesuvius volcano (re-
drawn after the Osservatorio Vesuviano — INGV website, http:/
www.ov.ingv.it/ov/it/vesuvio/storia-eruttiva-del-vesuvio.html, last
access: 18 July 2020, and Rolandi, 1998).
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eruption (VEI=3) is the most probable event, whereas
a sub-Plinian one (VEI=4) has a much lower probabil-
ity of occurring, and a Plinian one (VEI=Y5) still has a
probability of > 1 %. However, in the emergency plan the
sub-Plinian scenario has been maintained. The updated red
zone of Somma—Vesuvius hosts about 700000 residents
today, and totally or partially includes 25 municipalities
(see the Italian Civil Protection Department website:
Vesuvius: http://www.protezionecivile.gov.it/media-
communication/dossier/detail/-/asset_publisher/default/
content/aggiornamento-del-piano-nazionale-di-emergenza-
per-il-vesuvio, last access: 19 July 2020).

3.2 Campi Flegrei caldera

Campi Flegrei caldera, located in the southwestern part of the
Campanian Volcanic Zone, contains the western district of
the city of Naples (see Fig. 3). It is a collapse caldera, formed
by the huge eruption of Neapolitan Yellow Tuff, which oc-
curred about 15000 years BP (Rolandi et al., 2003, 2019a;
De Natale et al., 2016). Neapolitan Yellow Tuff, a VEI=06
event with an erupted volume of about 40 km?, generated py-
roclastic flows, which represent the main eruptive products
found in the Naples province and had been the main building
material in this area for more than 2000 years before the con-
crete became diffused. One of its facies, named “Pozzolana”
(from the name of the town, Pozzuoli, located at the caldera
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Figure 5. Red and yellow zones for Campi Flegrei and Vesuvius.
Red zones are the areas with maximum pyroclastic flow hazard,
which have to be completely evacuated within 72 h from the decla-
ration of “red alert”. Yellow zones are the areas with maximum haz-
ard for accumulation of pyroclastic falls on flat roofs (see Vesuvius:
http://www.protezionecivile.gov.it/documents/20182/0/mappa_
zona_gialla.pdf/03fbcf72-60bc-4b00-b9a7-5b39f88f0e99, last
access: 19 July 2020; Campi Flegrei: http://www.protezionecivile.
gov.it/documents/20182/0/Allegato_1_delibera_zona_gialla_
flegrei.pdf/4220a109-34be-46ae-946d-53469e6b8891, last access:
19 July 2020).

centre), was the main element composing the famous “Ro-
man cement”’, which allowed ancient buildings of the Ro-
man age to be so resistant and long-lived (Vanorio and Kan-
itpanyacharoen, 2015). Campi Flegrei caldera has long been
thought to be first formed by the largest European eruption
ever known, namely the Campanian Ignimbrite, a VEI=7
event whose erupted volume estimates range between 150
and 300 km? (Rosi and Sbrana, 1987; Orsi et al., 1996). How-
ever, Rolandi et al. (2019b) recently demonstrated that Cam-
panian Ignimbrite’s main products (grey tuff) were erupted
from the Campanian Plain, north of Campi Flegrei, and did
not cause any caldera collapse. Campi Flegrei caldera erup-
tive activity has been dominated by phreatomagmatic erup-
tions, whose explosivity is due to the contact of rising magma
with the large geothermal system located beneath the caldera,
down to about 2.5-3.0 km (Rosi and Sbrana, 1987; Piochi et
al., 2014). The collapsed area, as recognised by geophysical
data (Cassano and La Torre, 1987; Capuano and Achauer,
2003), has a radius of about 3 km, with the centre approx-
imately located at the Pozzuoli town harbour; more than
50 % of the caldera is below sea level (Somma et al., 2016;
Steinman et al., 2018; Sacchi et al., 2019). All the erup-
tions younger than 10000 years are located within such an
area, occurring more frequently from its borders, marked
by buried caldera ring faults (De Natale and Pingue, 1993;
De Natale et al., 1997). The eruptive history of Campi Fle-
grei is sketched in Fig. 6. The only eruption in historical
times that occurred in 1538, and this is the reason why this
volcanic area is by far less renowned than Vesuvius. How-
ever, this area is also characterised by unrest episodes with
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large uplift and subsidence of the ground level. In the last
2000 years, subsidence has been generally dominant at an
almost constant rate of between 1.5 and 2.0cm yr—! except
during about 1 century preceding the 1538 eruption, when
fast uplift occurred at an average rate of about 1 order of
magnitude larger than the secular subsidence (see Fig. 7).
Another episode of fast uplift, but without a subsequent erup-
tion, has been inferred by Morhange et al. (2006) between
the seventh and the eighth centuries. Starting in the 1950s,
the ground movements in the area again reversed to uplift,
which between 1950 and 1984 totalled about 4.5 m, with
peak rates of about 1 myr~—! between 1983 and 1984. Af-
ter about 20 years of relatively fast subsidence following
the 1984 peak of vertical ground displacement, uplift started
again around 2005 (Fig. 7) at rates comparable to those of
subsidence (on average 9 cm yr~!) but much lower than pre-
vious uplifts (Moretti et al., 2018; Troise et al., 2019). Both
the post-1984 subsidence and the subsequent and still on-
going uplift phase showed minor, short-lived peaks of uplift
followed by a fast recovery of the whole uplift (the so-called
“mini-uplift” episodes; see Gaeta et al., 2003; Troise et al.,
2007; Iuliano et al., 2015). The intermittent uplift phases,
which started in 1950 and are still ongoing, show a cumu-
lative uplift in about 70 years consistent with an average rate
of 0.075myr~!. The average uplift rate computed from the
total uplift observed since about 1.5 centuries before the 1538
eruption, although in the very rough approximation of secu-
lar inferences, is about 0.1 myr’l, which is the same order
of magnitude and not clearly distinguishable considering the
large uncertainties. The 1950-2019 unrest, with intermittent
ground movements and seismicity, gives a very precise idea
about the large uncertainty involved in identifying true erup-
tion precursors in this area (Moretti et al., 2013, 2020; Troise
et al., 2019). In 1970, during the first, fast uplift episode
clearly identified, the urban area of Pozzuoli closest to the
harbour, namely the “Rione Terra”, was completely evacu-
ated and never inhabited again. In 1984, the whole town of
Pozzuoli was evacuated (in the newly built town of Monter-
uscello) and spontaneously reoccupied some months after,
when seismicity stopped and the ground started to subside
(Barberi and Carapezza, 1996). Today, after about 15 years
of uplift at an average rate of about 0.08-0.09 m yr~! and af-
ter about 60 years of intermittent unrest, it is not clear yet
whether Campi Flegrei caldera is going towards an erup-
tion (Chiodini et al., 2016; Kilburn et al., 2017; Forni et al.,
2018; Troise et al., 2019). Campi Flegrei then represents a
typical example of an area where short-term forecasting is
made particularly difficult due to the problem of distinguish-
ing between hydrothermal and magmatic effects during un-
rest (Moretti et al., 2017, 2018, 2020). Troise et al. (2019)
recently demonstrated that the 1982-1984 unrest was ac-
companied by a shallow magma intrusion (with a volume of
about 0.06 km3), whereas the present unrest (started in 2005)
cannot be ascribed to shallow magma migration. It is due
to the rising of magmatic gases and consequent heating of
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Figure 6. Eruptive history of Campi Flegrei caldera. Note that, ac-
cording to recent results (De Natale et al., 2016; Rolandi et al.,
2019b) the Campi Flegrei caldera was formed by Neapolitan Yel-
low Tuft (15 kyr BP), and only hosted secondary events of the Cam-
panian Ignimbrite (39 kyr BP) whose main vents opened north of
Campi Flegrei area (in the Campanian Plain).

the shallow aquifers. Whatever the physical explanation of
the ongoing unrest, however, the area has been in the alert
level “yellow” (“attention” level) since December 2012. Re-
cent unrest events, however, have naturally required a well-
organised response at least in the average long term because
we cannot actually predict the possible future evolution of
the state of the volcano.

It is worth noting that the emergency plan for Campi
Flegrei, which is on the way to being completed, did not
exist yet at the end of 2012, and not even the red zone was
defined (it was officially released in 2015; see the Civil
Protection Department website). This probably occurred
because, unlike the first edition of the Vesuvius emergency
plan of 1995, there was no idea of a given eruptive scenario
for this area; not even the eruptive vent could be defined
because it could be anywhere in the caldera area. In fact,
Rossano et al. (2004) first suggested using a probabilistic
scenario made up of any possible kind of eruption from any
possible vent spanning the caldera area; the probability of
each eruption type was inferred from its frequency in the
last 10000 years. Rossano et al. (2004), using a rigorous
Bayesian approach and a simplified modelling technique for
pyroclastic flows on the actual topography, first obtained a
probability hazard map which clearly indicated an area very
similar to the presently defined red zone as the most probable
zones experiencing pyroclastic flows. More accurate results,
using the same methodology, were further obtained by
Mastrolorenzo et al. (2006b). However, their hazard maps

https://doi.org/10.5194/nhess-20-2037-2020

2043

were never considered by Civil Protection authorities at
the time, and only 11 years after did they make the red
zone official, based on a paper by Neri et al. (2015), which
used a very similar probabilistic approach (although with a
much more approximated and less rigorous pyroclastic flow
modelling technique). The only difference between the two
methods (besides the oversimplification of pyroclastic flow
modelling) is that Neri et al. (2015) assumed a non-uniform
probability for the vent opening based on the assumptions
and results of Bevilacqua et al. (2015). Regarding the defini-
tion of the red zone, the final results are very similar to the
results obtained by Rossano et al. (2004) and Mastrolorenzo
et al. (2006b). The red zone of Campi Flegrei hosts about
600 000 residents today, and totally or partially includes six
towns and several suburbs of Naples (see the Italian Civil
Protection Department website: http://www.protezionecivile.
gov.it/attivita-rischi/rischio-vulcanico/vulcani-italia/flegrei/
piano-nazionale-di-protezione-civile, last access: 19 July
2020).

3.3 The island of Ischia

The island of Ischia, located south-west of Campi Flegrei, is
another volcanic field characterised by both effusive and ex-
plosive eruptions (see Passaro et al., 2015). Eruptions here,
in fact, range from lava flows to phreatomagmatic ones, thus
being halfway between the Vesuvius and Campi Flegrei erup-
tion styles. The Ischia volcanism developed between about
130-150ka (Vezzoli, 1988) and AD 1302 (de Vita et al.,
2006, 2010). Figure 8 shows the eruptive history of the is-
land of Ischia. The volcanism on the island is strictly linked
to the resurgence phenomena of Mt. Epomeo, a horst which
is thought to move up and down (with dominant uplift in the
past due to its prominently high topography). Resurgence has
been ascribed to repeated injections of magma at depths of
2-3km, where a laccolite magma chamber is hypothesised
(Orsi et al., 1991; Cubellis and Luongo, 1998; Tibaldi and
Vezzoli, 1998; Acocella and Funiciello, 1999; Molin et al.,
2003; Carlino et al., 2006; Paoletti et al., 2009; Sbrana et
al., 2009). The last eruption occurred in 1302, so common
people often do not recognise Ischia as a volcano. The move-
ments of the Epomeo horst also cause slip on the bordering
faults, which decouple it from the rest of the island. For this
reason, Ischia has been struck in the past by several catas-
trophic earthquakes that, although not so high in magnitude,
are very shallow and very destructive within short distances
(see Table 1 in De Natale et al., 2019). The most destructive
earthquake to our knowledge was the 23 July 1883 event,
which completely destroyed the town of Casamicciola and
parts of neighbouring towns, killing 2313 people (De Na-
tale et al., 2019). This catastrophic event was preceded by a
slightly smaller event 2 years before, still killing 126 peo-
ple; these two larger events were the final ones of a sequence
of six large earthquakes that started in 1828 (which killed
56 people; see De Natale et al., 2019). After 134 years of
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Figure 7. Ground movements at the Campi Flegrei caldera centre (Port of Pozzuoli). The larger figure shows secular displacements, inferred
from the traces of marine ingression on the archaeological remains of Serapeo (redrawn after Bellucci et al., 2006b, and Troise et al., 2019).
The enlarged figure shows the vertical displacements observed between 1900 and the present; data here are from precision levellings until

2000 and then from continuous GPS measurement.

negligible microseismicity, a new, larger earthquake occurred
on 21 August 2017 (De Natale et al., 2019), killing two peo-
ple and causing severe damages in a specific area between
Casamicciola and Lacco Ameno (the same one experiencing
the most severe damages and/or destruction from the major
earthquakes of the 19th century). De Natale et al. (2019) also
warned that the 2017 earthquake could represent the begin-
ning of a new major earthquake sequence just like the 19th
century one, further suggesting detailed and urgent mitiga-
tion measures. The occurrence of the 2017 earthquake also
raises the question of whether such major seismicity could be
linked to magmatic pressure increase. Looking at the past ac-
tivity, there does not appear to be any clear correlation among
major earthquakes and eruptions, but we do not know much
about the eruption precursors since the last eruption, dating
back to 1302. In fact, there is not even agreement about the
dip of the fault plane and earthquake mechanism (Nappi et
al., 2018; De Novellis et al., 2018; Calderoni et al., 2019),
which is critical to understanding whether the event corre-
sponds to an uplift pulse of the Epomeo horst (which could
reflect a pulse of increased magma pressure) or to cumulated
subsidence (in the last decades the Epomeo horst has been
subsiding at an average rate on the order of 0.1-0.5cm yr~!).

Despite the high hazard posed by seismic and volcanic ac-
tivity on the island, which hosts about 70 000 residents in
only 46km?, the risk here has been generally understated,
and in fact neither an emergency plan for volcanic eruptions
nor an appropriate plan to secure urban areas from seismic
risk has been undertaken until now (besides specific sugges-
tions and warnings given by De Natale et al., 2019). The is-
land of Ischia also represents the absolute need for planning
an eventual evacuation by sea routes, which have until now
been completely neglected in the Vesuvius and Campi Fle-
grei emergency plans.

Nat. Hazards Earth Syst. Sci., 20, 2037-2053, 2020

4 The emergency plans: short history and description

Emergency plans for the Neapolitan volcanic areas date back
to 1995, the year in which the first plan, related to Mt. Vesu-
vius, was released. The scenario used for the next eruption
of this volcano was a sub-Plinian one, i.e. taking as refer-
ence the large eruption of 1631, which opened, after sev-
eral centuries, the eruptive period that ended with the last
eruption of 1944. At the time when the plan was elaborated,
the prevailing scientific opinion was that the main magma
chambers were refilled at a constant rate (Santacroce, 1983);
based on such assumptions, the computed magma volume
after 50 years gave almost the same value as the erupted vol-
ume computed for 1631. Based on such a scenario, the red
zone was defined as the one which could be hit by pyroclas-
tic flows during a sub-Plinian eruption (similar to the 1631
one). In more recent times, such a model of constant magma
chamber replenishment has been abandoned, although the
red zone has remained almost the same. Besides the red zone
as the most prone to pyroclastic flow hazard, a yellow zone
has been defined as the most prone to large thickness of py-
roclastic falls (i.e. ash and pumice). Since the first emergency
plan of 1995, some basic assumptions have been established
and used for subsequent plans, for instance the alert lev-
els. In fact, there are four levels of alert: green (basic level,
no anomalies), yellow (first alert, some anomalies), orange
(pre-alarm, several anomalies) and red (alarm, evacuation).
The red zone of Mt. Vesuvius at the time contained about
800000 people. After it was released, the definition of the red
zone for Vesuvius gave rise to strong (and sometime harsh)
scientific and political discussions; however, in the literature,
the scientific debate about the emergency plan and in general
about the volcanic hazard and risk in this area can be syn-
thesised by few papers (e.g. Scandone et al., 1993; Rolandi,
2010; Papale, 2017). The main objections to that plan ques-
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Figure 8. Eruptive history of the island of Ischia.

tioned the choice of the scenario and the possibility to really
evacuate 800 000 people in 3 d, as set forth in the plan. Most
of the criticism addressed the choice of a single scenario,
which was based on a sub-Plinian eruption and indicated by a
constant-magma-feeding model that had not been supported
in the literature since the year 2000. Alternative scenarios,
based on probabilistic (Bayesian) hazard estimation from the
whole spectrum of possible eruptions, were first proposed by
Rossano et al. (1998) but never adopted. The present red zone
is shown in Fig. 5 and contains about 700 000 people. Since
2015, the red zone for Campi Flegrei eruptions has also been
released (Fig. 5). Unlike the Mt. Vesuvius one, the red zone
for Campi Flegrei was not designed on the basis of a spe-
cific scenario but by taking into account, with a probabilis-
tic approach, the whole spectrum of possible eruptions (Neri
et al., 2015), just like Rossano et al. (1998) had first sug-
gested for Vesuvius and then for Campi Flegrei (Rossano et
al., 2004). The Rossano et al. (2004) probabilistic approach
for the Campi Flegrei pyroclastic-flow hazard map, devel-
oped 11 years before the study was adopted to define the red
zone (Neri et al., 2015), gave very similar results for the area
with maximum probability of being hit by pyroclastic flows
and then for the red zone.

What is also relevant for the subsequent considerations is
that, regarding the evacuation plan in the case of a red alarm,
the two existing emergency plans (for Vesuvius and Campi
Flegrei) rely only on the use of land transportation and do
not consider the use of ships. This choice, probably driven
by the concern for possible tsunamis accompanying erup-
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tions (extremely rare in such areas anyway and surely not
expected before the eruption), cannot be equally applied to
an emergency plan for the island of Ischia, which is the only
remaining volcanic area where there is not yet any plan.
Natural hazards on the island of Ischia have always been
surprisingly underestimated. Despite the catastrophic earth-
quakes that occurred in the past in the Casamicciola area,
including the devastating one of 1883, causing about 2300
casualties (De Natale et al., 2019), there were no seismic
monitoring stations on the island until 1993, when the first
permanent monitoring network was installed at three sites
then improved with the fourth site in 2015 (De Natale et al.,
2019). The recent earthquake that occurred in August 2017,
as already discussed, poses a new heavy concern regarding
the vulnerability of urban areas (De Natale et al., 2019) and
because, at present, the relationship of such seismicity with
eventual volcanic processes is not clear at all (Calderoni et
al., 2019; Nappi et al., 2018; De Novellis et al., 2018).
Coming back to describe more details of the emergency
plans, it is important to note that the first three steps of
the alert (green, yellow and orange) are decided by the na-
tional Civil Protection Department, normally upon advice
from the National Commission for Prevention and Manage-
ment of Major Risks, whereas the last step, from orange to
red (implying complete evacuation of the red zone in 72 h), is
only decided by the Italian Premier (Dipartimento Protezione
Civile, 2015). Regarding the evacuation plan, which starts
once the red alert is declared, evacuated people are meant to
be distributed throughout all Italian regions according to cor-
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respondence between each municipality and a given Italian
region. There is however no other detail in the plan, program-
ming, for instance, exactly where (in which houses, hotels
etc.) people will be relocated in each Region.

5 Evacuation plans: strength and weakness

We do not aim to discuss in detail the emergency plans in
their intermediate steps. We only focus on what should oc-
cur after the declaration of the red alert, which implies the
rapid (within 72 h), complete evacuation of the red zone. As
already mentioned, the red zones of Campi Flegrei and Vesu-
vius presently contain, respectively, about 600 000 and about
700 000 people. The evacuation plans, in the present formu-
lation, state that they must be evacuated by roads on land.
Most residents in the red zones (and also out of them) are
sceptical about the real possibility of successfully evacuating
such a high number of people within 3 d (Solana e al. 2008;
Carlino et al., 2008). They believe it would not be possible
because of both the likely massive panic that would spread
across and the major traffic which characterises the few main
roads for evacuation, even on normal days. In the turmoil
that would likely accompany a massive evacuation, it is easy
to imagine those roads completely jammed. These are, how-
ever, just feelings of the people, and we will assume here that
the evacuation can be successfully organised. There are two
former successful examples of evacuation in the Neapoli-
tan area, both of them in the Campi Flegrei area. The first
evacuation occurred in 1970, at the beginning of the first re-
cent (recognised) large Campi Flegrei unrest during the pe-
riod 1969-1972. About 3000 people were forcedly evacu-
ated in just 1 day from the Rione Terra, a district of Poz-
zuoli just behind the Port of Pozzuoli, which was at the time
(and also in the following unrest episodes) the area of maxi-
mum uplift. After that episode, in 1984, when the subsequent
unrest had rapidly progressed, and continuous earthquakes
caused extreme concern, the whole town of Pozzuoli, about
40000 people, was evacuated and transferred to a new town:
Monteruscello, located about 3 km north-west and built in
few months to host the Pozzuoli citizens (Barberi and Cara-
pezza, 1996). The evacuation of Pozzuoli was, in the opin-
ion of several experts, probably the most successful opera-
tion of Civil Protection in Italy. However, it involved more
than an order of magnitude fewer people with respect to the
present red zone of Campi Flegrei (or, equivalently, of Vesu-
vius). In addition, the main productive activities (factories)
in the Pozzuoli area were not stopped, and evacuated peo-
ple could go to work anyway in the red zone of that time.
Finally, while the Rione Terra was never allowed to be popu-
lated again, the complete evacuation of Pozzuoli lasted about
1 year or less, and after that period the town was fully popu-
lated again because people almost spontaneously came back.
The red zones defined in the present emergency plans are
chosen in order to take into account the largest eruptions hav-
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ing non-negligible probability, so involving very large num-
bers of people; some volcanologists ask for even higher pre-
caution (e.g. Mastrolorenzo et al., 2017). However, defining
very large red zones to be evacuated before an impending
eruption could seem more cautious, but it also makes the
evacuation decision a much heavier responsibility to assume
and dramatically costly in the case of a false alarm. The
success of the first two evacuations was undoubtedly due
to the limited area and limited number of people involved.
Each of them was in effect a single step following the con-
cept of a progressive evacuation in which areas progressively
larger could be involved following the eventual increase in
anomalous phenomena and/or the start of phreatic activity or
magmatic eruption. The concept of progressive evacuation
has actually also been implicit in the few successful evacu-
ations before eruptions, which proceeded in steps, enlarging
the evacuated areas in response to the increase in eruptive
activity (Tayang et al., 1996).

Another choice — which could be surely debated — about
the effectiveness of the present evacuation plan is the lack
of evacuation by sea with large ships which could rapidly
move a lot of people without any traffic problem. This choice
is probably due to the fact that the ports in the towns of
Campi Flegrei and Vesuvius (except for the Port of Naples)
are not suited to host large ships; another obstacle is probably
thought to be the possibility that tsunamis may accompany
the eruptions. Evacuation by sea is the only type of evacua-
tion that can work as an evacuation plan for the island of Is-
chia; it is compelling and sooner or later must be done. More-
over, looking at historical eruptions of Neapolitan volcanoes,
it turns out there is no evidence for any tsunamis associated
with their eruptions.

We proceed now to make clearly evident the main prob-
lems of the present-day emergency plans. As already said,
we do not discuss the steps from green to orange nor do we
want to assess the details of the first evacuation phase, i.e.
the way to move 600 000-700 000 people out of the red zone.
Regarding the present choice to move people exclusively on
land, we just noted that evacuation by sea, using large cruise
ships, would be much more rapid and effective by avoiding
the multiple problems linked to traffic and to the lack of ap-
propriate roads.

Instead, we want to discuss two problems here which are
also in some way interrelated: the extremely high number
of people to evacuate in the case of an impending eruption
and the lack of plans today to reallocate such a high number
of evacuated people while taking into account realistic times
people will have to spend out of their homes in the red zone.

Regarding the first problem, namely the high number of
people to evacuate, it is clear that the decision makers have
to take on a very big responsibility to declare the red alert,
which will cause dramatic social problems and economic
damages. The economic loss each year the evacuation lasts
can be reasonably estimated by considering that 600 000 peo-
ple make up almost 1 % of the total Italian population. Sud-
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denly stopping the economy produced by 600000 people
would represent a loss of 1 % of the Italian GDP. Since the
annual Italian GDP is around EUR 2000 billion, 1 % is about
EUR 20 billion. The cost of assistance to the evacuated peo-
ple (travel, hosting, subsistence, services etc.), the minimum
estimate of which is EUR 15000-20000 per year per per-
son, gives another EUR 10-20 billion per year that must be
added to this already high cost. A total cost in the range of
EUR 30-40 billion per year (for Campi Flegrei; for Vesuvius
it would be about 20 % larger) represents the amount of one
of the largest annual financial packages of the Italian gov-
ernment; it is therefore likely unsustainable, even for just 1
to 2 years. But the real problem, which is also fundamental
to evaluating the real amount of social disease and total eco-
nomical loss, is the second one: how much time will such a
large number of people spend out of the original towns? To
answer this question, we can consider two possible events:

1. The eruption occurs in short times after the alert.
2. The eruption does not occur in short times.

In the first case, it is clear that a considerable part of the evac-
uated area will be destroyed or at least seriously affected so
that several years, probably decades, will be needed to re-
store conditions to make the area liveable again. In any case,
the occurrence of an eruption would likely indicate a new
state of the volcano dynamics, making its subsequent ac-
tivity even more unpredictable. A clear example of such a
long-lasting eruptive phase for a volcano which was quies-
cent for 400 years is the case of Soufriere Hills in Montser-
rat, which erupted for the first time in 1995 and were evac-
uated since then; they are still in a state of alarm because
of consecutive eruptions (Smithsonian Institution website,
https://volcano.si.edu/volcano.cfm?vn=360050, last access:
19 July 2020, and references therein).

Regarding Neapolitan volcanoes, volcanologists normally
assume that, after a long non-eruptive period, a new eruption
of Mt. Vesuvius will open a new cycle of eruptive activity,
which can become much more frequent like it was during
the period between the 17th and 20th centuries (Santacroce,
1983). For Campi Flegrei and Ischia, which have been dor-
mant for several centuries, the occurrence of an eruption
today would make the future evolution of volcanic activ-
ity much more unpredictable. All these considerations make
very evident that, on the basis of objective considerations, re-
alistic times to repopulate the red zone would be extremely
long or indefinite in Event 1.

What would happen if, on the contrary, the eruption would
not occur in short times after the evacuation (Event 2)? In this
case, we have to consider that, if the precursory signals were
so strong and evident so as to convince decision makers to
evacuate 600 000700000 people, causing a real “disaster”
in an economical and social sense, they could certainly not
decide to put people back in the same high-risk situation con-
sidering that times of preparation of an eruption are mostly
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unknown but can certainly be very long in some cases. Also
in this case, a typical example of what could happen is given
by the unrest episodes at Campi Flegrei. We know that in-
tense uplift episodes started in as early as 1950, although ap-
parently that unrest was not noted. However, after the unrest
of 1969-1972, people thought the danger was over even if the
Rione Terra, the urban area very close to the port, which was
evacuated at that time, was never repopulated again. After
about 10 years, a new unrest episode started with even higher
rates of uplift and much more intense seismicity (De Natale
et al., 1991). Once again, at the end of 1985, people thought
the danger was over, and Pozzuoli was populated again after
the evacuation. However, after about 20 years, a new unrest
episode started that is still ongoing today and again poses a
large concern among volcanologists, authorities and the pop-
ulation. In practice, the alert at Campi Flegrei lasted 70 years
until now and is still ongoing. The first evacuated zone, Ri-
one Terra (3000 people evacuated), has not been repopulated;
Pozzuoli was, but it must be noted that only 40 000 people
were evacuated, that the main economic activities were not
stopped and that Monteruscello (the new town hosting evac-
uated people) was very close to Pozzuoli and inside the mu-
nicipality of Pozzuoli. In the case of 600 000-700 000 peo-
ple scattered all throughout Italy (as the present evacuation
plan prescribes), it would be impossible today to consider
the possibility of them coming back to their homes in similar
conditions.

Finally, let us make a comparison with another catas-
trophic emergency that has recently occurred: COVID-19,
which has caused economic damages for Italy on the order of
some hundreds of millions of euros in a lockdown that lasted
2-3 months. With an unplanned, sudden massive evacuation
of Campi Flegrei or Vesuvius, as presently planned, the same
amount of economic loss would be totalled in the first few
years. However, in this case, such loss would be accompanied
by additional catastrophic social unrest due to the uprooting
and provisional reallocation of almost a million people.

6 Elements for a reliable evacuation plan and
emergency management

The nature and size of volcanic hazard in the Neapolitan ar-
eas as well as the experience of previous evacuations inside
the Campi Flegrei area give important suggestions on how
to develop an emergency plan that really works. The previ-
ous experiences of evacuation inside the Campi Flegrei area
were successful (although no eruption occurred) but limited
to 3000—40 000 people. Increasing the number of evacuated
people by 1 to 2 orders of magnitude, although it could seem
to be more conservative with respect to the possible occur-
rence of larger eruptions, introduces additional, very huge
problems. They are related, as we have explained in the pre-
vious paragraph, to the extreme responsibility taken by deci-
sion makers in terms of economic and social costs as com-
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pared to the high uncertainty about the evolution of volcanic
phenomena. These problems necessarily translate into very
long times of permanence of evacuated people out of the red
zone in the case of an evacuation. Such times can be esti-
mated, in the most optimistic way, to be on the order of many
years or decades. This means that the evacuation plan cannot
simply ensure that all people go away safely from the red
zone: it must provide a sort of “second life” for the evac-
uated people, who must live in the new place for decades,
perhaps forever. Obviously in this case it is not realistic to
assume (as the present plan implicitly does) that several hun-
dred thousand people can live for decades as refugees in
temporary government-assisted accommodation like hotels.
Making some simple (and optimistic) calculations, besides
the unbearable social unease, the economic costs of such a
condition would be on the order of EUR 3040 billion per
year. The economic and social costs of an evacuation from
one of the two main volcanic areas, operated as imagined un-
til now, thus clearly demonstrate that this is not only a prob-
lem for Italy but surely on a European scale.

It should now be clear that the problem of volcanic hazard
in the Neapolitan area cannot be addressed in the way it has
been until now. In view of a rational approach to this incred-
ibly hard problem, some basic conditions should be reached
well before the start of a volcanic crisis possibly leading to
an eruption. The most basic conditions are as follows:

1. The number of residents in the red zones must be de-
creased.

2. The urban areas in the red zones must be made less
densely populated and chaotic, with large roads, escape
routes and edifices resistant to seismicity that accompa-
nies volcanic unrest.

3. The evacuation of the population must be completely
organised well before the crisis; all people should be
given a new home, a new working perspective and all
the services for living there for many years or decades,
likely forever (schools, hospitals, medical care, leisure
activities etc.).

The first two points are fundamental in order to make a mas-
sive evacuation in the case of a red alert really feasible and
to protect the population from the most common phenom-
ena (mainly earthquakes) occurring during unrest and pre-
eruptive phases. In contrast, the third point is compelling in
order to prevent a possible evacuation from resulting in a so-
cial and economic disaster. However, careful prior organi-
sation of a future evacuation for all the population (point 3)
may also help to address point 1 — and consequently point 2 —
of the problem. In fact, prior organisation of the “second life”
of people in the case of an evacuation may convince several
people, if incentivised in some way, to abandon the red zone
well in advance of any significant official alert. A significant
decrease in residents in the red zone (point 1) will make it
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easier to reorganise and replanning the urban areas, making
them more resistant and resilient (point 2). Associated with
these measures, another important improvement of the emer-
gency plans would be to introduce the concept of “progres-
sive evacuation”. At present, only massive, total evacuation
of the whole red zone is considered in the emergency pro-
cedures. As we already discussed, deciding to move several
hundred thousand people is a very huge responsibility for de-
cision makers in particular because, even in the presence of
strong anomalies which can be considered to be pre-eruptive
signals, the probability of a false alarm is extremely high,
probably higher — even very close to the eruption time — than
the probability of eruption. The experience of the past, and
in particular the two successful but limited evacuations in the
Campi Flegrei area (1970 and 1984: 3000 and 40 000 people,
respectively), suggests operation of a progressive evacuation
starting in a limited area where precursory signals (and/or
prior data) indicate the highest probability of eruption and/or
of phreatic explosions and then proceeding to progressively
larger areas if the pre-eruptive signals increase (or first erup-
tion phases start or progress). Past examples of successful
evacuation (e.g. Pinatubo 1991; see Tayang et al., 1996) op-
erated in a progressive way by enlarging the evacuated area
following the evolution of the eruptive activity. Such a proce-
dure has the advantage of allowing the evacuation of the most
hazardous areas without causing disastrous social and eco-
nomic consequences and, in particular, without being pushed
to wait for macroscopic unrest signals (in the hopes of abso-
lutely avoiding false alarms). When operating with progres-
sive evacuation, in the first steps (with relatively few peo-
ple evacuated) residents could be free to choose whether to
definitively abandon the red zone, proceeding to the planned
“second life”, or to wait for some time in temporary housing,
likely not very far from the evacuated area.

The association of a prearranged “second life” of evacu-
ated people and of a progressive evacuation could therefore
work very well in cases similar to the very long and variable
Campi Flegrei unrest from 1950 to the present to help de-
crease the number of residents and to allow the improvement
of urban resilience in the risky areas.

It should be noted that moving several hundred thousand
people away to prevent disasters and reallocating them to
new permanent positions is a formidable goal which can only
be obtained during a well-organised, sufficiently long period.
Experiences of massive reallocations of whole urban centres
are very rare, and they normally occur after disasters to re-
construct the partially destroyed towns at new sites. We could
find only two examples of displacement of whole urban cen-
tres to prevent disasters in the literature. The first case is
Valmeyer, Illinois (1245 inhabitants), where the population
moved the whole town to a new site in 1995 after a catas-
trophic flood of the Mississippi in 1993 (Rozdilsky, 1996).
The second case is Kiruna, Sweden (23 000 inhabitants), an-
other town which is going to be moved 3 km apart because of
the hazard posed by ore activities which are causing continu-
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ous ground sinking and felt seismicity (Dineva and Boskovic,
2017).

7 Conclusion

The Neapolitan volcanic area, with three explosive volcanoes
and about 3 million people closely exposed, has the largest
risk in the world. The volcanic risk here is associated with
other risks, the main one being the seismic risk. Risk miti-
gation in this area is, for these reasons, a paradigm for man-
aging all situations of densely populated volcanic areas in
the world. It is very clear that, given the present state of the
art of volcanology, volcanic-risk mitigation in densely pop-
ulated areas cannot rely only on eruption forecasting, which
is still based on largely uncertain empirical procedures that
are not even really quantifiable in a probabilistic way. For
this reason, we suggest here that effective mitigation proce-
dures must, in these cases, be flexible enough to take into
account economic, social and political considerations in ad-
dition to volcanological ones. In fact, in densely populated
areas one is faced with the two-fold problem of low relia-
bility of forecasting and no possibility to estimate the size
of the eventual eruption. In the present emergency plans for
Neapolitan volcanoes, the probability of a missed alarm is
practically neglected, and the “red zones” (i.e. the areas to
be quickly evacuated before the eruption) are assumed to
be very large on a precautionary basis in order to manage
the occurrence of even the largest eruptions unless they are
considered to be very unlikely. These two assumptions are
both very critical: the first one is demonstrated to be simply
wrong from all recent eruption experience; the second one,
in light of volcanological considerations, is demonstrated to
make the evacuation decision too heavy for decision mak-
ers because it would be potentially catastrophic in economic
and social terms, mainly considering the high probability of a
false alarm. Once we demonstrate evidence of the clear faults
of the present emergency plans, we show what the guidelines
for making them really effective should be. The first, essen-
tial requirement for the Neapolitan area is to decrease the
population in the most exposed urban zones well before any
volcanic emergency. There are economical considerations,
which are only mentioned here and are to be addressed more
in-depth with the help of economists and social scientists,
that could make such a difficult task feasible in this region.
Another imperative action is to improve the quality of build-
ings, reinforcing them to be resistant to earthquakes, which
unavoidably precede and accompany both eruptions and un-
rest episodes. Once the closest urban areas are made more
resistant and hence more resilient, the possible evacuation
before an impending eruption must be thoroughly organised
in advance so as to minimise the economic and social im-
pacts. In addition, a really feasible emergency plan should
consider a “progressive” evacuation, which would start from
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the most risky area and then progressively proceed to farther
areas if the precursory signals increase or eruption starts.
Besides the peculiarity of the Neapolitan area, the most
striking guidelines to be followed in any densely populated
volcanic area can be summarised in a few important points:

— If possible, decrease the resident population density in
the most risky areas.

— Improve the resistance of the buildings and, in general,
the quality of infrastructure and the resilience of urban
centres.

— Plan in great detail the possible evacuation well be-
fore any emergency by registering the population and
its changes over time so that it can be relocated with
jobs and services in new places. This will minimise eco-
nomic and social costs.

— Identify the most risky areas very close to the possible
vent opening or in large polygenetic volcanic fields as
soon as possible and well before the emergency. Then,
rather than a massive total evacuation of the red zone,
plan a progressive one starting from the areas closest to
the likely vent and involving those farthest from it only
when precursory signals are extremely evident or the
first eruptive phases start.

In conclusion, mitigation of extreme volcanic risk in densely
populated areas requires a widely multidisciplinary ap-
proach, which starts with volcanological considerations but
heavily involves several disciplines: economics, social sci-
ences, city planning, information technology etc. Nearly
70 cities with populations exceeding 100000 live with the
threat of volcanic eruptions (Heiken, 2013); therefore the ele-
ments and conclusions presented here will have value world-
wide.
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