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Abstract

The Campi Flegrei caldera is a complex and
resurgent structure, and its active portion has
been the site of an intense volcanism with
eruptions concentrated in temporal clusters,
called epochs. The caldera is home to about
350,000 people. In the past decades, many
scientific studies were aimed at both defining
fundamental parameters of a future eruption,
and hazard zoning of the territory. The
approach to the volcanic hazard assessment
of the Campi Flegrei caldera has progressively
changed through time from a “deterministic”
interpretation of the available information to a
quantitative probabilistic elaboration of the
main sources of uncertainty. In particular, on
the long-term, Astroni-Agnano-Solfatara is
recognised to be the most probable area in
which a vent will likely open, while the
Averno-Monte Nuovo is the second most
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probable one. Significant uncertainty affects
these results, and a non-negligible vent open-
ing probability spreads over the whole
caldera. The inter-event times of volcanic
eruptions span from a few years to thousands
of years. Within the epochs of activity, the
mean recurrence time is tens of years, and
intra-epoch temporal groups are evident. The
probability that the next eruption will be
of <0.1 km® volume of magma DRE is
~95%. Larger size eruptions tend to be
localised in the central-eastern sector of the
caldera. Expected hazards from renewal of
explosive volcanism result from pyroclastic
fallout and pyroclastic density currents. Pyro-
clastic fallout deposits in excess of 300 kg/m?
can affect most of the caldera and the city of
Naples with more than 10% probability. The
entire caldera has the potential to be affected
by pyroclastic density currents invasion with
mean probability above 30% in its
central-eastern portion, and above 50% in
the Agnano area. Invasion probabilities of
~5-10% have been estimated for the urba-
nised areas along the eastern slopes of the
Posillipo Hill. In summary, probabilistic haz-
ard assessment is particularly important in
Campi Flegrei caldera, due to the uncertain
location for potential vents and the large
variability of eruption styles and sizes that
cannot be, at the present time, effectively
constrained by monitoring signals.
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1 Introduction

At least 575 volcanoes, out of the over 1,250 that
have been active in the Holocene, have erupted in
historical times (Simkin and Siebert 1994; Brown
et al. 2014; Siebert et al. 2015), and 97 out of 446
calderas are in unrest as of December 2020 (New-
hall and Dzurisin 1988a, b; Geyer and Marti 2008;
Siebert et al. 2010; Acocella et al. 2015; https:/
volcano.si.edu/). About 11% of the Earth popula-
tion lives in a radius of 100 km around volcanoes
that in the last 10,000 years have generated haz-
ardous phenomena, able to adversely affect people,
structures and infrastructures (Blong 1984; Small
and Naumann 2001; Heiken et al. 2003; Marti and
Ernst 2005; Aspinall and Blong 2015).

Modern volcanology tackled the challenge of
eruption forecasting, assessing volcanic hazard,
and zoning the exposed territory in relation to
the likely effects produced by the expected vol-
canic phenomena (Sparks 2003; Aspinall et al.
2003; Connor et al. 2015; National Academy of
Science 2017). A thorough volcanic hazard
assessment has to answer three basic questions:
when, where and how will next eruption occur.
In a caldera or a volcanic field, the spatial
assessment of future vent opening typically
comes first. Therefore, three key forecasting
issues naturally arise: (i) the spatial location of a
new vent opening; (ii) the onset time, that is, the
expected time before the beginning of the next
eruption; (iii) the style and size of the expected
hazardous phenomena, and the affected areas.

Volcanic hazard assessments are typically
classified in two groups: long-term assessments
and short-term assessments (Banks et al. 1989;
Marzocchi and Bebbington 2012; Poland and
Anderson 2020). Long-term hazard assessments
are based on the assumption that the pastis akey to
understanding the future, implying that the
expected phenomena will be similar to those
generated by that specific volcano in the past and
affect similar areas. To do so, it is fundamental to
reconstruct the eruptive history of that volcanic
system. Another assumption is the portion of the
entire history of the volcano to be taken into
account. In a caldera, this portion generally post-
dates the last event that has generated a dramatic
and significant change in the structural setting of
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the entire volcanic system, including its magmatic
feeding system, so as to determine a change in its
behaviour. From a practical point of view, a long-
term hazard assessment is a preparatory approach
valid on a long-term perspective, which allows
being ready in case of an impending eruption.

Instead, short-term hazard assessments are
based on the investigation of phenomena
acknowledged as precursors of past eruptions
and on the definition of the current state of the
volcano through monitoring data. They will
complement existing hazard models during an
eruptive crisis, given enough time to react. In
closed conduit volcanoes, type, size and time-
evolution of precursors of past eruptions are
defined through geological and historical-
documentary studies. The current state of a
volcano is assessed by analysing the data col-
lected by geophysical and geochemical moni-
toring networks and geological-structural
surveys (McGuire et al. 1995; Scarpa and Tilling
1996; Sparks et al. 2012; Dempsey et al. 2020).

The knowledge of when, where, and how a
future eruption will occur, along with socio-
economic evaluations, is propaedeutic to the
assessment of the risk related to the activity of a
volcanic system (Fournier d’Albe 1979; Tilling
2001; ISDR 2005; Aspinall and Blong 2015).
Volcanic hazard and risk assessment, as well as
the zoning of the territory in relation to the
expected hazards and related risks, are the
essential requirements for a sound territorial
planning and for actions aimed at volcanic risk
mitigation by the civil authorities.

The Campi Flegrei caldera (CFc) is an active,
complex and resurgent structure whose volcanic
and deformation history is outlined in
Chap. Volcanic and Deformation History of the
Campi Flegrei Volcanic Field, Italy. It is the site
of widespread fumarole and thermal spring
activity (see Chap. The Hydrothermal System of
the Campi Flegrei Caldera, Italy) that has per-
sisted for millennia, as testified by the name
Campi Flegrei (Burning Fields in English), that
was given to the area by the earliest Hellenic
colonists in the eighth century BC (see
Chap. The Urban Development of Campi
Flegrei, Italy). The caldera floor is also affected
by an ongoing resurgence through a series of


https://volcano.si.edu/
https://volcano.si.edu/
http://dx.doi.org/10.1007/978-3-642-37060-1_1
http://dx.doi.org/10.1007/978-3-642-37060-1_1
http://dx.doi.org/10.1007/978-3-642-37060-1_9
http://dx.doi.org/10.1007/978-3-642-37060-1_9
http://dx.doi.org/10.1007/978-3-642-37060-1_15
http://dx.doi.org/10.1007/978-3-642-37060-1_15

Volcanic Hazard Assessment at the Campi Flegrei Caldera, Italy

short-term events, also known as bradyseism,
that have occurred at least since the 1950s (Del
Gaudio et al. 2010; Ricco et al. 2019; Chaps. The
Permanent Monitoring System of the Campi
Flegrei Caldera, Italy; The Hydrothermal System
of the Campi Flegrei Caldera, Italy; Historic
Unrest of the Campi Flegrei Caldera, Italy;
Source Modelling from Ground Deformation and
Gravity Changes at the Campi Flegrei Caldera,
Italy), and that determine the current unrest state
of the caldera. All these characteristics highlight
that the magmatic system is active.

CFc is in unrest since decades, and its vol-
canism had a prevailing explosive character,
therefore volcanic hazard potential is high. The
active portion of the caldera, hosting a densely
inhabited conurbation and the western neigh-
bourhoods of the city of Naples, is home to about
350,000 people, meaning that volcanic risk is
also very high. In such a situation, a volcanic
hazard assessment and a zoning of the territory in
relation to the expected hazardous phenomena in
case of renewal of the activity in short- or mid-
terms, is a must for the scientific community. In
fact, in the past decades several scientific studies
focussed on these topics have been published.
The approach to the volcanic hazard assessment
of the CFc has progressively changed through
time from a “deterministic” interpretation of
geological, volcanological, geochemical and
geophysical data to a quantitative probabilistic
elaboration of these data.

This Chapter presents the results achieved by
the scientific community over the years and
synthesises the current state of knowledge on the
main topics needed for a comprehensive volcanic
hazard assessment.

2 Volcanological Outlines

The CFc, the dominant feature of the CF volcanic
field, was first interpreted by Orsi et al. (1992,
1996) as a nested, resurgent and restless structure
resulting from two cataclysmic eruptions (see also
Chap. Volcanic and Deformation History of the
Campi Flegrei Volcanic Field, Italy and refer-
ences therein; Fig. 1). The youngest caldera is
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believed to be the only portion still active of the
entire structure (Capuano et al. 2013).

The earliest caldera-forming event was the
Campanian Ignimbrite (CI) eruption occurred
around 40 ka (Barberi et al. 1978; Fisher et al.
1993; Orsi et al. 1996; Rosi et al. 1996; Civetta
et al. 1997; Fedele et al. 2008; Perrotta et al.
2010; Giaccio et al. 2017; Silleni et al. 2020).
The second event, with a collapse nested within
the earlier one, was the Neapolitan Yellow Tuff
(NYT) eruption that took place at about 15 ka
(Orsi et al. 1992, 1995; Scarpati et al. 1993;
Wohletz et al. 1995; Deino et al. 2004).
A caldera collapse between these two has been
recently hypothesised (Albert et al. 2019). Prior
to the CI caldera collapse, the volcanism exten-
ded far outside the margins of the CFc, while
after each collapse, it has been concentrated
within the collapsed area. The stratigraphic
sequence of the deposits of the pre-NYT activity
and, thus, the volcanic history until the collapse
of the NYT caldera is difficult to reconstruct in
detail because of the large area affected by the CI
caldera collapse, the huge amount of material
deposited by the CI eruption, and the occurrence
of the NYT caldera collapse over a large portion
of the western sector of the CI caldera floor.

The NYT caldera collapse occurred through a
piecemeal mechanism mostly along northeast-
southwest and northwest-southeast, and subor-
dinately north—south trending faults, likely reac-
tivating portions of pre-existing regional
structures (Capuano et al. 2013). The NYT
eruption and related caldera collapse have pro-
duced such a remarkable change in the structural
setting of the volcanic system to significantly
modify its behaviour. The floor of the NYT
caldera has been the site of an intense and
interconnected deformation and volcanic activity.
The main display of the deformation is an
ongoing resurgence of the central portion of the
caldera floor, while the volcanism has generated
at least 70 eruptions in the last 15 kyrs.

Within the NYT caldera resurgence, a long-
term and a short-term deformation have been
distinguished; the long-term deformation sums up
the effects of the short-term deformation, which
occurs over years to tens of years, and accounts for
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Fig. 1 Structural sketch map of the Neapolitan Yellow
Tuff caldera. la Faults active during the Neapolitan
Yellow Tuff eruption. 1b Faults likely active during the
Neapolitan Yellow Tuff eruption. 2a Faults active during
the Agnano-Monte Spina eruption. 2b Faults likely active
during the Agnano-Monte Spina eruption. 3 Faults active

during resurgence of La Starza block. 4 Faults active
during subsidence of the Neapolitan Yellow Tuff caldera
floor. 5 Rim of La Starza marine terrace. 6 Rim of the post-
Wiirmian level surface. 7 Post-Wiirmian level surface.
Figure modified after Chap. Volcanic and Deformation
History of the Campi Flegrei Volcanic Field, Italy
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the general process of resurgence operating since
the NYT caldera collapse (Orsi et al. 1996, 1999).
The long-term deformation has disjointed the
caldera floor generating the uplifting of blocks in
its central portion (Acocella 2010; Natale et al.
2020). The main expressions of this uplift are two
parallel morphostructural  features  (Chap.
Volcanic and Deformation History of the Campi
Flegrei Volcanic Field, Italy; Fig. 1). One is a
northwest-southeast oriented on-land feature top-
ped by the La Starza marine terrace for which a
maximum net uplift of 85-100 m has been eval-
uated (Cinque et al. 1985; Sacchi et al. 2014; Isaia
et al. 2019). A hypothetical maximum cumulative
uplift of ~ 180 m has been estimated for the
entire structure after the NYT caldera collapse
(Sacchi et al. 2014). The second is the Lucrino-
Bagnoli Valley morphostructural high, delimited
towards the southwest by a roughly northwest-
southeast trending alignment of high-angle mor-
phostructural slopes and truncated by a post-
Wiirmian level surface in the Pozzuoli Bay
(Chap. Volcanic and Deformation History of the
Campi Flegrei Volcanic Field, Italy; Fig. 1).

The short-term deformation (i.e., the brady-
seism) is interpreted as transient episodes during
the general resurgence process (Orsi et al. 1999;
Del Gaudio et al. 2010). These events generate
ground deformation, seismicity, gravity changes
and compositional variations of fluid effluents (for
reviews see Chaps. The Permanent Monitoring
System of the Campi Flegrei Caldera, Italy; The
Hydrothermal System of the Campi Flegrei
Caldera, Italy; Historic Unrest of the Campi
Flegrei Caldera, Italy; Source Modelling from
Ground Deformation and Gravity Changes at the
Campi Flegrei Caldera, Italy, and references
therein). In 2012 values and trends of these phe-
nomena induced the Italian Dipartimento della
Protezione Civile to raise the alert level from
“base” to “attention” (Www.protezionecivile.it).

2.1 Post-Neapolitan Yellow Tuff

Volcanism

The post-NYT volcanism was fed by a complex
feeding system, and extruded magmas varying in
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composition from trachybasalt to phonolite

(Chaps. An Evolutionary Model for the
Magmatic System of the Campi Flegrei
Volcanic  Field (Italy) Constrained by

Petrochemical Data; Origin and Differentiation
History of the Magmatic System Feeding the
Campi Flegrei Volcanic Field (Italy) Constrained
by Radiogenic and Stable Isotope Data;
Tephrochronology and Geochemistry of Tephra
from the Campi Flegrei Volcanic Field, Italy).
Their time sequence, reported in Table 1, is
derived from the current literature (e.g., Orsi
et al. 2004; Smith et al. 2011; Fedele et al. 2011,
2012; Isaia et al. 2012; Bevilacqua et al. 2015,
2016). The eruptions over the past 15 Kkyrs
occurred in three clusters of activity, called
epochs, followed by periods of quiescence (Di
Vito et al. 1999). After more than 3 kyrs of
quiescence following the end of the last epoch,
the Monte Nuovo last eruption occurred as a
solitary event in AD 1538 (Guidoboni and
Ciuccarelli 2011; Di Vito et al. 2016 and refer-
ences therein).

During each epoch of activity, the eruptions
followed each other with time intervals of tens to
hundreds of years. The distribution of the active
vents through time has followed a specific pat-
tern in each epoch of activity (Figs. 2 and 3) and
has been considered as a tracer of the structures
acting as feeding features for volcanism (Orsi
et al. 1996, 1999, 2004).

The eruptions of the past 15 kyrs of the CFc
were predominantly explosive, with only four
effusive events (Table 1). The effusive eruptions
mostly extruded dense trachytic magmas that
formed lava domes and subordinately short and
stubby lava flows. The explosive eruptions were
characterised by phreatomagmatic phases pre-
vailing over purely magmatic. Contemporaneous
magmatic and phreatomagmatic explosions have
also been documented (Dellino et al. 2004;
Romano et al. 2020). The phreatomagmatic
explosions generated mostly dilute pyroclastic
density currents (PDCs) that flowed within the
floor of the NYT caldera and in some cases
overcame its high-angle morphological bound-
aries to spread over the surrounding plain
(Fig. 4). The magmatic explosions gave rise to
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Table 1 Post-NYT eruptions

ID

70
69
68
67
66
65
64
63
62
61
60
59°
58
57°
56
55
54
53P
52
51
50
49
48°
47
46
45
44
43
42
41
40
39
38
37
36
35
34
33’
32

Eruption

Monte Nuovo

Nisida

Fossa Lupara

Astroni 7

Astroni 6

Astroni 5

Astroni 4

Astroni 3

Astroni 2

Astroni 1

Capo Miseno

Averno 2

Solfatara

Accademia Lava Dome
Monte Olibano Tephra
Solfatara lava dome
Paleo-Astroni 3

M.te Olibano Lava Dome
S.ta Maria delle Grazie
Agnano-Monte Spina
Paleo-Astroni 2
Paleo-Astroni 1

Monte Sant’Angelo
Pignatiello 2

Cigliano

Agnano 3

Averno 1

Agnano 2

Agnano 1

San Martino

Sartania 2

Pigna San Nicola
Costa San Domenico
Monte Spina Lava Dome
Sartania 1

Fondi di Baia

Baia

Porto Miseno

Bacoli

Epoch

AD 1538
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3b
3a
3a
3a
3a
3a
3a
3a
3a
3a

[
&

— NN NN N NN N

Age (cal.
years BP)

Percentile
2.5th

3,213
3,978
4,098

4,153
3,200

4,181

4,382
4,482
4,712
4,745
4,832

5,064

5,266
9,026

9,201

9,500

9,525

10,347
11,511

97.7th

4,188
4,192
4,297

4,345
4,200

4,386

4,509
4,625
4,757
4,834
5,010

5,431

5,628
9,370

9,533

9,654

9,695

12,860
14,154

Magma Volume
(DRE) (km®)

Percentile

5th 50th
0.03 0.03
0.01 0.02
0.01 0.02
0.04 0.07
0.06 0.12
0.05 0.10
0.07 0.14
0.08 0.16
0.01 0.02
0.03  0.06
0.01 0.02
0.04 0.07
0.02 0.03
0.00 -
0.01 -
0.00 -
0.01 0.02
0.00 -
0.01 -
043 085
0.10 -
0.03  0.05
0.10 -
0.01 0.02
0.03  0.05
0.10 0.19
0.01 -
0.01 0.01
0.01 0.02
0.03  0.05
0.01 -
0.10 -
0.01 -
0.00 -
0.01 -
0.02 0.04
0.00 -
0.01 -
0.10 0.20

95th
0.03
0.03
0.03
0.11
0.18
0.15
0.21
0.24
0.03
0.09
0.03
0.11
0.05
0.01
0.10
0.01
0.03
0.01
0.10
1.28
0.30
0.08
0.30
0.03
0.08
0.29
0.10
0.02
0.03
0.08
0.10
0.30
0.10
0.01
0.10
0.06
0.01
0.10
0.30
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Area PDC (km2)

5.7
4.7
8.9
10.2
26.9
29.1
60.4
41.1
19.1
39.7
1.1
24.8
8.7

312.5
54
18.1
43.8

28.3
68.0
27.0
17.1

19.7
27.0

8.0
16.9

40.7
15.7

0.7
1.1

(continued)
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Table 1 (continued)

ID Eruption Epoch Age (cal. Magma Volume Area PDC (km2)
years BP) (DRE) (km?®)
Percentile Percentile
2.5th 97.7th  5th 50th | 95th
31 Casale 1 0.01 - 010
30 Pisani 3 1 10,516 10,755 0.01 - 010 3.0
29 Pignatiello 1 1 0.01 - 010
28 Montagna Spaccata 1 0.01 10.02 0.03 3.0
27 Concola 1 0.00 - 0.01
26 Fondo Riccio 1 0.00 - 0.01
25 Pisani 2 1 0.10 - 030 21.1
24 Pisani 1 1 0.10 - 030
23 Soccavo 5 1 0.01 - 0.10 66.2
22 Minopoli 2 1 0.01 - 0.10 113.6
21 Paleo-San Martino 1 0.01 - 0.10 37.3
20 Soccavo 4 1 0.10 - 030 180.2
19 S4s3_2 1 0.01 - 0.10
18 S4s3_1 1 0.10 - 030
17 Soccavo 3 1 0.01 - 010 147.5
16 Soccavo 2 1 0.01 - 0.10 75.8
15 Paleo-Pisani 2 1 0.10 - 030 37.7
14 Paleo-Pisani 1 1 0.01 - 0.10 190.5
13 Pomici Principali 1 11915 12,158 043 085 1.28 129.2
12 Gaiola 1 0.01 - 0.10
11 Soccavo 1 1 025 050 0.75 190.5
10 Paradiso 1 0.01 - 0.10
9 Minopoli 1 1 0.01 - 0.10
8 Torre Cappella 1 0.01 - 0.10 1.0
7 La Pigna 2 1 0.01 - 010
6 La Pigna 1 1 12,749 13,110  0.01 - 0.10
5 La Pietra 1 0.01 - 0.10 2.6
4 Santa Teresa 1 0.01 - 0.10 0.9
3 Gauro 1 12,721 15,511 025 050 0.75 16.1
2 Mofete 1 0.01 - 0.10 2.1
1 Bellavista 1 0.01 - 010 39

Legend: “coeval with the previous eruption; “uncertain stratigraphic order with the previous eruption; ‘unconstrained

stratigraphic order. The eruptions record is based on Di Vito et al. (1999), de Vita et al. (1999), Isaia et al. (2004, 2009),
Orsi et al. (2004, 2009), Di Renzo et al. (2011), Fedele et al (2011), Smith et al. (2011), Neri et al. (2015a, b) and
Bevilacqua et al. (2016). The Age and Magma Volume estimates are from Smith et al. (2011) and references therein.
The Age of Capo Miseno is from Di Renzo et al. (2011). The Magma Volume uncertainty ranges are from Bevilacqua
et al. (2016). The Area PDC estimates are from Orsi et al. (2004) but those of events 33, 15, 8, 4 that are from Neri et al.
(2015a, b), and the one of event 51 that is from de Vita et al. (1999)
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Fig. 2 Location of the vents of the eruptions of a epoch 1 and b epoch 2. Numbering of the events follows Table 1. The
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Figure modified after Bevilacqua et al. (2015)



Volcanic Hazard Assessment at the Campi Flegrei Caldera, Italy

Fig. 3 a Location of the gl 7
vents of the eruptions of EBM 3 g @uarto
epoch 3. b zoom of + Monte Nuovo ~
a. Numbering of the events ( ) f ’f:f‘ 7
follows Table 1. 7
Figure modified after
Bevilacqua et al. (2015) Cunj:.‘ 5
g &
7 5 ol
&, ﬂ & s
- ji Pozzueli f\,
A
{ s ‘}.
4 i
Ny
= \{? & -
L 12
N A
“d Capo Miseno
A o
0 1 2 km
Vent location
uncertainty
=

sustained columns that laid down pyroclastic
fallout (PF) beds mostly easterly dispersed
(Fig. 5). In a few cases, they also generated
dense PDCs.

Most of the explosive eruptions varied from
low- to medium-magnitude events (Table 1); only
three in epoch 1 and one in epoch 3 had a magni-
tude significantly higher. There is no clear rela-
tionship between the length of a period of

quiescence and the size of the first eruption of the
following epoch. Furthermore, the first eruption
has never been the highest magnitude event of any
of the three epochs (Orsi et al. 2003, 2004). An
estimate of the temporal rate of the erupted volume
in the epochs of activity was obtained, with
uncertainty quantification (Fig. 6; Bevilacqua
et al. 2016). An intensification of the activity rate
with time was remarked during epochs 1 and 3, an
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Fig. 5 Distribution of pyroclastic density current
deposits of the eruptions of a epoch 1, b epoch 2, and
¢ epoch 3 plus the Monte Nuovo event. Numbering of the
events follows Table 1. Different colour tones indicate

apparent feature despite the large uncertainties
affecting the age of the oldest events of epoch 1. It
was not possible to clearly identify similar features
in the much shorter epoch 2, due to the uncertainty
affecting time and size of the eruptions.

Some eruptions have shown peculiar charac-
teristics, such as contemporaneous events in
distinct portions of the caldera floor, migration of
the vent during a single event, building of a
volcano through several eruptions close in time

different events. Reported deposit boundaries were
extended overseas to allow estimation of reasonable
values for pyroclastic density current invasion area.
Figure modified after Neri et al. (2015a, b)

and space, and occurrence of a structural collapse
during the event.

2.1.1 Epoch 1

Epoch 1, lasted from the NYT eruption to
~10.6 ka, generated at least 33 eruptions largely
varied in size that followed each other at mean
time intervals of about 80-140 years, and erup-
ted a volume of magma of 4.2 + 0.7 km® DRE
(Table 1; Fig. 2¢; Bevilacqua et al. 2016; see
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probability model. The bold line is the mean value, the
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Chap. Volcanic and Deformation History of the
Campi Flegrei Volcanic Field, Italy and refer-
ences therein). During this epoch, the vents were
located along the structural boundary of the NYT
caldera, with an apparent concentration in the

Time (years)

The event labels correspond to the largest eruptions of
each epoch. Under the main plots are reported the time
derivatives of the mean graphs, which represent the mean
erupted volumes rate per year. It should be noted that such
mean eruption volume rates are directly affected by the
uncertainty associated to each event age. Figure modified
after Bevilacqua et al. (2016)

northern and north-eastern sectors. The earliest
known activity of this epoch built up the
Bellavista tuff cone through phreatomagmatic
explosions that generated a zeolitised sequence
of fine- to coarse-ash, mostly plain-parallel to
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cross-laminated beds (Di Vito et al. 1999). The
largest eruptions were Pomici Principali, Gauro,
and Soccavo 1. The maximum rate of activity
appeared to be reached with the Pomici Principali
event and maintained for most of the second part
of this epoch. The Pomici Principali event laid
down a sequence, from base upward, of fine-ash
fallout beds, pumice lapilli layers with subordi-
nate ash beds that in proximal area show sedi-
mentological characteristics of surge deposits,
and fine-ash surge beds rich in accretionary
lapilli. The three eruptions of Montagna Spac-
cata, Fondo Riccio, Concola in epoch 1 are
suspected to have been contemporaneous (Rosi
and Sbrana 1987). A few post-NYT events
occurred in the submerged portion of the caldera
(e.g., Nisida Bank) and their stratigraphic corre-
lations are the subject of recent research (e.g.,
Steinmann et al. 2018; Chap. Volcanic and
Deformation History of the Campi Flegrei
Volcanic Field, Italy). This epoch likely ended
with the growth of the Porto Miseno tuff ring,
composed of a sequence of zeolitised plain par-
allel to cross-laminated, fine- to coarse-ash beds
(Fedele et al. 2011). During the quiescence
between epochs 1 and 2, which lasted between
0.8 and 1.1 ka, Paleosol A formed. It is largely
exposed in the Neapolitan-Phlegraecan area with
variable thickness, and ranges in colour from
light- to dark-brown.

2.1.2 Epoch 2

Epoch 2, lasted from ~9.6 to ~9.2 ka, was
characterised by a minimum of 8 eruptions which
occurred at mean time intervals of 35-75 years
(Table 1; Fig. 2b; see Chap. Volcanic and
Deformation History of the Campi Flegrei
Volcanic Field, Italy and references therein).
All eruptions but one were explosive, low mag-
nitude events characterised by phreatomagmatic
dominating over magmatic phases. They extru-
ded a volume of magma of 0.5 & 0.1 km® DRE
(Bevilacqua et al. 2016). The only effusive
eruption generated the Monte Spina lava dome.
The few vents active during epoch 2 were mostly
located along the north-eastern and the western
portions of the structural boundary of the NYT
caldera. The epoch began with the Fondi di Baia
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eruption that formed an eight-shaped tuff cone
(Di Vito et al. 1999; Pistolesi et al. 2017,
Voloschina et al. 2018). This eruption produced
mostly phreatomagmatic and subordinately
magmatic explosions that generated a sequence
of sandwave, ash surge beds with coarse fallout
layers in its basal portion. The highest magnitude
event of this epoch was the Pigna San
Nicola eruption (Di Vito et al. 1999). It was
characterised by alternating magmatic and
phreatomagmatic explosions, and formed a tuff
cone, only partly preserved today. The deposits
are a sequence of pumice lapilli and subordinate
ash fallout beds topped by sandwave, fine- to
coarse-ash surge deposits. The last event was the
San Martino eruption (Di Vito et al. 1999), which
alternated magmatic and phreatomagmatic
explosions. This activity produced a sequence of
fallout layers alternating to thin, mostly ash surge
beds, with the pumice fallout dominating over
the PDC deposits within the mid-lower portion of
the sequence. A quiescence lasting between 3.5
and 4.0 kyrs followed this epoch of activity
during which the widely exposed yellowish-
brown Paleosol B formed.

2.1.3 Epoch 3

Epoch 3, lasted from ~ 5.5 to ~ 3.5 ka, pro-
duced at least 28 eruptions at mean time intervals
of 50-80 years (Table 1; Fig. 2a; see Chap.
Volcanic and Deformation History of the Campi
Flegrei Volcanic Field, Italy and references
therein). These eruptions were fed by 2.6 + 0.5
km® of magma DRE (Bevilacqua et al. 2016).
A further twofold subdivision of this epoch in
relation to a second-order pause in the activity, at
~4.4 ka, has also been suggested (Isaia et al.
2009). Most of epoch 3 vents were concentrated
in the central-eastern portion of the NYT caldera
floor, but the vents of the two Averno and the
Monte Nuovo eruptions were in the north-
western sector of the caldera, while those of the
Nisida and Capo Miseno eruptions were at the
south-western and south-eastern edges of the
emerged portion of the caldera. The large
majority of the eruptions of this epoch were
explosive, with only 3 effusive events: namely
Monte Olibano, Solfatara, and Accademia lava
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domes, from the oldest to the youngest. The
epoch began with the Agnano 1 eruption char-
acterised by phreatomagmatic and magmatic
explosions (Di Vito et al. 1999). These explo-
sions produced a sequence of ash and pumice-
lapilli fallout beds containing abundant ash par-
ticles, which becomes a thin ash layer in distal
areas. The highest-magnitude event was the
Agnano-Monte Spina (A-MS) eruption, accom-
panied by a volcano-tectonic collapse in the
north-eastern portion of the NYT caldera (de Vita
et al. 1999). The change in the eruption rate
appears to coincide with this eruption, which
somehow marks the subdivision of the epoch in
two sub-epochs (Isaia et al. 2009). A-MS was
characterised by phreatomagmatic and magmatic,
sometimes contemporaneous, explosions that
produced PDCs at variable particle concentra-
tions and two sustained columns. The latter were
generated during the eruption phases named B1
and DI, and reached height of 23 and 27 km,
respectively (de Vita et al. 1999). The high par-
ticle concentration PDCs were confined within
the caldera depression, while the more diluted
ones overtopped the caldera boundaries and flo-
wed for about 15 km within the surrounding
plain. The sustained columns laid down easterly-
to-northeasterly dispersed pumice fall deposits
not less than 10 cm thick at about 42 km from
the vent. The sequence is cut by an erosional
unconformity, suggesting a time break in the
eruption. A volcano-tectonic collapse likely
occurred during this pause in the eruption. It
affected an area of about 6 km?, polygonal in
shape, roughly northwest-southeast oriented, and
located towards the north-eastern border of the
NYT caldera floor.

The eruptions of Averno 2 and Solfatara,
postdating the A-MS eruption and volcano-
tectonic collapse, likely occurred contemporane-
ously (Isaia et al. 2009; Pistolesi et al. 2016).
Their vents were located about 5 km apart, at the
opposite sides of the north—south Pozzuoli
structure that affects the NYT caldera floor
(Capuano et al. 2013). The Averno 2 eruption (Di
Vito et al. 2011) was characterised by a sequence
of magmatic and phreatomagmatic explosions
generating sustained and collapsing columns that
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laid down PF and PDC deposits, prevailing dur-
ing the first and the second part of the eruption,
respectively. The maximum height reached by the
sustained columns was about 10 km, and the vent
migrated over a limited area during the eruption.
The Solfatara eruption was characterised by
phreatomagmatic with subordinate magmatic
explosions that generated a sequence of surge
beds with minor PF deposits (Rosi and Sbrana
1987; Isaia et al. 2015; Pistolesi et al. 2016). The
Astroni volcano (Di Vito et al. 1999; Isaia et al.
2004; Tonarini et al. 2009) grew through 7 dis-
tinct eruptions occurred in a time span not longer
than 300 years. The eruptions were dominantly
phreatomagmatic, with generation of ashy PDCs;
a sustained column formed only during eruption 6
and laid down a sub-Plinian pumice fall deposit.
The eruption vent of each of the seven events,
although confined within the 3 km?” area of the
present crater, migrated during the activity
roughly from southeast to northwest. The vent of
the Averno 2 eruption also migrated along a 2-
km-long northeast-southwest oriented system of
fractures.

3 Long-Term Assessment
of Volcanic Hazard

Pioneering hazard assessment studies at the CFc
were based on the “deterministic” reconstruction
of reference events from the past. In particular,
during the 1982-1984 bradyseismic crisis, Rosi
and Santacroce (1984) considered three reference
scenarios: a phreatic explosion like the AD 1198
event at the Solfatara volcano (Scandone et al.
2010), a low-magnitude explosive eruption like
the AD 1538 Monte Nuovo event (Guidoboni
and Ciuccarelli 2011; Di Vito et al. 2016 and
references therein), and a maximum expected
eruption like the A-MS event (de Vita et al.
1999). The spatial definitions of the hazardous
phenomena were based on the areal distribution
of the deposits of the reference events. Orsi et al.
(2004) performed the first comprehensive erup-
tion forecasting and hazard assessment at the
restless CFc using stratigraphic, volcanological,
structural and petrological data. Due to the
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remarkable change in the structural setting of the
CFc system produced by the NYT eruption and
related caldera collapse, the authors assumed the
entire history of the CFc system subsequent to
these events as reference for volcanic hazard
assessment. More recently, the approach to the
volcanic hazard assessment has changed to
include probabilistic forecasts that incorporate a
variety of numerical modelling of past hazardous
phenomena, along with the uncertainty
quantification.

The expected phenomena in case of renewal
of the volcanic activity of the CFc have various
intensities and impacts depending on the style
and size of the next eruption. This section
describes the researches developed in the last two
decades aimed at both defining fundamental
parameters of a future eruption of the CFc and
zoning of the territory in relation to the expected
volcanic hazards. These results include vent
location, time, size, and style of a future eruption.

3.1 Site of a Future Eruption
and Vent Opening

Probability Maps

Alberico et al. (2002) were the first to quantify
potential new vent openings at CFc. They sub-
divided the subaerial CF area into a regular grid
of 1 km cells and evaluated the relative spatial
probability of vent opening based on geological,
geophysical and geochemical data. In particular,
they included earthquake epicentres, gravity
anomalies, along with location of past vents,
recent faults, helium concentration anomalies,
and fumaroles. The number of these elements
present in a cell empirically defined a score for
each cell of the grid. After a normalisation step,
this score provided the probability of vent
opening in each cell. The probability distribu-
tion spread over the whole NYT caldera, and
had maximum values (above 1.6% over kmz) in
the central part, near Solfatara and Monte
Nuovo.

Orsi et al. (2004) applied a different approach
taking into consideration both history and current
dynamics of the system. They inferred that if the
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next eruption is triggered by the ongoing
dynamics of the NYT caldera, the most likely
new vent location would be in the north-eastern
sector of the caldera. They correlated this area to
the portion of the resurgent block under exten-
sion that has been the site of the majority of the
eruptions of the past 5 kyrs (Fig. 2a). However,
they did not exclude that a future vent could open
in the Monte Nuovo-Averno Lake area, at the
intersection of faults within the resurgent block
with those bordering the block towards the
northwest. They finally delimited one area of
“higher” and one of “lower” probability of vent
opening (Fig. 7a).

A new spatial probability map of vent opening
was developed by Selva et al. (2012a) following
a Bayesian approach based on Dirichlet random
variables corresponding to 700 cells with 500-m
sides in a rectangular grid covering the NYT
caldera. A prior distribution was defined using an
empirical procedure based on the association of
unequal scores to the geological features present
in a given spatial cell. These features included,
with score points in parentheses: past vents (3
points), faults (2 points), and location within the
NYT caldera (1 point). This procedure was
simplified with respect to that of Alberico et al.
(2002), in order to avoid the influence of modern
unrest signals on a long-term, vent-opening
probability map. The prior model was then
combined with the likelihood of the number of
epoch 3 vents in each cell. Vent migration during
an eruption was not considered as indicative of
multiple events, but the seven eruptions building
up the Astroni volcano were considered as dis-
tinct events. This likelihood was defined
according to a multinomial distribution, and the
resulting probability was smoothed by using a
Gaussian filter with a 2o radius of 1 km, in order
to reduce scatter and to cope with the spatial
uncertainty affecting the data and the prior dis-
tribution. These maps (Fig. 7b) showed a sickle-
shaped region of increased probability of vent
opening, following the inland portion of the
caldera, from Agnano to Baia, and including the
Solfatara crater. Maximum values of ~2%
probability over km” were calculated in the area
of the Astroni volcano and the Agnano volcano-
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Fig. 7 a Areas at variable
probability of vent opening in
case of renewal of volcanism
in short-mid-terms at the
Campi Flegrei caldera
(modified after Orsi et al.
2004). b, b1, b2 Conditional
probability of vent opening at
the Campi Flegrei caldera of
the posterior filtered model.
The average (best guess)
value is shown in b, while b1
and b2 show the 10th and
90th percentiles confidence
interval, respectively
(modified after Selva et al.
2012a)
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tectonic depression. The authors provided addi-
tional maps of the 10th and 90th percentiles of
the uncertain probability values over the cells
(Fig. 7b1, b2). Uncertainty ranged from +180%
to =90% of the local mean values.

Bevilacqua et al. (2015) developed a more
comprehensive vent opening probability map for
a future eruption within the CFc, through a
weighted linear combination of five maps
describing the spatial distribution of relevant
volcanic features. Such features included the
eruption vent locations of the past 15 kyrs (each
epoch was separately considered; Fig. 2), and the
maximum fault displacement and the surface
fractures density from Vitale and Isaia (2014).
A uniform probability map within the caldera

was included to account for unconsidered or
unidentified processes and variables. The past
vent locations were represented by ellipses
defining the associated uncertainty area, rather
than by deterministic points. Their density dis-
tribution was processed using either Gaussian
kernel functions or a partitioning of the caldera
into sixteen homogeneous zones, with quite
consistent results. An uncertain number of “lost
vents” with unconstrained location in the sub-
aerial part of the caldera was also included in the
analysis. The uncertain weights to be associated
with the features that contributed to the definition
of the vent opening map relied on expert judg-
ment techniques (see also Aspinall and Cooke
2013; Bevilacqua 2016). Based on the expert
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Fig. 8 Probability maps of
new vent opening as obtained
weighting the six variable
distributions considered in
Bevilacqua et al. (2015).
Contours and colours indicate
the percentage probability of
vent opening per km?
(conditional on the occurrence
of an eruption). a Mean
values, b and ¢ 5th and 95th A
percentile values,
respectively. Figure modified
after Bevilacqua et al. (2015)
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elicitation outcomes, areal distribution of previ-
ous vents was judged the most important variable
for quantifying the vent opening probability map,
with a total contribution weight of about 47%
(mean value). The distributions of the maximum
fault displacement and surface fracture density
were weighted about 16% and 12%, respectively.
About 25% weight was assigned to the uniformly
homogeneous spatial vent opening map (i.e., to
the possibility that the next vent could open
anywhere inside the NYT caldera). The results,
expressed as a mean probability map and 5th and
95th uncertainty percentiles of the probability
values, outlined a main, quite wide, region in the

central-eastern part of the caldera characterised
by the highest probabilities of vent opening
(Fig. 8). The maximum probabilities were
between 1.6%/km’ and 3.2%/km” with a mean
value of about 2.4%/km?® Secondary maxima
were obtained in the western part of the caldera,
with mean values of about 1-1.2%/km”. How-
ever, the probability of vent opening was not
confined to these areas and, with mean values
everywhere above 0.4%/km?, the possibility is
widespread over the caldera. Uncertainty ranged
about +30% of the mean value, with variations
from £10% to +50% in different areas of the
caldera. The probability of vent opening in the
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offshore portion of the caldera was estimated at
about 25% =+ 5%.

Rivalta et al. (2019) followed a different
approach to better constrain the distance of the
vent opening from the centre of the caldera,
based on the 2D axisymmetric physical mod-
elling of magma transport after a statistical
reconstruction of the stress field in the upper
crust. In a Monte Carlo simulation, the authors
propagated magma dykes perpendicular to the
lowest eigenvector of the stress tensor o3. They
assumed dyke nucleation at a random depth
between 3 and 4 km, placed at the caldera centre,
beneath the Rione Terra (Pozzuoli). The model
considers a homogeneous tectonic stress and a
uniform unloading stress applied to the caldera
floor, the latter affected by an axisymmetric
topography. The stress coefficients were esti-
mated through a Bayesian technique that con-
sidered the past vent locations. The model
performance was tested on the events of epoch 3
and the Monte Nuovo eruption. The radial dis-
tance of Monte Nuovo from the defined caldera
centre was found to be very close to the modal
value of the estimated probability distribution, at
2-3 km from the centre of the NYT caldera. The
authors also evaluated the effects of a simplified
non-axisymmetric topography along two 1D
directions, towards northeast and south. These
results were broadly consistent with previous
maps and indicated a higher probability of vent
opening in the north-eastern portion of the
caldera.

3.2 Timing of a Future Eruption

The long-term temporal forecasting of volcanic
eruptions in the CFc is particularly complex and
very few studies have been devoted to its solu-
tion. Indeed, constant rates based on the ratio of
number of eruptions over time turn out to be
inadequate due to the strong temporal clustering
occurring at various time scales. Spatial locations
and temporal rates also appear to be related.
Uncertainty affecting the past record cannot be
neglected when the spatial and temporal clus-
tering properties are evaluated. A spatial—
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temporal model for eruption rates at the CFc was
developed by Bevilacqua et al. (2016). As a first
step, a probability model of the past eruptions
and its uncertainty was developed, using the
available radiometric ages and the known strati-
graphic sequence of the events (Smith et al. 2011
and references therein). Then, a space-time
doubly stochastic non-homogeneous Poisson-
type model with a local self-excitation feature
was defined. This model, based on the vent
locations in Bevilacqua et al. (2015), was able to
generate spatial-temporal clusters of eruptions
statistically consistent with the CF reconstructed
record (Bevilacqua 2016). Results allowed the
evaluation of similarities and differences among
the three epochs of activity as well as the
derivation of the eruptive base rate of the caldera
(i.e., excluding the clusters) and its capacity to
generate clusters. Thanks to this uncertainty
assessment, it was possible to obtain a temporal
probability model able to describe the temporal
and spatial eruptive behaviour of the caldera over
the past 15 kyrs.

The results of Bevilacqua et al. (2015, 2016),
including the dependence of both scale and time
probability of an eruption on the vent opening
location, were later revisited by Bevilacqua et al.
(2017). This resulted in separate vent opening
probability maps conditional on the western and
eastern sectors of the subaerial portion of the
caldera, and a conditional version of the vent
opening map was developed. This version
enabled the authors to restrict the eruption vent
sampling inside various subsets of the caldera
(typically of 2—4 km in diameter) and to produce
PDC invasion hazard maps under such condi-
tions (see Sect. 3.4.2 and Fig. 14a, b).

3.3 Size of a Future Eruption

A first attempt to constrain the size of a future
eruption of the CFc was made by Orsi et al.
(2004), who developed a dataset of the areas
covered by PF and PDC deposits of the eruptions
of the past 15 kyrs, as proxies of the magnitudes
of the eruptions. These areas were constrained by
the 10 cm isopachs for fallout beds, and the
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presence of sedimentological features indicating a
horizontal component in the transport of the
particles for PDCs deposits. An analysis of the
magnitude—frequency ratio of the PF deposits led
Orsi et al. (2004) to infer that in epoch 3 the
probability distribution had a polymodal profile,
with one mode between 0 and 100 km?, another
between 100 and 500 kmz, and a third, repre-
sented by the A-MS outlier, at 800 km?. Finally,
the authors suggested that although A-MS could
not be excluded as the maximum expected event,
the most probable maximum event in the case of
renewal of volcanism in the short- or mid-term
was an eruption falling between 100 and 500 km?
area for PF deposits. Very large-scale eruptions,
such as the CI and NYT caldera forming events,
were not included in the dataset due to their very
low probability of occurrence, likely below 1%
based on frequency of occurrence.

Orsi et al. (2009) built upon the above analysis
by developing a quantitative long-term forecast of
the size of the next eruption. Some physical
parameters of 22 explosive eruptions of the CFc
occurred during the past 5 kyrs were analysed.
They included dispersal area, volume and density
of the pyroclastic deposits, volume of erupted
magma, total erupted mass, and eruption magni-
tude. This analysis resulted in a size classification
of the explosive eruptions, which were grouped
into three classes: small, medium, and large, each
with a conditional probability of occurrence.
They selected some reconstructed events as rep-
resentative of each size class. A small-size
explosive event (e.g., Monte Nuovo, Averno 2)
is the most likely with a probability of about 60%;
a medium-size (e.g., Astroni 6) has a probability
of occurrence of about 25%; a large-size (A-MS)
is the least likely with a probability of about 4%.
An effusive eruption has a chance of occurrence
of about 11%.

Neri et al. (2015b) designated the areas inva-
ded by PDCs as a random variable representative
of the uncertainty affecting the scale of the next
eruption with the aim to quantifying the PDC
hazard. This approach was based on a continuous
statistics of the areas expected to be inundated by
a PDC, rather than on discrete classes of the total
erupted volume. Based on the available field
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datasets and estimates for poorly exposed old
deposits, and using alternative expert judgment
procedures (Bevilacqua et al. 2015), the authors
considered that a radial underestimation error of
deposit boundaries (treated as a source of
uncertainty) varied between about 150 and
1,000 m, with a mean value of about 500 m.
Thus, they generated log-normal probability
density functions of spatial extent distribution
considering either the past 5 kyrs or the past 15
kyrs datasets. The presence of several interme-
diate data points between the main empirical
distribution for the 15 kyrs dataset and the A-MS
event allowed a quasi-continuous distribution of
the PDC inundation areas to be hypothesised.
The curves were very similar, although the one
related to the longer time interval had a slightly
higher number of smaller and larger events, and
less medium scale events.

Bevilacqua et al. (2016) developed a proba-
bility model of the post-NYT caldera eruptions
record, which included some time-volume
statistics of the sum of PF and PDC deposits
(see also Sect. 2.1). Uncertain volumes were
uniformly sampled inside three separate inter-
vals associated with different volumes of erup-
ted magma (DRE): 0-0.01 km?> for very small
explosive/effusive eruptions, 0.01-0.1 km® for
small explosive eruptions, and 0.1-0.3 km® for
medium explosive eruptions (similarly to Orsi
et al. 2009). If volume estimates were available
5th and 95th percentiles were adopted, corre-
sponding to +50% relative errors (Fig. 6). The
analysis included a comparison of the volumes
of magma erupted in the eastern and the western
sectors, showing that the latter were signifi-
cantly lower. A first attempt to find a correlation
between eruption size and vent location was
made by Bevilacqua et al. (2017) in the
framework of a more general study mainly
aimed at producing PDC hazard maps. They
showed that the western sector of the caldera
was characterised by smaller size events, as well
as by a less frequent and less clustered activity
(Fig. 9). This resulted in significantly different
probability distributions for the PDC sizes
according to the specific sector of vent opening
considered.
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Fig. 9 a Representation of
the areas invaded by
pyroclastic density current
originating in the western
(blue) or eastern (red) sectors
of the caldera. Each coloured
dash represents an event. The
sequence is ordered
increasingly as a function of
the areal extents. On the right
of the plot is displayed a
zoom of the small scales data.
b Probability density
functions (log-normal class)
for the invasion areas
originating in the western
(blue) or eastern (red) sectors
of the caldera. The black
curve is the mean value and
the coloured curves are the
5th and 95th uncertainty
bounds. In the small boxes the
two estimates are displayed at
different scales and the
histogram data are included.
Figure modified after
Bevilacqua et al. (2017)
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CFc and the possibility for each of them to occur
in case of renewal of volcanism in short- to mid-

In addition to the previously presented definition terms, Orsi et al. (2009) also discussed the likely
of the size classes of the past eruptions of the style of a future eruption that will be either
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effusive or explosive of three different sizes. The
possibility that the next eruption will be the first
of a series of events following each other at short
time intervals (years or tens of years), that more
than one eruption will occur in the same vent
area, and that two contemporaneous eruptions
will occur at vents located in different portions of
the NYT caldera cannot be ruled out. An effusive
eruption will very likely extrude viscous magma
that will generate either lava flows travelling
short distances or a lava dome. An explosive
eruption, regardless of its size, will likely alter-
nate magmatic and phreatomagmatic phases that
will generate particle fallout and PDCs. The
detailed sequential development of the eruption
dynamics and the related phenomena expected
during the course of the eruption is rather difficult
to predict. The areas affected by accumulation of
falling pyroclastic fragments will be exposed to
different effects (e.g., Wilson et al. 2014, for a
review) including roofs collapse (Blong 1981,
2003; Macedonio and Costa 2012), disruption to
aviation (Casadevall 1994; Folch and Sulpizio
2010), water pollution (Blong 1984; Wilson et al.
2010), damage to electric power supply and radio
communication (Wilson et al. 2014), health
problems to humans and animals (Baxter and
Horwell 2015; Armienta et al. 2011; Flueck
2016), lahars generation and damages to agri-
culture (Cronin et al. 2014). Fatalities will occur
in the proximal areas, through roof collapse,
asphyxiation and burial (Spence et al. 2005;
Brown et al. 2017). PDCs will spread either 360°
from the vent or over preferential sectors. Their
runout will be significantly affected by the
topography surrounding the vent; higher eleva-
tions can divert the currents, valleys can chan-
nelise them. PDCs entering the sea will have the
potential to produce vast clouds of water vapour
bearing accretionary lapilli, and to generate tsu-
nami waves. Due to their velocity, temperature,
and particle concentrations, PDCs can produce
heavy damage to urban structures and lethal
conditions for human beings (Baxter et al. 2005;
Neri et al. 2015a). Mele et al. (2015) recon-
structed the dynamics of the PDCs generated by
some phases of the Averno 2 (small scale),
Astroni (intermediate scale) and A-MS (large
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scale) eruptions. They combined facies architec-
ture with laboratory analysis and physical mod-
elling to evaluate the dynamic characteristics of
the original currents. Facies analysis indicated
that the deposits of the small and intermediate
events resulted from pyroclastic surges fed by
multiple explosions of phreatomagmatic origin.
Instead, in the large-scale event some of the
currents started as a concentrated flow near the
vent and then evolved laterally into expanded
flows by the propagation of the basal shear cur-
rent. Finally, the authors provided probability
density functions for the dynamic pressure and
the particle volumetric concentration.

Esposti Ongaro et al. (2006) explored the
effects of the presence of different amounts of
CO, in the 4 wt% H,O-bearing A-MS magma,
by simulating the eruption dynamics from the
base of the volcanic conduit up into the atmo-
sphere. Within the range of conditions explored,
the eruption style and dynamics in the atmo-
sphere were mainly controlled by the H,O con-
tent. Nevertheless, the partial substitution of H,O
with CO, in the erupted magma produced a
substantially more collapsing behaviour of the
resulting column.

At the lower range of the size spectrum of
explosive eruptions in the CFc there are phreatic
explosions, i.e., driven by over pressurised
geothermal fluids, such as H,O, CO, (Barberi et al.
1984; Macedonio et al. 2013). Phreatic explosions
can have various scale. The most energetic can eject
ballistics at kilometres distance (Neri et al. 1999;
Houghton etal. 2015) and produce great amounts of
fine dust of clay and other hydrothermally altered
minerals, generating ‘soap-like’ wet deposits
(Montanaro et al. 2016). Small convective plumes
and pyroclastic surges can also be generated. They
can precede a magmatic or phreatomagmatic
eruption, although often they occur as isolated
events (Barberi et al. 1993). Phreatic explosions
produce less evident precursor signals than mag-
matic explosions and can unexpectedly occur in
hydrothermal areas, like Solfatara-Pisciarelli in the
CFc (Mayer et al. 2016).

In the following, we summarise both the
evolution and the state of the art in development
of PF and PDC hazards maps at the CFc.
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Fig. 10 Tephra fallout hazard map of the Campi Flegrei caldera. Different colours mean different tephra loads.

Figure modified after Orsi et al. (2004)

3.4.1 Pyroclastic Fallout Hazard Maps
Orsi et al. (2004) constructed the first PF hazard
map for the CFc (Fig. 10). The map was based
on the frequency of deposition of fallout beds
thicker than 10 cm (Fig. 5), their load on hori-
zontal surfaces, and the direction of their dis-
persal axes. It delimits the areas that could be
affected by load on the ground in excess of 2.0,
3.0, 4.0 and 5.0 kN/m’.

Mastrolorenzo et al. (2006, 2008) first pro-
duced PF hazard maps by using numerical
modelling, for three different scenarios, and
sampling empirical probability distributions of
the input parameters such as column height,
erupted mass, initial velocity and grain size.
Average wind direction was obtained from his-
torical data. The PF hazard level was found to
depend strictly on the scenario being considered.

Orsi et al. (2009), as already reported in
Sect. 3.3, evaluated the most relevant physical
parameters of the 22 explosive eruptions recog-
nised at the CFc over the past 5 kyrs. These
parameters include dispersal, volume and density
of the pyroclastic deposits, volume of erupted
magma, total erupted mass, and eruption mag-
nitude, and permitted to group the fallout
deposits in three classes. Costa et al. (2009)
simulated and analysed the PF of the three
eruption scenarios of Orsi et al. (2009) using the
HAZMAP computational model (Macedonio
et al. 2005). This model is based on a semi-
analytical solution of the two-dimensional
advection—diffusion-sedimentation equation for
volcanic tephra and is able to perform many
simulations in a short time. The volcanological
model parameters were estimated from best fit of
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the model output with the field data of the
eruption representative of each size class.

These parameters included total mass, erup-
tion column height, total grain size distribution or
settling velocity distribution of the particles,
column shape and meteorological parameters,
such as wind velocity and atmospheric diffusion
coefficient. After the best-fit phase, a statistical
analysis was performed by varying the meteo-
rological conditions, namely the wind velocity
profile, using a statistical set of wind profiles
obtained from National Oceanic and Atmo-
spheric Administration (NOAA) reanalysis.
Probability maps, relative to the considered sce-
narios, were also constructed for tephra loads of
200, 300 and 400 kg/m”.

Selva et al. (2010) explored the joint effect of
two great uncertainties (vent location, and erup-
tion size) affecting PF hazards at CFc by using
the tool BET_VH of Marzocchi et al. (2010). The
study did not produce new simulations but relied
on the data in Orsi et al. (2004) and Costa et al.
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(2009). The results showed that volcanic hazard
based on the weighted average of all possible
eruptive scenarios is very different from the
analysis of single reference scenarios.

Lirer et al. (2010) and Alberico et al. (2011)
produced multi-source (CFc, Somma-Vesuvio,
Ischia) PF hazard maps by combining the dis-
persal of past eruption products as reconstructed
by field surveys and their recurrence over the
whole area. They included a semi-empirical pro-
cessing of the results of numerical simulation in
Costa et al. (2009). Later, through numerical
modelling within the BET_VH tool, a multi-
source PF hazard map was obtained by Marzoc-
chi et al. (2015b), focussing on the city of Naples.
Although an underwater eruption may not gen-
erate any eruptive column, Tonini et al. (2015)
focussed on the chance of PF source opening in
the Pozzuoli Bay, and showed that this assump-
tion enhances the hazard in the city of Naples.

Sandri et al. (2016) performed further uncer-
tainty quantification on the PF hazard maps, both
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for CFc and Somma-Vesuvio volcano. The pos-
sible wind directions and speed were explored by
using real winds based on model reanalysis
provided by the European Centre for Medium-
Range Weather Forecasts, freely available in the
internet. A period of about ten years (2001-
2010) was considered sufficient to obtain a robust
statistical analysis (Macedonio et al. 2016). In
this study, the authors first explored extra and
intra-class size variability (i.e., size difference
within an eruptive size class) by using a power
law for the magnitude-frequency modelling.
They showed that also the effects of intra-class
variability within a single scenario can be rele-
vant. Secondly, they tested both the semi-
analytic 2D model HAZMAP, and the fully 3D
model FALL3D (Folch et al. 2009). They found
that the influence of the simulator on the statis-
tical results is relatively small.

Selva et al. (2018) presented a state-of-the-art
analysis of the hazard maps for PF at the CFc by
exploring the possible eruption size, total grain
size distribution of products, wind field, vent
location, also accounting for their respective
uncertainties. The hazard map reported in Fig. 11
is relative to a loading threshold of 300 kg/m?.
This means that the values shown in each point
represent the probability of exceeding that load-
ing in case of eruption. Similar maps were pro-
duced for different thresholds between 1 kg/m?
to more than 1,000 kg/m?. The different hazard
maps, i.e., the probability of exceeding a given
loading threshold, can be successively combined
with the vulnerability of the given types of roofs
present in the area (e.g., Spence et al. 2005;
Zuccaro et al. 2008) or used for estimating other
damage such as to agriculture or those caused by
secondary processes (e.g., landslides and lahars).
The probabilistic hazard maps also provided the
uncertainties associated with each probability. As
an example, Fig. 11 reports the median, the 16th
and the 84th percentiles of the probability
distribution.

3.4.2 Pyroclastic Density Currents
Hazard Maps

Lirer et al. (2001) provided a detailed recon-

struction of the PDC deposits of six characteristic
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eruptions, ranging from the Monte Nuovo small
event to the Pomici Principali large event. In
particular, the authors widely discussed the
interaction between the flow capacity and the
topography. They concluded that both Posillipo
and Camaldoli hills act as effective obstacles for
PDCs flowing towards the centre of the city of
Naples, while Bagnoli and Fuorigrotta plains are
significantly exposed to the PDC hazard.

A first qualitative PDC hazard map was
developed by Alberico et al. (2002) on the basis
of their vent opening map (see Sect. 3.1). They
used a Monte Carlo application of the energy line
model (Sheridan and Malin 1983), assuming a 6°
friction angle ¢, for a VEI 3 and a VEI 4 eruption
with column collapse height of 100 and 300 m,
respectively (Fig. 12). The resulting map for a
VEI 3 eruption indicates that only limited areas
have a cumulative 3% chance of being hit by
PDCs erupted from a distal vent, as their prop-
agation does not exceed a distance of 1 km.
Thus, the inundation area is strongly dependent
on the vent location. Instead, in case of a VEI 4
eruption, the central-eastern portion of the cal-
dera has a 25-50% probability of being invaded
by PDCs, even if they originate in other portions
of the caldera. The authors also stated that a VEI
5 or higher event would inundate the whole
region regardless of the vent location. Based on
this study, Lirer et al. (2010) constructed multi-
hazard (considering both PF and PDC) and
multi-source  (considering Campi  Flegrei,
Somma-Vesuvio, and Ischia) maps for the
Neapolitan area. Later, Alberico et al. (2011)
further detailed these results, focussing on the
city of Naples.

Orsi et al. (2004) constructed a PDC hazard
map directly based on the areal distribution and
frequency of PDC deposits of the past 5 kyrs.
They argued that PDCs of a future eruption
would likely travel at high speed within portions
of the CF lowland, defined as the area at high
probability of invasion by PDCs. Some of them,
depending upon vent location and energy, and in
favourable morphological conditions could be
able to exit this lowland towards the north and
northeast, invading an area defined as the area at
lower probability of invasion by PDCs.
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Fig. 12 Composite
probability maps of weighted
fatal impact from pyroclastic
flows by any eruption in any
of the cells for a VEI 3 and
b VEI 4 eruptions.

Figure modified after
Alberico et al. (2002)
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Other PDC hazard maps were developed by varying 14 vent locations and 1,200 combina-
Rossano et al. (2004) using the Monte Carlo tions of input parameters (e.g., initial velocity,
application of a 1D physical model, while density, viscosity, thickness, yield strength) of
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the PDCs. The flow was assumed to be incom-
pressible with a Newtonian or Bingham rheol-
ogy, in contrast with the real dynamics of PDCs
(e.g., Sulpizio et al. 2014). The input values were
empirically weighted and assumed as indepen-
dent. They computed the trajectories of an ide-
alised, 1D, mass-independent flow, approximated
as a material point, representing the flow plug,
with an initial radial direction uniformly sampled
over 360°. The results highlighted that the most
mobile flows have a maximum range of ~20 km
and can pass over 400-m-high topographic bar-
riers. Otherwise, most of the flows with inter-
mediate mobility were affected by the main
topographic barriers, in particular the western
slopes of the Posillipo Hill. Instead, slow-moving
flows were strongly controlled by the rugged
topography of the area, and stopped within few
kilometres from the vent. The authors concluded
that the NYT caldera floor is prone to very high
inundation hazard by flows with high dynamic
overpressure, whereas the centre of the city of
Naples and the plain to the north of the CF have a
lower probability of being affected by PDCs.
Later, Mastrolorenzo et al. (2006) included these
results in a multi-hazard perspective, by consid-
ering both PDC and PF hazards. This modelling
approach was further detailed by Mastrolorenzo
et al. (2017).

Todesco et al. (2006) performed the first 2D
axisymmetric numerical simulations of PDCs
generated by column collapse at the CFc,
describing the transient, multiphase flow
dynamics of a mixture of three solid particulate
phases with different densities and dimensions in
a continuous gas phase. The particulate phases
were used to represent ash, pumice and lithic
solid components, whereas water vapour was the
only volatile component assumed in the eruptive
mixture. Grain-size, density, and mass fraction of
the different classes of solid particles were
obtained from the analyses of the eruption
deposits. The simulations provided the spatial
and temporal distributions of some variables
essential for PDC hazard assessment, such as
flow temperature and concentration of ash in air.
The simulations considered two different radial
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topographic profiles representative of the south-
eastern sector of the NYT caldera and accounting
for different vent positions with respect to the
high angle slopes bordering the Agnano Plain
and the Posillipo Hill. The simulations were
based upon the A-MS eruption, in particular to
the magmatic phases of the eruption producing
the Plinian columns that generated the B1 and D1
beds (de Vita et al. 1999). Largest events gen-
erated pyroclastic flows which were thicker and
faster, and which overran topographic obstacles
more easily, covering longer distances. In con-
trast, flows generated by small-scale events were
fully confined by the distal ridge. Every time the
flow decelerated, hot gases and light particles
decoupled from the flow and rose to form
phoenix clouds, thereby contributing to flow
deceleration. As the flow propagated uphill, a
portion of material segregated at the base of the
flow and eventually slid back, generating back-
flows that propagated toward the vent. On the
other hand, the presence of two concentric
obstacles reduced dynamic pressures in the distal
region and prevented flow propagation in the
case of small eruptions. The authors finally
suggested that in the case of large events, distal
obstacles as high as the Posillipo Hill could not
effectively protect the area beyond, that is the
centre of the city of Naples.

Then, Neri et al. (2015b) produced, through
the application of a doubly stochastic approach,
fully developed probabilistic maps of PDC
invasion able to incorporate some of the main
sources of epistemic uncertainty that influence
the models. In particular, the new method com-
bined the vent opening map of Bevilacqua et al.
(2015) (Fig. 8), the density distribution of PDC
invasion areas described in the previous section
(Fig. 4), and a PDC integral model able to
describe the dynamics of inertial dilute fully-
turbulent density currents (the so-called “box-
model”; Huppert and Simpson 1980). The inte-
gral model had been validated and calibrated
through extensive comparison with 2D numerical
simulations also on the CF topography, as
detailed in Esposti Ongaro et al. (2016). It

assumed that the current was vertically
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homogeneous and deposited particles during
propagation as a function of their (constant)
sedimentation velocity. A single particle size,
representative of the mean Sauter diameter of the
grain-size distribution of the mixture, was
adopted. Bevilacqua (2016) provided further
details on the propagation model and the Monte
Carlo algorithm adopted to produce the PDC
hazard maps. In order to quantify the main effects
of topography on the propagation of a PDC, the
flow kinetic energy was compared to the poten-
tial energy associated with any topographical
relief that the flow encountered (Biagioli et al.
2019). The study suggested that the entire caldera
has the potential to be affected, with a mean
probability of flow invasion higher than about
5% and the central-eastern area of the caldera
(i.e., Agnano-Astroni-Solfatara) having invasion
probabilities above about 30%, with local peaks

at or above 50% in Agnano (Fig. 13). Significant
mean probabilities, up to values of ~10%, were
also computed in some areas outside the caldera
(i.e., over the Posillipo Hill and in some neigh-
bourhoods of Naples). Considering the density
distribution of the PDC invasion areas over the
past 15 kyrs, instead of the past 5 kyrs, slightly
extended the area enclosed by low-probability
isolines. If the probability distribution of the
PDC invasion areas excluded the occurrence of
large-scale events (top 5%), the computed dis-
tribution of probability showed a general
decrease in mean values of about 2%. Finally, the
chance of a simultaneous activation of two sep-
arate vents during the same eruptive event was
explored. Assuming that this scenario could
occur in 10% of all eruption episodes, with a
credible range between about 5% and 25%, the
resulting mean invasion map produced slightly

Fig. 13 PDC invasion
probability maps computed
by assuming the vent opening
distribution of Bevilacqua A
et al. (2015), and the spatial
density distribution of
invasion areas of the last 5
kyrs. The maps assume that
PDCs originate from a single
vent per eruption and that the
vent is located in the inland
part of the caldera. Contours
and colours indicate the
percentage probability of
PDC invasion conditional on
the occurrence of an explosive
eruption. The maps relate to
a the mean spatial probability,
b the 5th percentile and ¢ the
95th percentile, respectively.
Figure modified after Neri

et al. (2015a, b)
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Fig. 14 PDC invasion
hazard maps based on the
areal size distributions and
vent opening probability
maps of Bevilacqua et al.
(2017). Contours and colours
indicate the mean percentage
probability of PDC invasion
conditional on the occurrence
of an explosive event

a originating inland in the
western sector, b originating
inland in the eastern sector. ¢,

PDC originating in the
western sector

a) o 2km

PDC originating in the eastern sector

mean
value

35%-
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cl, ¢2 show the temporal

PDC invasion hazard map PDC hazard estimates
assuming that in AD 1538 the
volcano entered a new
eruptive epoch and including
the possibility of a sequence
of multiple events in this time
period. Maps in ¢l and ¢2
show the 5th and 95th
uncertainty percentiles of the
distribution by using the same
colour scales. Figure modified
after Bevilacqua et al. (2017)
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wider inundation footprints with a general
increase of probability values of about 2%. The
uncertainty range on invasion probabilities inside
the caldera typically was between =+15 and
435% of the local mean value, with an average
of about £25%; wider uncertainties were
found outside the caldera, with an average

above £50% and a significantly larger variability
from place to place (Fig. 13).

Tierz et al. (2016) compared eighteen PDC
deposits of CFc with a statistical sample of cur-
rents modelled testing again with the energy cone
model, following a similar approach to Lirer et al.
(2001). In particular, the authors compared
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invaded area, maximum runout, and frequency of
PDC arrival. The initial height and the energy
cone angle were sampled according to a truncated
exponential and a uniform probability distribu-
tion, respectively. These distributions were
assumed to be independent. The average initial
height was obtained from models of eruptive
column height, assuming that the 95th percentile
of the exponential was equal to the gas thrust
height. The energy cone angle range was col-
lected from values found in literature. The authors
concluded that, although the energy cone model
seemed able to capture the maximum runout for
several events, there were circumstances in which
it struggled to accurately reproduce past PDC
deposits. This was usually related to PDC that
became strongly channelled despite modest
topography (Aravena et al. 2020). It is worth
noting that fully 3D simulations of the multiphase
flow model clearly showed that column collapse
height is almost irrelevant in the determination of
PDCs runout and intensity (Esposti Ongaro et al.
2007, 2008, 2020; Neri et al. 2007, 2021). This
observation is consistent with results of integral
inertial models and fieldwork evidence (Tadini
et al. 2021), but it contrasts the results of the
models based on the energy-line approach.

New long-term PDC invasion hazard maps for
the CFc (Fig. 14) were produced by Bevilacqua
et al. (2017), based on the vent opening proba-
bility of Bevilacqua et al. (2015) (Fig. 8), the
density distribution of PDC invasion areas
(Fig. 9), the integral inertial PDC propagation
model of Neri et al. (2015a, b), and the temporal
model of Bevilacqua et al. (2016). The authors
further evaluated the effects of key epistemic
uncertainty sources affecting the hazard assess-
ments. This study had several results. (i) The
separate analysis of the eruptive record in the
western and eastern sectors of the caldera pro-
duced a significant shift of the higher probability
values toward the east, with an increase of ~5%
of the peak probability and of ~3% of the
chance for a PDC to overcome the NYT caldera
boundary toward the city centre of Naples. Vice
versa, the hazard levels were significantly
reduced on the western sector of the caldera
(Fig. 14a, b). (ii)) Major differences were
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highlighted between a map generated by con-
sidering all the scales up to a given PDC invasion
area, and one generated assuming a specific PDC
invasion area (i.e., conditional to the occurrence
of a PDC of a given size). (iii) Given the
assumption that each vent was inside one of the
zones in which the CFc was subdivided, a PDC
originated in the Agnano zone would have about
three times more chance to overcome the Posil-
lipo Hill than one starting in the Astroni zone. In
contrast, the area subject to significant PDC
invasion probability was strongly reduced when
assuming a PDC originating from the Averno
zone. (iv) The temporal model enabled the pro-
duction of hazard maps under the assumption
that in AD 1538 the volcano entered a new epoch
of activity (Fig. 14c). The effect of a sequence of
multiple events in the given time frame was
explored. The outcomes showed that the entire
caldera had a mean hazard of flow invasion
above 1% in the next 10 years and above 5% in
the next 50 years (although significantly larger
values were estimated in the central-eastern part
of the caldera, i.e., 5% and 25%, respectively).
Without the assumption that the CFc in AD 1538
entered a new eruptive epoch, the hazard esti-
mates were about three to four times lower.
These results are being currently improved by
using more advanced numerical models and
Monte Carlo sampling techniques (Bevilacqua
et al. 2019a).

The most recent attempt to construct a PDC
hazard map of the CFc has been performed by
Sandri et al. (2018) who developed a multi-
source hazard mapping for PDC invasion over
the metropolitan area of Naples. The authors
considered both Campi Flegrei and Somma-
Vesuvio, and accounted for both aleatory vari-
ability and epistemic uncertainty, similarly to
Neri et al. (2015b) and Bevilacqua et al. (2017),
but using the energy cone approach. In detail,
they implemented a complete probability
assessment, with a Bayesian Event Tree struc-
ture. They based the temporal rate on the model
of Bevilacqua et al. (2016), but re-ran it on a
reconstruction of the last 40 kyrs record. Con-
cerning the eruption scale, the authors adopted,
like Sandri et al. (2016), a power law for the total
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mass erupted by explosive events, constrained
with the size classes of Orsi et al. (2009). The
uncertainties on column collapse height and
energy cone angle were consistent with the
evaluations of Tierz et al. (2016), but the authors
explored various correlation structures linking
the two parameters, instead of assuming them as
independent variables. The authors found that the
uncertainty associated with this correlation (i.e.,
direct or inverse) was the major source of
uncertainty in their approach to produce hazard
maps. According to this study, the maximum
probability of PDC invasion in the next 50 years
was about 7% (mean value) and ranged between
4 and 9% (assumed as 80% confidence interval),
in the central-eastern part of the caldera. The
mean probabilities of PDC arrival in the centre of
the city of Naples were around 1% and 0.01-2%.
The authors also tested the chance of arrival of a
PDC originating under the sea, following a lin-
early decreasing probability of occurrence given
an eruption, similar to Tonini et al. (2015). The
obtained results showed that the changes in the
probability maps were negligible.

4 Hazards Indirectly Related
to Magmatism and Volcanism

In addition to the hazards directly related to
volcanism, summarised in Sect. 3.4, geological
and geomorphologic setting, along with the
consequences of millenary human settlement
(Orsi et al. 2003; Chap. The Urban Development
of Campi Flegrei, Italy) expose the CFc to sev-
eral hazards indirectly induced by magmatism
and volcanism. The recent and ongoing short-
term unrest episodes are also accompanied by
seismicity as synthesised in Chaps. The
Permanent Monitoring System of the Campi
Flegrei Caldera, Italy; Historic Unrest of the
Campi Flegrei Caldera, Italy; Source Modelling
from Ground Deformation and Gravity Changes
at the Campi Flegrei Caldera, Italy. Seismicity
occurs during the uplifting phases of these epi-
sodes, while is almost absent during subsidence.
The higher the uplift rate, the stronger and more
frequent the seismicity has been in the last
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decades. The most intense detected shocks since
the 1960s occurred in 1983-1984 and had max-
imum magnitude of 4.0—4.2 according to differ-
ent estimates (Branno et al. 1984; Barberi et al.
1984; De Natale and Zollo 1986; Orsi et al. 1999;
Chap. Historic Unrest of the Campi Flegrei
Caldera, Italy). Their intensity reached maximum
values in the Pozzuoli area, and decreased within
the caldera lowland that includes the western
portion of Naples, and the towns of Pozzuoli,
Quarto and Bacoli.

Soft-sediment deformation is reported at var-
ious times in the history of the caldera. Orsi et al.
(1992) report diapir-like deformation with intru-
sion of several metres of ash beds within the
NYT sequence up to 15 km from Campi Flegrei.
They interpreted these features as due to lique-
faction of ash layers into fluid masses generated
by syn-eruptive earthquakes likely associated to
activation of the caldera faults. Vitale et al.
(2019) reported evidence of seismically induced
soft-sediment deformation in the central area of
the CFc. They surveyed several soft-sediment
structures including sand dikes and sand volca-
noes, largely dated between 4.6 and 4.3 ka. They
envisaged that the marine-transitional sands of
the La Starza unit, when subject to seismic
shaking, could go through liquefaction processes.
The evidence of liquefaction processes increases
the seismic hazard during pre-eruptive, syn-
eruptive and, if any, post-eruptive phases even
at a long distance from CF.

Episodes of increased unrest at calderas could
be accompanied by release of great quantities of
CO, and other toxic gases, either impulsively or
for a prolonged time (Le Guern et al. 1982;
Williams-Jones and Rymer 2015). Cold CO, is
heavier than atmospheric air, and its dispersion is
related to both relative temperature and weather
conditions (Costa et al. 2005). In CFc, the Sol-
fatara crater is a main source of diffuse CO,
degassing (Chiodini et al. 2001, 2003, 2010;
Caliro et al. 2007; Cardellini et al. 2017). Gran-
ieri et al. (2013) estimated that the annual emis-
sion of natural CO, from the Solfatara crater led
to a significant air CO, concentration in part of
the urban area of Naples, although lower than
recommended health protection thresholds. The
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current unrest was accompanied by a significant
increase in CO, flux localised in Pisciarelli area
(QueiBler et al. 2017; Tamburello et al. 2019).
Although the case of a strong explosive sce-
nario in deep water conditions is unlikely, the
opening of an eruption vent underwater has been
considered a possible event at CFc by Selva et al.
(2012a) and Bevilacqua et al. (2015). Paris et al.
(2019) produced a probabilistic hazard analysis
of tsunami generated by subaqueous volcanic
explosions related to the opening of a new
eruption vent offshore. They considered a 1.5 km
spaced grid of 17 different sites in the underwater
part of the caldera, weighted according to the
map of Selva et al. (2012a). Thus, they simulated
(with a fully nonlinear Boussinesq model) the
generation and propagation of the consequent
tsunami waves able to reach the coasts of the
Campania region for all the combinations of
tsunami-generating vent sites and sizes. Results
of the study showed highest hazard along the
coasts of the Pozzuoli Bay that are in the immi-
nent vicinity of the explosion centres. In a sce-
nario with 650 m vent radius, maximum wave
heights at the coast exceeded 3 m only in the
Pozzuoli Bay and the eastern coast of the Procida
Island. Secondary peaks of wave heights are
obtained on the western coast of the Sorrento
Peninsula and eastern coast of Capri Island.
Instead, with a vent radius of 900 m, wave
heights were in excess of 10 m, and with a vent
radius of 200 m, they were 1-2 m high at most.
The excavation of many quarries adds further
complexity to the geomorphic setting of the
Neapolitan-Phlegracan area, with its steep cal-
dera walls and variably preserved monogenetic
volcano morphologies within a flat area inside
the NYT caldera. These facilitate mass move-
ments along slopes. A synthesis of these mass
movements and relative hazard and risk is pre-
sented in Chap. Landslide Hazard and Risk in the
Campi Flegrei Caldera, Italy. The various types
of movements depend upon the lithological
characteristics of the slopes along which they
occur. Falls and topples occur along slopes made
up of tuffs or lavas, while slides and flows
develop along slopes composed of loose pyro-
clastic deposits. The former two phenomena
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mostly occur along the high-angle scarps of the
CFc, the wave-cut cliffs of the Posillipo Hill, and
the vertical walls of quarries. These gravitational
movements are favoured by wind and sea erosion
on highly fractured tuffs. Slides and flows
mobilise the loose pyroclastic deposits mantling
the high-angle slopes of the caldera walls and the
flanks of both volcanic edifices and valleys. They
occur during heavy rain periods and mobilise
loose material blankets generally thinner than
1 m. The volume of slide material generally does
not exceed few hundreds cubic metres.

5 Short-Term Assessment
of Volcanic Hazard

CFc is one of the most monitored volcanoes in
the world (see Chap. The Permanent Monitoring
System of the Campi Flegrei Caldera, Italy), and
the main monitored parameters can be divided in
three groups: seismic, geodetic, geochemical.
A significant uncertainty affects any forecasting
effort based on the registered information,
because previous pre-eruptive data for CFc to
train with are very scarce. Few attempts have
been made for the only historical eruption of the
caldera: Guidoboni and Ciuccarelli (2011) sys-
tematically analysed historical documents; Di
Vito et al. (2016) exploited the historical,
archaeological and geological record to estimate
the ground deformation before the eruption; Di
Napoli et al. (2016) investigated the related off-
shore degassing. Interaction of the magmatic and
hydrothermal systems complicates the interpre-
tation of detected signals. Finally, caldera unrest
may produce intense signals not followed by an
eruption, and, at the same time, the final pre-
cursory signals before the eruption may be sig-
nificantly weaker than those registered during the
unrest phase (e.g., Newhall and Dzurisin 1988a,
b; Acocella et al. 2015).

Crucial observations in the final pre-eruptive
phase include the acceleration in the seismic count,
and in the rate and pattern of ground deformation.
The Real-time Seismic Amplitude Measurement
may become particularly relevant when intense

seismic activity hinders event counting.
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Moreover, the detection of acid gasses like HF,
HCI, SO, in the fumaroles, and the opening of new
hydrothermal vents is an additional critical ele-
ment (Caliro et al. 2014; Chap. The Hydrothermal
System of the Campi Flegrei Caldera, Italy).
Variation in the geometry of the deformation, such
as migration of the zone of maximum uplift lead-
ing to a bimodal profile, would represent a fun-
damental clue of the magmatic intrusion at shallow
depth, but it was never detected in the CFc
(Corrado etal. 1977; Berrino et al. 1984; Orsi et al.
1999; Del Gaudio et al. 2010; De Martino et al.
2014, 2020; Bevilacqua et al. 2020a).

The temporal evolution of the system is
characterised by the greatest uncertainty. Unrest
signals may persist for months/years before an
eruption, but clear evidence of an incoming
eruption may become detectable only few
days/hours before the actual event. Large-scale
variations historically recorded before the AD
1538 eruption suggest decade-long unrest, with a
final phase of a couple of months of strong
seismicity and a rapid uplifting of the vent
opening area only a few hours before the erup-
tion onset. This extremely long and intense
unrest resulted in a relatively small eruption
(Guidoboni and Ciuccarelli 2011; Di Vito et al.
2016 and references therein). Evidence of fast
magma mixing and ascent has been found
through geochemical and isotope-geochemical
investigations of the products of recent eruptions
(i.e., Monte Nuovo, Astroni 6, Averno 2). The
results of these studies also suggest time intervals
of tens of hours to few days from injection of a
new magma batch in the shallow reservoir, with
related mixing, to the eruption (e.g., Rutherford
2004; Perugini et al. 2010; Chaps. An
Evolutionary Model for the Magmatic System
of the Campi Flegrei Volcanic Field (Italy)
Constrained by Petrochemical Data; Origin and
Differentiation History of the Magmatic System
Feeding the Campi Flegrei Volcanic Field (Italy)
Constrained by Radiogenic and Stable Isotope
Data; Rheological Properties of the Magmas
Feeding the Campi Flegrei Caldera (Italy) and
Their Influence on Mixing Processes; Magma
Chamber Dynamics at the Campi Flegrei
Caldera, Italy).
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Selva et al. (2012b) developed an event tree
for the volcanic unrest of the CFc through a five-
years long investigation that involved over 30
researchers, including experts in geophysical
monitoring, fluid geochemistry, and in the vol-
canic history of the CFc. Node 1 of the tree
evaluated if the caldera is in state of unrest or
quiescence. Node 2 evaluated if the unrest is
driven by a magmatic process. Node 3 evaluated
the occurrence of a volcanic eruption in the fol-
lowing month. Different signals and Boolean
observations were recognised to be crucial in the
estimation of the probabilities at each node.
Seismic signals were present in every node, the
involvement of magma was recognised from the
depth and waveforms of earthquakes, and the
approaching of an eruption was associated with a
significant acceleration in the seismic activity.
Application of this event tree analysis resulted in
~40% probability of eruption in August 1983,
during the major 1982-1984 unrest episode, and
up to ~10% probability of eruption during the
later minor uplift episodes. Currently efforts are
being made for a real-time updating of vent
opening maps through merging the long-term
information with the short-term localisation and
careful spatial-interpolation of the signals (e.g.,
Selva et al. 2015; Patra et al. 2019; Sandri et al.
2020).

Macedonio et al. (2014) hypothesised that the
intrusion of a sill can be responsible for the
dynamics observed during unrest at calderas, and
developed a dynamic model of sill intrusion in a
shallow volcanic environment. The model is
based on the numerical solution of the equation
for the elastic plate, coupled with a Navier—
Stokes equation for simulating the dynamics. The
stress field produced by the intrusion is mainly
concentrated in a circular zone that follows the
sill intrusion front (D'Auria et al. 2015; Giudi-
cepietro et al. 2016, 2017; Chap. Source
Modelling from Ground Deformation and
Gravity Changes at the Campi Flegrei Caldera,
Italy).

Amoruso et al. (2014a, b) interpreted the
deformation history of the CFc in the periods
1980-2010 and 2011-2013 as a consequence of
paired deformation sources. In particular, a


http://dx.doi.org/10.1007/978-3-642-37060-1_9
http://dx.doi.org/10.1007/978-3-642-37060-1_9
http://dx.doi.org/10.1007/978-3-642-37060-1_3
http://dx.doi.org/10.1007/978-3-642-37060-1_3
http://dx.doi.org/10.1007/978-3-642-37060-1_3
http://dx.doi.org/10.1007/978-3-642-37060-1_3
http://dx.doi.org/10.1007/978-3-642-37060-1_4
http://dx.doi.org/10.1007/978-3-642-37060-1_4
http://dx.doi.org/10.1007/978-3-642-37060-1_4
http://dx.doi.org/10.1007/978-3-642-37060-1_4
http://dx.doi.org/10.1007/978-3-642-37060-1_4
http://dx.doi.org/10.1007/978-3-642-37060-1_6
http://dx.doi.org/10.1007/978-3-642-37060-1_6
http://dx.doi.org/10.1007/978-3-642-37060-1_6
http://dx.doi.org/10.1007/978-3-642-37060-1_7
http://dx.doi.org/10.1007/978-3-642-37060-1_7
http://dx.doi.org/10.1007/978-3-642-37060-1_7
http://dx.doi.org/10.1007/978-3-642-37060-1_11
http://dx.doi.org/10.1007/978-3-642-37060-1_11
http://dx.doi.org/10.1007/978-3-642-37060-1_11
http://dx.doi.org/10.1007/978-3-642-37060-1_11

Volcanic Hazard Assessment at the Campi Flegrei Caldera, Italy 343

8) - Background seismicity | | | ]
i i|© Ground displacement | !

I
o

1

-
[=]

vertical displacement (cm)
= 2

i 200

250

number of seismic events

10 20 30 40
Vertical displacement (cm)

d) ® annual mean

number of seismic events

2012

2008

Fig. 15 Background seismicity compared with other
observations. a Chronogram of the cumulative back-
ground seismicity (orange dots) and vertical ground
displacement at the RITE GPS station at Rione Terra,
Pozzuoli. b Chronogram of the cumulative background
seismicity (orange dots) and fumarolic CO/CO, ratios.

quasi-horizontal, northwest-southeast elongated
crack, embedded in an elastic layered half-space
at a depth of about 3,600 m, satisfies large-scale
deformation. Residual deformation is confined to
the area of the Solfatara fumarolic field and sat-
isfied by a small spheroid located at about
1,900 m depth. All source parameters but vol-
ume change are constant over time. A synthesis
of the hypotheses proposed on the source of the
recent short-term deformation events is presented
in Chap. Source Modelling from Ground
Deformation and Gravity Changes at the Campi
Flegrei Caldera, Italy.

In general, although uncertain until the last
hours, the approach of an eruption is believed to
be associated with a substantial acceleration in
the unrest signals (Chiodini et al. 2016; Kilburn
et al. 2017). Chiodini et al. (2017a) studied the
inter-event times of the post-2000 seismicity at
the CFc and distributed it into different popula-
tions. The low inter-event times population rep-
resented swarm events, while the high inter-
arrival times population marked background

2016

4 5 6
COICO,(x 10F)

¢ Binary plot of the cumulative background seismicity vs.
the vertical ground displacement at the RITE GPS station.
d Binary plot of the cumulative background seismicity vs.
the fumarolic CO/CO, ratio (the magenta dots refer to
annual mean values of both CO/CO, ratio and seismicity).
Figure modified after Chiodini et al. (2017a, b)

seismicity. The background seismicity was found
to increase at the same rate of the ground uplift
and of the concentration of the fumarolic gas
species more sensitive to temperature (Fig. 15).
The authors proposed that the whole sequence of
the CFc unrest episodes since 1950 belongs to a
single evolutionary trend of accumulating stress
and crustal damage, and that the continuation of
the trend will favour the progressive approach to
eruptive conditions. After 2016 the rate of seis-
micity, both in terms of event count and strain
release, sped up faster than the rate of ground
displacement (Bevilacqua et al. 2020c). De Siena
et al. (2017) studied the seismic source locations
and waveform attenuation of earthquakes in the
CFc during the 1983-1984 unrest episode, con-
straining a 4-4.5 km deep northwest-southeast
striking aseismic zone of high attenuation off-
shore Pozzuoli, a 3-4 km deep reservoir of
supercritical fluids under Pozzuoli, and a shal-
lower aseismic deformation source under Solfa-
tara. They showed that the high attenuation
domain controlled the largest monitored seismic,
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deformation, and geochemical unrest at the cal-
dera (Chiodini et al. 2012, 2015).

Giudicepietro et al. (2021) analysed the two
episodes of seismicity and gas emission that
occurred on October 7, 2015 (My max = 2.5) and
December 6, 2019 (M4 max = 3.1) also in terms
of ground displacement rates before and after the
episodes. They interpreted these as examples of
repeated volcanic and (or) hydrothermal system
pressurisation that culminate in injection of fluids
along a conduit-like path (Chiodini et al. 2017b;
Giudicepietro et al. 2019) which behaves as a
valve that allows fluids discharge and temporary
depressurisation of the source region. The CO,
flux from the main Pisciarelli fumarolic field has
increased by a factor > 3 since 2012, reaching in
2018-2019 levels that are comparable to those
typical of a medium-sized erupting arc volcano
(QueiBer et al. 2017; Tamburello et al. 2019).

Bevilacqua et al. (2020b) described a first
assessment of the “failure time” on present-day
unrest signals at the CFc based on the horizontal
deformation data collected between 2011 and
April 2020 at eleven GPS stations. In particular,
they applied a probabilistic approach that
enhanced the well-established failure forecast
method of Voight (1988) by incorporating a
stochastic noise in the linearised equations and a
property to constrain it
(Bevilacqua et al. 2019b). The new formulation
enabled the processing of decade-long time
windows of data, including the effects of vari-
able dynamics. The “failure time” is realised
when the system will reach a critical state if the
accelerating trend observed in the monitoring
signals will not change in the future. The pos-
sibility for false alarms is not eliminated by this
method, and included in this category is the
“arrested” (or failed) eruption, in which the
volcano displays the precursory symptoms typ-
ical of an eruption, but does not culminate with
magma reaching the surface (Cornelius and
Voight 1995). This is a phenomenon typical of
restless calderas (Acocella et al. 2015). Based on
the assumption that the trends observed in the
last several years will continue in the future,
Bevilacqua et al. (2020b) provided temporal
forecasts, with uncertainty quantification, of a

mean-reversion

A. Bevilacqua et al.

range of failure times (possibly indicative of
eruption times). The probability density function
of a failure time had peaks of about 12% mean
probability per year, and 95th percentile values
that can reach 25-30% probability per year
(Fig. 16). The analysis of the data of the four
GPS stations showing greatest displacement
values produced failure time probabilities of 31—
36% in 5 years, 60—64% in 10 years, 92-94% in
25 years. However, the interpretation of the
failure time as the onset of a volcanic eruption is
speculative in caldera systems (Kilburn 2018).
Different types of signals can produce different
forecasts, and the same type of signals recorded
in different locations can produce different
results (Bevilacqua et al. 2020c). Moreover,
these results relied on long-term trends regis-
tered across multiple years. It is worth men-
tioning that future variations in monitoring data
could either slow down the increasing trends so
far observed, or speed them up. Moreover, to
model any short-term trend, an appropriate time
window should be selected.

6 Main Outcomes and Future
Implications

The Campi Flegrei caldera (CFc) hazard assess-
ment is complex, although the many studies
carried out through time have produced some
likely scenarios and probabilistic estimates in
case of renewal of volcanism in short-mid-terms
largely shared by the scientific community, and
summarised in the following.
Astroni-Agnano-Solfatara is the most proba-
ble area in which a vent will open, while the
Averno-Monte Nuovo is the second most prob-
able one. In general, the vent could open over a
region at 2-3 km from the centre of the NYT
caldera, although not symmetrically distributed,
but most likely occurring in its central-eastern
portion. However, a significant uncertainty
affects these results, and a non-negligible vent
opening probability spreads over the whole cal-
dera. Moreover, multiple vents opening at the
same time cannot be ruled out. The information
arising from the monitoring network will likely
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constrain the vent opening location to a specific
area, although it is not possible to foresee how
long before the eruption onset.

The eruptions of the CFc, excluding the
caldera-forming events, have ejected volumes of
magma up to 1 km® DRE. However, only four
over a total of seventy events have been large
eruptions, and the probability that the next
eruption will be of medium or smaller size
(ie., <0.1 km® volume of magma DRE) is
~95%. Larger size and more frequent eruptions
tend to be localised in the central-eastern portion
of the NYT caldera. The inter-event times of
volcanic eruptions span from a few years to
thousands of years between two subsequent
epochs of activity. Inside the epochs, the mean
recurrence time is tens of years, but their time
sequence is not Poissonian and temporal clusters
are evident. However, once these clusters are
considered and modelled, the system appears to
have followed a self-consistent behaviour in the
last 15 kyrs with the eruptions of the past 5 kyrs
as a representative sample of all those occurred
after 15 ka.

The next eruption can be either effusive or,
more likely, explosive, and the hazards that it will
generate depend upon its style. An effusive
eruption could produce extrusion of a lava dome
and/or lava flows. An explosive eruption could be
in the range from a phreatic to a Plinian event.
The most expected hazards from renewal of
explosive volcanism at CFc, corresponding to
those with the highest impact on environment and
humans, are therefore PF and PDCs. It is worth
noting that the winds blow more frequently from
west to east, with a more pronounced effect
shown by the stratospheric winds above 10—
11 km. This means that a volcanic eruption will
have higher probability to produce a deposit
towards east and this probability depends on the
column height. PF deposits in excess of
300 kg/m? can affect most of the caldera and the
city of Naples with more than 10% probability, as
well as the territory that extends for tens of kilo-
metres to the northeast of the CFc, with more than
1% probability, given an eruption.
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The entire caldera has the potential to be
affected by PDC invasion with mean probability
above ~30% in the central-eastern, and above
~50% in Agnano area. However, the high-angle
slopes of the caldera morphological boundary tend
to act as barriers for small PDC. Nevertheless,
these barriers can be overcome in case of large
PDC and/or if the eruptive vent lies close to the
caldera boundary. Thus, invasion probabilities of
~5-10% have been estimated for the urbanised
areas along the eastern slopes of the Posillipo Hill.

In conclusion, probability hazard assessment is
particularly complex for CFc due to the sparse
location of potential vents and the large variability
of eruption styles and sizes that cannot be, at the
present time, effectively constrained by monitor-
ing signals. CFc may persist in state of unrest for a
long time (decades?), periodically displaying
precursor signals that would likely lead a central
volcano to eruption. At the same time the possi-
bility of an eruption, with clear pre-eruptive sig-
nals only occurring short before the event cannot
be ruled out. Nevertheless, volcano monitoring
may likely improve the estimates of the proba-
bility of vent opening and weather forecasts can
constrain the wind field in the near future. From
this point of view, the PF and the PDC hazard
maps should be regarded as a dynamical tool to be
used by decision makers for both long-term land-
use zoning of volcanic areas and short-term risk
analysis, such as managing volcano crises. These
reasons increase the importance of having a robust
and flexible hazard model based on the past
behaviour of the volcano as well as on all other
monitoring and modelling information.

Large part of the analyses and thematic maps
presented in this chapter have been used, together
with vulnerability and socio-economical infor-
mation, by the Italian Civil Protection Depart-
ment of the Presidency of the Council of
Ministers for the evaluation of risk scenarios and
the elaboration of the National Emergency Plan
of the CFc (www.protezionecivile.it).
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