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Abstract

At Campi Flegrei caldera, volcanic unrest hazards during 1982–1984 caused significant building damage and
led to the evacuation of over 40,000 residents in the central town of Pozzuoli. Past hazard assessments in this
region have focused on eruption hazards rather than on hazards from volcanic unrest. In this study, we
developed a hypothetical unrest hazard scenario applied to three locations within Campi Flegrei caldera:
Pozzuoli, Agnano and Baia. We also collated GIS exposure datasets and used vulnerability models of building
and road damage to carry out an impact assessment for future volcanic unrest at these three test locations.
The resulting impact maps provide useful insight into the effects future unrest could have on businesses,
buildings and livelihoods within Campi Flegrei.
The impact maps show that, depending on the location of unrest, evacuations associated with future unrest
may involve displacement of large numbers of residents, and significant damage to buildings and
infrastructure. The Agnano scenario is associated with the greatest impact and involves the potential
evacuation of 136,000 people and damage to about 2400 buildings, with up to 200 km of roads and 17 km of
high-voltage electricity network also exposed. Agnano also lies between Naples and the rest of Campi Flegrei,
so that damage to infrastructure may trigger a cascade of obstacles to managing evacuations and repairs
during an emergency. The results highlight how a simple impact assessment can be used to explore the
possible effects of future unrest hazard, and the importance of considering scenarios in which renewed
ground uplift is not necessarily focused beneath Pozzuoli.
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Introduction
About 20 large calderas show episodes of volcanic un-
rest each year (Newhall and Dzurisin 1988; Acocella
et al. 2015). The range of hazards they produce is
similar to that from unrest at volcanoes in general.
However, whereas general volcanic unrest commonly
occurs for months or less, unrest at large calderas

can continue for years or more (Phillipson et al.
2013; Potter et al. 2015; Acocella et al. 2015). Even
without an eruption, therefore, caldera unrest can sig-
nificantly disrupt the livelihoods of local residents and
regional economies (Barberi et al. 1984; Johnston
et al. 2002; Potter et al. 2015; Longo 2019).
The hazards from unrest include volcano-tectonic

(VT) seismicity, ground uplift, hydrothermal explo-
sions, the opening of faults and fractures, increased
degassing and landslides (Newhall and Dzurisin 1988).
They may cause severe physical damage to buildings,
transportation networks and critical infrastructures,
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such as electricity, water and telecommunications net-
works (Barberi et al. 1984; Mader et al. 1987; John-
ston et al. 2002). Such damage, in turn, may induce
significant economic loss through business interrup-
tion (Hughes and Healy 2014), decreases in property
values and increases in insurance premiums (Kuester
and Forsyth 1985; Benson 2006). In addition, tourism
and the revenue it brings can also be affected. Tourist
income dropped significantly at Long Valley Caldera
in the US during 1978–1983 unrest period (Blong
1984) and at Taupō caldera in New Zealand during
1964 (Johnston et al. 2002). When extended evacua-
tions are necessary, the impacts of unrest are exacer-
bated by restrictions on effecting repairs (Deligne
et al. 2017) and by uncertainty and fear amongst local
communities (Longo 2019), often fuelled by ambigu-
ous and sensational media reports (Blong 1984; Low-
enstein 1988; Johnston et al. 2002; Benson 2006). The
latter was experienced by communities at Rabaul cal-
dera in Papua New Guinea, where unrest between
1983 and 1985 and subsequent media attention
caused losses estimated at over US$22.2 million (Low-
enstein 1988). This was primarily due to a fall in
property values, increases in seismic risk levies on in-
surance premiums and 10,000 people being evacuated
(Kuester and Forsyth 1985; Benson 2006).
Scenarios are stories about how the future events

might occur, aimed to stimulate conversations be-
tween a diverse range of stakeholders. Based on clear
assumptions about key deterministic relationships,
scenarios describe plausible futures that are intended
to be explored, discussed and debated. Strong et al.
(2020) suggest they are important for supporting cre-
ative thinking about possible futures, rather than
attempting to accurately predict individual outcomes.
Realistic disaster scenarios are commonly used in the
insurance industry to assess losses from specific haz-
ardous events (Mitchell-Wallace et al. 2017). Scenar-
ios and impact assessments are also used in the
Disaster Risk Reduction (DRR) setting by emergency
managers, Non-Governmental Organisations and the
scientific community to explore the range of possible
impacts from volcanic eruptions (e.g. Hayes et al.
2020; Kaye et al. 2009; Zuccaro et al. 2008). Whilst
these examples primarily consider hazards related to
eruptions, very few consider the effects of volcanic
unrest. Blake et al. (2017) evaluated the impacts of a
scenario of unrest and eruption in the Auckland Vol-
canic Field, New Zealand, on transportation networks
in Auckland for use by local decision makers. A com-
panion study by Deligne et al. (2017) demonstrated
how the same scenario can impact the electricity net-
work in the city. They discovered that volcanic unrest
could lead to more disruption to transportation and

greater numbers of evacuees compared to hazards
from an eruption itself, owing to scientific uncertainty
in evaluating possible outcomes and the longer length
of the unrest. Clearly, the impacts of unrest hazards
are not to be underestimated, especially in highly
populated volcanic settings where disruption could
continue for long periods. In this context, impact can
be simply defined as the outcome of the interaction
of a hazard and an asset (Panza et al. 2011). Human
impact measures the outcome of the interaction be-
tween a hazard of a given intensity and the personal,
community and societal factors implemented to cope,
adapt, and recover from hazard effects (Paton et al.
2013).
In Campi Flegrei, a large caldera in Southern Italy,

hazards from volcanic unrest and associated evacua-
tions during the 1970s and 1980s caused significant
disruption to livelihoods mainly within the largest
town within the caldera, Pozzuoli (Barberi et al.
1984; Longo 2019). A risk perception survey carried
in the region found that survey respondents consid-
ered unrest hazards more serious threats compared
to the threat from eruptive phenomena (Ricci et al.
2013). Despite this, there has been limited research
investigating what could happen if similar unrest ep-
isodes at Campi Flegrei occur now or in the future.
In order to understand more about future unrest at
Campi Flegrei, we present a new set of impact maps,
exploring the potential effect of hazards from non-
eruptive unrest on the population and built assets in
Campi Flegrei. Our aim was to develop a single real-
istic unrest scenario that incorporated likely unrest
hazards and then apply this in three different areas
around the caldera developing individual impact
maps. To do this, we created a new GIS database of
the spatial distribution of potentially exposed assets
across the caldera and then assessed the spatial in-
teractions between a hypothetical unrest hazard sce-
nario and these assets and where possible, asset
vulnerability, in the three selected areas within
Campi Flegrei.

Volcanic unrest and the volcanic hazard
management context at Campi Flegrei caldera

Twentieth century unrest at Campi Flegrei
The Campi Flegrei caldera, provides a classic ex-
ample of how unrest can have a large impact on
local communities. About 12 km across, its eastern
margin overlaps with the suburbs of Naples and
it has erupted at least 60 times since the Neapolitan
Yellow Tuff caldera forming eruption 15,600 years
ago (Fig. 1). Since 1950, it has been in intermittent
unrest in the form of caldera-wide uplift, which has
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been largest in the coastal town of Pozzuoli, near
the centre of the caldera, and VT seismicity at
depths of 4 km or less. Major uplifts occurred in
1950–51, 1969–72 and 1982–84 (Del Gaudio et al.
2010). These cumulatively raised Pozzuoli by more
than 4 m and, in the two more recent cases, trig-
gered mass evacuations from Pozzuoli of some 40,
000 people (Barberi et al. 1984). Following a slow
subsidence at Pozzuoli by 0.5 m between 1984 and
2000, a slow uplift had raised the town to its 1984
level by 2016 (Kilburn et al. 2017; Troise et al.
2019). In 2016, the caldera was home to 350,000
people, an increase of 16% since the 1982–84 unrest
episode (ISTAT 2016).

These uplifts are the first to have occurred in more
than four centuries and suggest that the caldera is
responding to a new disturbance in the magmatic sys-
tem. Debate continues about how much of the uplift can
be attributed to the intrusion of magma at depths of
about 3 km (Kilburn et al. 2017), the accumulation of
magmatic gases from depth (Bodnar et al. 2007; Lima
et al. 2009), or disturbances in the flow of shallow
hydrothermal fluids (Troiano et al. 2011). In all cases,

they appear to belong to a single, evolving sequence of
long-term disturbance that continues today (Kilburn
et al. 2017).

Volcanic unrest of 1982–84
The most disruptive episode occurred during 1982–
84, with the largest earthquake (magnitude 4.2) and
amount of uplift occurring (1.8 m: Berrino et al. 1984;
Pingue et al. 2011). Just after the magnitude 4.2
earthquake on October 4th, 1983, commerce in the
main town of Pozzuoli came to a standstill and
schools and some public offices closed. The harbour
could not be used and life within the town was dis-
rupted with on-going seismicity that could be felt by
residents. In the days following, nearly 40,000 resi-
dents were evacuated from the central town of Poz-
zuoli because the seismic hazard was judged to be
too high to ensure the safety of most buildings (Bar-
beri et al. 1984). On November 7th 1983, the central
government approved a plan to construct 5000 apart-
ments in the area of Monte Ruscello, 5 km northwest
of Pozzuoli, to be used by people whose homes had
been severely damaged. The evacuation and

Fig. 1 a. Location map of Campi Flegrei caldera. The rim of the caldera associated with the last caldera collapse 15.6 ka BP (Neapolitan Yellow
Tuff eruption; Barberi et al. 1991) is represented by the hash lines. The location of the 61 past vent locations are shown by the white circles
(Smith et al. 2011) and the town of Pozzuoli by a black circle. b. The location of Campi Flegrei within Italy. Background data obtained from
google maps
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disruption caused significant psychological distress
amongst residents and workers in Pozzuoli and
Monte Ruscello (Maj et al. 1989; Bland et al. 2005).
Seismicity and ground deformation began to subside
in late November 1983, and the emergency had
cleared by 1984. In total, the earthquakes and associ-
ated ground movement caused major damage to at
least 70 buildings and disrupted the livelihoods of nu-
merous businesses in Pozzuoli (Barberi et al. 1984;
Branno et al. 1984).

Volcanic hazard and risk management context
The Italian National Department of Civil Protection
(DCP) is the main agency responsible for the commu-
nication of volcanic hazard and risk at Campi Flegrei.
As of 2020, one official hazard map has been pub-
lished; an emergency plan is yet to be operational.
The hazard map encompasses the whole caldera and
is based on at least 15 assessments of eruptive hazard
(DCP 2014). However, the awareness and understand-
ing of volcanic hazard remains low in this region
(Davis et al. 2005; Ricci et al. 2013; Avvisati et al.
2019). There has been very little knowledge of any
emergency plan in development within the general
population (Ricci et al. 2013). This highlights the
need for more effective and co-developed communica-
tion strategies helping communities prepare for the
impacts of volcanic activity. New strategies to im-
prove communications are now being developed at
the Comune level (Comune di Napoli 2019).
Within the scientific community, physical science

research has focussed on improving understanding of
the hazards of an actual eruption (Alberico et al.
2002, 2011; Bevilacqua et al. 2012, 2015, 2017; Mas-
trolorenzo et al. 2006; Neri et al. 2015; Orsi et al.

2004, 2009; Paris et al. 2019; Selva et al. 2012, 2014,
2018); less attention has been paid to the societal im-
pacts from extended volcanic unrest and evacuation
(Zuccaro and Cacace 2010; Alberico et al. 2012).
Alberico et al. (2012) modelled a caldera wide evacu-
ation focusing on the availability of and access to the
transportation network. Whereas Zuccaro and Cacace
(2010) evaluated cumulative building damage and re-
lated probabilities of road interruption due to a se-
quence of seismic events at both Campi Flegrei and
Vesuvius. Their analysis, however, did not consider
the impact of ground uplift, which has been argued
to have caused most of the damage to buildings dur-
ing the 1969–72 and 1982–84 unrests (Pingue et al.
2011). Both studies suggested the need for further in-
vestigation on how hazardous events can cause cas-
cading impacts and disrupt livelihoods.

Methodology
New unrest impact maps were developed in three
stages: 1) establishing unrest hazard scenario parame-
ters and locations; 2) creating a database of exposed
assets and where possible asset vulnerability; and 3)
combining hazard scenarios, exposure and vulnerabil-
ity to assess and map potential impact (Fig. 2).

The design of the unrest hazard scenario
Location
Uplift since at least 1969 has been centred on a
coastal location about 1 km east of Pozzuoli (Bianchi
et al. 1987; INGV 2016). The amount of uplift has
decayed away from the centre in an approximately ra-
dial pattern, decreasing to 10% of the maximum value
at a distance of about 5 km (Figs. 3 and 4). A similar
area appears to have been affected by ground

Fig. 2 Methodological approach used in this study, detailing the three stages: 1. defining the unrest hazard scenario; 2. creating an exposure
spatial database and related vulnerability modelling for buildings and road damage; and 3. combining all of the elements into three impact
assessments for different geographic regions of Campi Flegrei caldera
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deformation since Roman times, including the century of
net uplift before the caldera’s only historic eruption in
1538 (Bellucci et al. 2006; Di Vito et al. 2016). Shortly
before the 1538 eruption of Monte Nuovo, the centre of
uplift moved to beneath the site of the future vent, about
3 km west of Pozzuoli. Conventionally, the shift is consid-
ered to have occurred within as little as 2 days before
eruption (Lyell 1830; Parascandola 1947); however, a
recent study has argued that the shift may have begun as
much as 2 years beforehand (Di Vito et al. 2016). Scenar-
ios of future unrest must therefore consider a centre of
uplift not only near Pozzuoli, but also at locations kilo-
metres distant.

The location of VT seismicity, mostly at depths of 4
km or less (Corrado et al. 1977; De Natale et al. 1984;
INGV 2016), has also changed during successive uplifts
(Fig. 3), from near Baia in west-central Campi Flegrei in
1970–71 (Corrado et al. 1977), to Pozzuoli in 1982–84
(De Natale et al. 1984) and to Agnano in east-central
Campi Flegrei since 2005 (INGV 2016). It is not known
whether the change in location is stochastic or the result
of systematic changes in the physical state of the cal-
dera’s crust. As a result, Baia, Pozzuoli and Agnano have
all been chosen as locations for the unrest hazard sce-
nario (Fig. 5). The same hypothetical unrest hazard sce-
nario was applied to the three locations.

Fig. 3 The density of VT events from Kernel Density analysis. The 1980s unrest episode was centred on Pozzuoli, but the distribution of
seismicity from 1970s and 2005 shows a different pattern. During the 1970s unrest, seismicity was focused in the western regions, more
towards the town of Baia. More recently the seismicity pattern has shifted marginally towards Solfatara and Agnano to the East of
Pozzuoli (INGV 2016)

Fig. 4 Horizontal (Ur) and Vertical (Uz) surface displacement pattern from the June 1982–June 1983 unrest episode at Campi Flegrei. Modified
from Bianchi et al. (1987) and Woo (2007)
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Hazard intensity
The greatest physical damage to date from Campi Fle-
grei’s unrest occurred during the 1982–84 crisis and so
the seismic and deformation characteristics of this epi-
sode have been used to demonstrate the methodology.
Most building damage in 1982–84 occurred within 2 km
of the centre of uplift, where total vertical movement
exceeded about 60% of its maximum value of 1.8 m and
the final number-density of VT events exceeded 50
events km− 2 (Figs. 3 and 4; Barberi et al. 1984; Berrino
et al. 1984; Branno et al. 1984; Bianchi et al. 1987; Pin-
gue et al. 2011). The largest VT event during the crisis
(Magnitude 4 on October 4th 1983) produced a seismic
intensity (Modified Mercalli Intensity, MMI) of VII
within 1 km of the centre of uplift and of VI across the
rest of Campi Flegrei (Branno et al. 1984). The relative
contributions to damage from ground uplift, persistent
VT swarms and large individual VT earthquakes remains
unclear.
Based on the 1982–84 data, the new scenarios were

developed to cover a circular area 2 km in radius
around the centre of uplift. The area was divided into

four zones by distance from the centre: less than 0.5
km, 0.5–1 km, 1–1.5 km and 1.5–2 km (Fig. 5). These
four zones are used to divide and display the expos-
ure results. For the impact assessment, each zone was
assigned a level of hazard intensity, decreasing from 1
to 4. Zones 1 and 2 were combined and represent
areas that would experience shaking equal to MMI
VII seismicity and an uplift greater than 1 m. Zones 3
and 4 were also grouped and represent the areas af-
fected by MMI VI seismicity and uplift of less than
1.0 m (Fig. 6). For clarity, the unrest hazard intensity
is the same for all three scenarios and the only thing
that changes between the different locations is the
epicentre of the unrest.

Hypothetical evacuation areas
The unrest hazard scenario area was enclosed by a
hypothetical Primary Evacuation Zone (PEZ), 3 km in
radius. Past evacuations have caused significant dis-
tress among residents of Pozzuoli (Longo 2019) and
the possible area of evacuation is important aspect to
consider alongside the hazard area. The size of the

Fig. 5 Three unrest hazard scenario locations used in this study: (1) Pozzuoli (centred on 14.1239 longitude, 40.819 latitude), (2) Agnano (14.16447
longitude, 40.8375 latitude), and (3) Baia (14.07633 Longitude, 40.81907 latitude). Zones 1 through 4 are used in the exposure assessment and
relate to the different distances from the central area of unrest. For the impact assessment, Zones 1 and 2 were grouped and used to represent
areas that would experience shaking equal to a seismic intensity of VII on the Modified Mercalli Intensity (MMI) scale and a deformation of
greater than 1 m. Zones 3 and 4 were also grouped and relate to seismic intensity MMI VI and ground uplift of less than 1.0 m. The zona rossa, or
‘red zone’, is the area of evacuation in the event of volcanic unrest at Campi Flegrei determined by the Department of Civil Protection (DCP
2014) and is included for comparison on these maps. This red zone includes the area exposed to pyroclastic flows, and includes the
municipalities of Pozzuoli, Bacoli, Monte di Procida and Quarto and some of the municipalities of Giuglianow in Campania, Marano di Napoli
and Naples
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hypothetical PEZ was chosen from approximations of
the areas evacuated at Campi Flegrei in 1970 and
1983. The published evacuation zone (zona rossa) for
Campi Flegrei is based on the potential for an
eruption and it covers the entire on land portion of
the caldera floor, i.e. is approximately 100 km2 (DCP
2014). The existing published maps and supporting
documents do not include smaller evacuations by
area, similar to those ordered in 1970 and 1983.
However, a recent multi agency exercise named ‘Exe
Flegrei 2019’ simulated evacuation procedures within
the different municipalities of the zona rossa, or red
zone, rather than across the whole caldera (Comune
di Napoli 2019).

Exposure database
To assess the exposure of the population and of
building and infrastructural assets, a new database
was created for Campi Flegrei using ArcGIS (Table 1).
The spatial distribution data were sorted to create

ArcGIS shapefiles for five categories: population,
buildings, transportation networks, electricity net-
works and critical facilities. These five categories were
chosen as they, together with their associated spatial
data, allowed us to begin to explore the potential hu-
man and physical impacts of volcanic unrest. In
addition, two attributes of buildings were also col-
lected and estimated: age and primary use. A descrip-
tion of how these datasets were collated and their
limitations are described below:

Population distribution
The online 2011 ISTAT database (ISTAT 2016) was
used to obtain the total number and distribution of resi-
dents in the areas chosen for each unrest hazard sce-
nario location.

Building distribution, use and age
The distribution of buildings was mapped using data
from the 2011 census (ISTAT 2016). A GIS data

Fig. 6 Seismic hazard intensity used in this study as illustrated by the unrest hazard scenario focused on Pozzuoli. The inner dashed line relates
to the 1 km hazard radius, and the outer line in the 2 km radius. The scale used is based on the USGS Shake Map design (United States
Geological Survey 2006)
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layer of individual building footprints was obtained
from Giuseppe Vilardo at the INGV – Vesuvius ob-
servatory. Buildings and their estimated primary use
were identified from OpenStreetMap (OSM 2017)
and Google maps data (Google Maps 2017), and
grouped according to their use. The data do not go
into detail about how many different uses are repre-
sented in a single building; it was decided that only
the primary building use other than residential be
required.
The 2011 ISTAT census reports the number of

buildings by age category: those built before 1919,
1945, 1980, 2005, and those built after 2005 (ISTAT
2016). The oldest two categories, buildings con-
structed before than 1919 and between 1919 and
1945, were combined into a single layer to give the
percentage of buildings older than 1945. These older
buildings were chosen, because buildings of a similar
age were known to have been damaged during the
last unrest in the 1980s (Barberi et al. 1984).

Transportation networks
Road and rail networks were obtained from Open-
StreetMap (OSM 2017) and validated by Google maps
(Google Maps 2017). The roads were divided into five
classes: motorway, primary, secondary, tertiary and
residential. The rail network within Campi Flegrei is
comprised of three main lines: the regional Circumfle-
grea and Cumana lines and the national Trenitalia
line.

Electricity network
High voltage overhead lines and their related substations
were identified from Google Earth images (Google Earth
2017). Smaller power and telephone lines were not in-
cluded because they could not be clearly identified from
aerial imagery.

Critical facilities
Critical facilities, such as hospitals, schools and public
offices, were obtained from visually analysing Google
Earth images and OpenStreetMap data (Google Earth
2017; OSM 2017).

Data limitations
Owing to the size of the caldera, a ground survey of
this data was not feasible. Therefore, the majority of
the spatial data was obtained from official sources
(ISTAT, INGV), private mapping agencies (Google
Maps and Earth) and a contributor-based mapping
platform (OpenStreetMap). While easily accessible,
these data sources and approaches have limitations
including information bias, incorrect or outdated
building use, outdated road and transportation net-
works and spatial errors.

Vulnerability analysis and impact evaluation
ArcGIS was used to analyse the distribution of the
five exposed asset types in relation to the same unrest
hazard scenario centred upon Pozzuoli, Agnano, and
Baia. For simplicity, and due to a lack of detailed vul-
nerability data for all assets, this study assumed that
all exposed assets located within the unrest hazard
zones (1–4) had the potential to be impacted. How-
ever, buildings and roads were further analysed using
two different vulnerability models: the earthquake
building damage model by Zuccaro (2004) and the
road damage model used by Anbazhagan et al. (2012)
and Blake et al. (2017). These were chosen due to
their relative simplicity, they could be applied to the
study’s exposure data, and in the case of the model
used by Zuccaro (2004) have been used in an Italian
setting. The potential damage to buildings was esti-
mated by combining a seismic intensity that de-
creased gradationally away from the centre (Fig. 6)
with probability curves for building damage (Fig. 7).

Table 1 Exposure data collected, created and used in this study

Class Attributes Source Output

Building
Distribution

Primary use and age. The 2011 ISTAT census (building age) and the
INGV OpenStreetMap and validated by Google
maps.

ESRI
shapefile

Population Density, demographics. ISTAT 2011 census ESRI
shapefile

Transportation Road, rail networks, stations, and bus stops. Access to transportation
networks data constructed by highlighting areas within 1 km (a
distance that can be covered on foot) of motorways, roads and
railway, bus stations, and ferry ports.

OpenStreetMap and validated by Google maps. ESRI
shapefiles

Electricity High voltage overhead lines and their related substations. Smaller
power and telephone lines were not included because they could not
be identified from aerial imagery.

Google Earth imagery ESRI
shapefile

Critical
facilities

Assets crucial during an emergency (e.g. hospitals, police, and fuel
stations).

Google Earth images and OpenStreetMap ESRI
shapefile

Charlton et al. Journal of Applied Volcanology             (2020) 9:7 Page 8 of 26



The damage probability curves followed the six-point
scale used for seismic hazard in Italy, which ranges
from 0 for “no damage” to 5 for “total collapse” (Fig.
7; Zuccaro 2004; Zuccaro et al. 2008). The damage
caused by any given seismic intensity depends on
construction type, height, age, and compliance with
building codes (Faure Walker and Pousse 2017) and
four main categories can be identified according to
their rigidity (Zuccaro 2004; Zuccaro and Cacace
2010): Type A, unreinforced masonry structures with
poor rigidity; Type B, rubble masonry with medium
rigidity; Type C, strong masonry with high rigidity;
and Type D, steel framed, high rigidity structures.
Published data on the distribution of building types
in Campi Flegrei are incomplete, so we used two
approaches: either that all the buildings belonged to
the most vulnerable category A or that they were
distributed equally among all four categories A-D
(Table 2).
The potential damage to roads was evaluated separ-

ately, applying the methods of Anbazhagan et al.
(2012) and Blake et al. (2017) to assign four levels of
relative damage that were assumed to decrease with
increasing distance from the unrest scenario centre
(severe, significant, moderate and light; Fig. 8). We al-
locate these categories assuming that they directly re-
late to Loss of Service (LoS) of that particular section
of road. In these categories, severe and significant
road damage will cause it to be impassable by motor
transportation. Moderate and light damage will cause

access difficulties, but not be impassable. No damage
records from the previous unrest episodes at Campi
Flegrei or any assessments of current road quality
were available to increase our knowledge of potential
road impacts, therefore it was deemed necessary to
take this basic approach and make these assumptions.
Processing was required on both the building and
road GIS files in order for these assessments to be
carried out. This involved detecting and correcting in-
accurate or irrelevant data within the GIS and clip-
ping the data to the selected locations.

Results
By overlaying the unrest hazard scenario on the distribu-
tions of population, buildings and other assets (Tables 3,
4 and 5) at three locations, we were able to carry out
first-order impact assessments. Key results of the impact
assessments are summarised in Figs. 9, 11 and 13. Fig-
ures 10, 12 and 14 show the spatial distributions of
physical assets in the unrest hazard and evacuation
zones for each of the scenario locations. These maps
provide a general spatial overview of the exposed assets
in each scenario location.

Pozzuoli: hypothetical unrest hazard scenario and
associated impacts
The area affected by the Pozzuoli unrest hazard sce-
nario lies primarily within the Pozzuoli commune and
covers the town and main urban area in the region.
A small portion extends into the neighbouring Naples

Fig. 7 Building damage probability curves based on work by Zuccaro (2004). These are divided based on the estimated seismic intensities: a)
MMI VI and b) MMI VII. The lines represent different building vulnerabilities, these typologies range from the most vulnerable 'A' to the least 'D'.
Criteria for vulnerability included construction material and rigidity of the structure. Damage probability curves calibrated for seismic events in
Italy (Zuccaro 2004) were used, based on a scale of damage, zero equal to no damage, 5 representing total collapse (Zuccaro et al. 2008)
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Fig. 8 Road damage scale used in this study modified from Anbazhagan et al. (2012) and Blake et al. (2017). The level of damage would affect
the entire length of road within each zone

Table 2 Building damage estimates used in this study based on work by Zuccaro (2004) and Zuccaro et al. (2008). Type A is the
most vulnerable building type and D is the least vulnerable building type. The damage levels are: zero = no damage, 1 = light
damage, 2 = moderate damage, 3 = major damage, 4 = partial collapse and 5 = total collapse

Impact
zones

Distance
from
centre
(km)

MMI Damage
level

% damage for different building types

A
Type

B
Type

C
Type

D
Type

Zones 3 & 4 1–2 km VI 0 23 40 48 85

1 40 40 37 15

2 25 16 12 0

3 10 4 3 0

4 2 0 0 0

5 0 0 0 0

Zones 1 & 2 < 1 km VII 0 7 27 40 74

1 22 40 37 22

2 36 23 17 3

3 23 7 5 1

4 10 3 1 0

5 2 0 0 0
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Table 3 Counts of exposed assets for scenario 1 – Pozzuoli

Exposure data Scenario 1 - Pozzuoli Zone 1 (<
500m)

Zone 2 (500m-
1 km)

Zone 3 (1–1.5
km)

Zone 4 (1.5-2
km)

unrest area (total)
(< 2 km)

PEZ (3 km)

Roads (m) Motorway 0.0 0.0 0.0 1.8 1.8 12.7

Primary 0.0 0.0 2.4 1.1 3.5 7.1

Secondary 0.0 0.8 1.5 1.1 3.4 7.5

Tertiary 1.2 2.7 1.6 1.7 7.2 11.9

Residential 3.2 7.9 8.1 8.0 27.2 40.4

Other 4.8 12.3 8.3 11.6 36.9 92.0

Total 9.2 23.6 21.9 25.2 80.0 171.6

Bus Stations 0.0 0.0 1.0 0.0 1.0 1.0

stops 1.0 12.0 23.0 13.0 49.0 83.0

Ferry Ports 0.0 1.0 0.0 0.0 1.0 1.0

Rail Lines Cumana Cumana;NA-
RM; Other

Cumana; NA-
RM;Other

Cumana; NA-
RM;Other

Cumana; NA-RM;
other

Cumana NA-
RM Other

Total track 0.6 4.1 4.7 4.6 14.0 21.7

Stations 1.0 3.0 0.0 1.0 5.0 6.0

Census (population)
approx.

Total (p1) 3002.0 6745.0 6257.0 3421.0 19,425.0 31,705.0

Average density (p1/
area km2)

15,010.0 9775.4 4776.3 1606.1 7792.0 2850.1

Buildings Total 142.0 526.0 590.0 508.0 1766.0 3580.0

Residential 110.0 416.0 513.0 443.0 1473.0 2991.0

businesses 32.0 96.0 57.0 47.0 232.0 529.0

Main buildings use Leisure and tourism
D2

1.0 5.0 7.0 8.0 21.0 29.0

Hotels C1 3.0 5.0 3.0 5.0 16.0 28.0

Shops A1 18.0 33.0 13.0 4.0 68.0 82.0

Financial A2 2.0 2.0 3.0 1.0 8.0 8.0

restaurants & cafes
A3

8.0 46.0 10.0 8.0 72.0 94.0

offices B1 0.0 5.0 9.0 6.0 20.0 50.0

General Industrial B2 0.0 0.0 12.0 15.0 27.0 199.0

Distribution B8 0.0 0.0 0.0 0.0 0.0 15.0

Public buildings D1 7.0 4.0 5.0 4.0 20.0 24.0

Key Business zones 1.0 1.0 2.0 1.0 2.0 3.0

Electricity lines lines 0.0 0.0 0.0 0.0 0.0 13.5

pylons 0.0 0.0 0.0 0.0 0.0 53.0

substations 0.0 0.0 0.0 0.0 0.0 1.0

Critical facilities Medical D3 0.0 0.0 0.0 0.0 0.0 0.0

Police and fire 0.0 0.0 0.0 0.0 0.0 2.0

Petrol 0.0 0.0 2.0 2.0 4.0 6.0

Military 0.0 0.0 1.0 0.0 1.0 1.0

Schools D4 3.0 7.0 4.0 4.0 18.0 21.0

% on land Area (km2) 0.2 0.8 1.4 2.1 4.5 11.1

Commune Name Pozzuoli Pozzuoli Pozzuoli Pozzuoli Pozzuoli Pozzuoli and
Naples
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Table 4 Counts of exposed assets for scenario 2 – Agnano

Exposure data Scenario 2 - Agnano Zone 1 (<
500m)

Zone 2 (500 m-
1 km)

Zone 3 (1–
1.5 km)

Zone 4 (1.5-2
km)

unrest area (total)
(< 2 km)

PEZ (3 km)

Roads (m) Motorway 4.6 3.4 3.3 5.1 16.4 23.5

Primary 0.0 0.0 0.4 1.6 2.0 7.3

Secondary 0.9 1.4 1.1 7.8 11.2 24.3

Tertiary 0.9 2.3 2.0 2.7 7.9 23.4

Residential 0.4 2.3 6.2 13.0 21.9 85.8

Other 10.8 25.9 41.6 62.3 140.7 210.1

Total 17.6 35.3 54.6 92.5 200.0 374.4

Bus Stations 0.0 0.0 0.0 0.0 0.0 2.0

stops 4.0 10.0 12.0 41.0 67.0 193.0

Ferry Ports 0.0 0.0 0.0 0.0 0.0 0.0

Rail track 0.0 0.0 0.0 Circumflegrea 1.6 Circumflegrea
Cumana

total track 0.0 0.0 0.0 1.6 1.6 40.2

stations 0.0 0.0 0.0 1.0 1.0 9.0

Census (population)
approx.

Total (p1) 1229.0 1527.0 6950.0 16,351.0 26,057 136,912.0

Average density (p1/
area km2)

1380.9 829.9 1221.4 3330.1 1690.6 4614.5

Buildings Total 330.0 433.0 911.0 1321.0 2995.0 6539.0

Residential 258.0 309.0 744.0 1084.0 2395.0 5397.0

businesses 72.0 116.0 162.0 197.0 547.0 971.0

Main Buildings use Leisure and tourism
D2

5.0 5.0 15.0 17.0 42.0 124.0

Hotels C1 0.0 1.0 3.0 10.0 14.0 28.0

Shops A1 1.0 1.0 6.0 20.0 28.0 146.0

Financial A2 0.0 0.0 0.0 0.0 0.0 8.0

restaurants & cafes A3 5.0 1.0 2.0 8.0 16.0 64.0

offices B1 2.0 0.0 20.0 33.0 55.0 94.0

General Industrial B2 59.0 108.0 113.0 86.0 366.0 475.0

Distribution B8 0.0 0.0 3.0 23.0 26.0 32.0

Public buildings D1 0.0 1.0 2.0 7.0 10.0 34.0

Key Business zones 1.0 2.0 3.0 3.0 9.0 5.0

Electricity lines lines 4.8 4.6 4.4 3.5 17.2 23.9

pylons 18.0 16.0 16.0 15.0 65.0 82.0

substations 1.0 1.0 0.0 0.0 1.0 1.0

Critical Facilities Medical D3 0.0 0.0 0.0 1.0 1.0 1.0

Police and fire 0.0 0.0 0.0 1.0 1.0 2.0

Petrol 1.0 6.0 1.0 17.0 25.0 19.0

Military 0.0 0.0 0.0 0.0 0.0 14.0

Schools D4 0.0 0.0 2.0 17.0 19.0 75.0

% on land Area (km2) 0.8 2.4 3.9 5.5 12.5 27.2

Commune Name Naples Naples and
Pozz

Naples and
Pozz

Naples and
Pozz

Naples and Pozz Naples and Pozz
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Table 5 Counts of exposed assets for scenario 3 – Baia

Exposure data Scenario 3 - Baia Zone 1 (<
500m)

Zone 2 (500
m-1 km)

Zone 3 (1–
1.5 km)

Zone 4 (1.5-
2 km)

Unrest area (total)
(< 2 km)

PEZ (3 km)

Roads (m) Motorway 0.0 0.0 0.0 0.0 0.0 2.0

Primary 0.0 0.0 0.0 0.0 0.0 4.3

Secondary 1.0 2.0 1.2 1.4 5.6 9.0

Tertiary 0.6 3.6 5.0 6.0 15.2 35.6

Residential 0.2 4.0 10.4 9.9 24.6 58.8

Other 0.9 1.7 3.7 6.9 13.2 28.8

Total 2.7 11.3 20.3 24.2 58.5 138.5

Bus Stations 0.0 0.0 0.0 0.0 0.0 0.0

stops 1.0 13.0 9.0 10.0 33.0 104.0

Ferry/boat Ports 1.0 0.0 0.0 0.0 1.0 1.0

Rail track Cumana Cumana Cumana Cumana All Cumana Cumana, CF, other

total track 0.7 1.9 1.7 1.7 6.0 14.9

stations 0.0 0.0 2.0 0.0 2.0 5.0

Census
(population)
approx

Total (p1) 427.0 2100.0 6233.0 7005.0 15,765.0 42,637.0

Average density (p1/
area km2)

1779.2 2121.2 3025.7 1704.4 2157.6 2299.7

Buildings Total 71.0 496.0 947.0 1068.0 2582.0 6229.0

Residential 40.0 408.0 843.0 949.0 2240.0 5455.0

businesses 30.0 79.0 94.0 110.0 313.0 707.0

Main Buildings use Leisure and tourism
D2

6.0 37.0 16.0 16.0 75.0 149.0

Hotels C1 1.0 7.0 2.0 1.0 11.0 22.0

Shops A1 2.0 6.0 31.0 9.0 48.0 169.0

Financial A2 1.0 0.0 4.0 1.0 6.0 11.0

restaurants & cafes
A3

9.0 12.0 15.0 13.0 49.0 99.0

offices B1 0.0 4.0 11.0 14.0 29.0 76.0

General Industrial B2 11.0 12.0 13.0 56.0 92.0 162.0

Distribution B8 0.0 1.0 2.0 0.0 3.0 19.0

Public buildings D1 1.0 2.0 6.0 1.0 10.0 24.0

Key Business zones 2.0 3.0 3.0 3.0 5.0 8.0

Electricity lines lines 0.0 0.5 3.8 2.4 6.8 10.2

pylons 0.0 1.0 14.0 12.0 27.0 39.0

substations 0.0 0.0 0.0 0.0 0.0 1.0

Critical Facilities Medical D3 0.0 0.0 0.0 3.0 3.0 6.0

Police and fire 0.0 0.0 0.0 0.0 0.0 2.0

Petrol 0.0 2.0 2.0 3.0 7.0 12.0

Military 0.0 0.0 0.0 0.0 0.0 0.0

Schools D4 0.0 5.0 0.0 1.0 6.0 16.0

% on land Area (km2) 0.2 1.4 2.5 3.6 7.7 17.7

Commune Name Bacoli Naples and
Pozz

Bacoli and
Pozz

Bacoli and
Pozz

Bacoli and Pozz Bacoli, Pozz and Monte
di Procida
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commune. Pozzuoli’s PEZ contains 2991 residential
buildings, 31,705 potential evacuees and at least 529
individual businesses (Fig. 9; Table 3). The commer-
cial heart of the town lies in the highest unrest haz-
ard Zone 1. It consists of at least 142 buildings, of
which 70% are high density residential; the remain-
der are retail units and restaurants (Table 3). The
number of buildings expected to be partially or com-
pletely destroyed in this scenario ranges from 32 to
101, according to whether their types are equally
distributed among Categories A-D or they all belong
to Category A (Table 7). Ten kilometres of road (out
of 171 km in the PEZ) would be severely damaged or
blocked, and five railway stations along two com-
muter railway lines (the metropolitana and cumana
lines) and the main port are at risk of being put out
of use (Fig. 10). Light damage may occur to about 2
km of the A56 (or Tangenziale), which is the main
motorway that runs east to west across Campi Fle-
grei. When all four unrest hazard zones are consid-
ered, 18 schools, 4 fuel stations, the Aeronautical
Academy next to Solfatara, and the Roman archaeo-
logical sites of the Serapeo marketplace and beneath
Rione Terra are vulnerable to damage in this sce-
nario (Table 3; Fig. 10).

Agnano: hypothetical hazard scenario and associated
impacts
The area covered by the Agnano scenario is split be-
tween the Pozzuoli and Naples communes and covers
the areas of Bagnoli, Fuorigrotta and Agnano. The PEZ
contains 6539 buildings, 136,912 potential evacuees and
971 individual businesses (Fig. 11; Table 4). Zone 1 lies
within a large industrial region, as well as medium
density housing. It contains 330 buildings, 78% are
residential; the remainder are general industry such as
manufacturing and warehousing (Table 4). The num-
ber of buildings expected to be partially or completely
destroyed in this scenario ranges from 41 to 136, ac-
cording to whether their types are equally distributed
among Categories A-D or they all belong to Category
A (Table 7). 52 km of road (out of 374 km in the
PEZ) would be severely damaged or blocked, includ-
ing 8.5 km of the Tangenziale (Fig. 11). Twenty four
kilometres of electricity lines and 82 pylons, about
25% of Campi Flegrei’s high voltage electricity net-
work, lie within the PEZ (Table. 4). A large electricity
substation is also located within the highest impact
zone (Figs. 12 and 18). The Circumflegrea and
Cumana railways lines also run through the hazard
area, as well as connecting Naples with communities

Fig. 9 Summary of the impacts of the Pozzuoli scenario. Building damage estimates are based on all the buildings classed as ‘A’
(most vulnerable)

Charlton et al. Journal of Applied Volcanology             (2020) 9:7 Page 14 of 26



further West (Fig. 12). When all four unrest hazard
zones are considered, at least 19 school buildings, 25
fuel stations and one hospital are vulnerable to dam-
age in this scenario (Table 4; Fig. 12).

Baia: hypothetical hazard scenario and associated impacts
The area covered by the Baia unrest hazard scenario
covers the three communes of Monte di Procida, Bacoli
and Pozzuoli. The Baia scenario PEZ contains 5455
residential buildings, 42,637 evacuees and 707 busi-
nesses (Fig. 13; Table 5). Of the 71 buildings in Zone
1, the majority are for general industry and manufac-
turing along the coast (e.g. boat building and fisher-
ies; Fig. 14). Two large archaeological sites at Castello
di Baia and Terme di Baia, as well as the port could
be damaged in Zone 1. The number of buildings ex-
pected to be partially or completely destroyed in this
scenario ranges from 31 to 107, according to whether
their types are equally distributed among Categories
A-D or they all belong to Category A (Table 7). Four-
teen kilometres of road (out of 138 km in the PEZ)
would be severely damaged or blocked and the
Cumana railway line interrupted (Fig. 14). Nearly

eleven kilometres of electricity lines, 39 pylons and 1
substation are within the PEZ. When all four hazard
zones are considered, 6 school buildings, 7 fuel sta-
tions and three hospital buildings are vulnerable to
damage in this scenario (Table 5; Fig. 14).

Summary
More than 7300 buildings lie within the three unrest
hazard scenarios, 1766 in Pozzuoli, 2582 in Baia and
2995 in Agnano (Fig. 15a). If they are all assumed to
belong to the most vulnerable Category A, the dam-
age probability curves (Fig. 7) indicate that the num-
ber of buildings expected to suffer some degree of
damage are 1459 in Pozzuoli, 2425 in Agnano and
2076 in Baia (Table 6; Fig. 16). If the building types
are distributed equally among Categories A to D, the
corresponding numbers become 975, 1615 and 1349
(Table 7; Fig. 16). Assuming all of the buildings be-
long to the most vulnerable Category A, the numbers
expected to partially or totally collapse are 101 in
Pozzuoli, 136 in Agnano and 107 in Baia; in compari-
son, assuming an equal distribution, the numbers are
32, 41 and 31 (Table. 7).

Fig. 10 Map highlighting areas and assets exposed to hypothetical unrest hazard scenario centred in Pozzuoli. The coloured zones represent
hazard zones (see Fig. 5 for explanation). The blue zone encompasses the buffer area between the maximum extent of the hazard area and
maximum extent of the primary evacuation zone. The pre-existing red zone is shown for comparison (DCP 2014)
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The combined population within the hypothetical
unrest hazard zones exceeds 19,425 in Pozzuoli, 26,
057 in Agnano and 15,765 in Baia (Tables 3, 4 and
5). However, the total number in the three evacuation
zones (PEZs) is nearly 3.5 times greater, at more than
210,000 people or about three people in every five
across the entire caldera: 31,705 in Pozzuoli, 136,912
in Agnano and 42,637 in Baia (Fig. 15b). The road
networks are expected to be disrupted across all the
unrest hazard zones (Table 6; Fig. 17). Roads with
significant or severe damage may become unusable to
ordinary vehicles and represent 41%, 26% and 24% of
the roads in the hazard zones in Pozzuoli, Agnano
and Baia, respectively (Tables 3, 4 and 5).

Discussion
The impact from unrest hazards associated with an
awakening of Campi Flegrei have been assessed and pre-
sented. We considered and combined two caldera unrest
hazards with a range of exposure datasets within a sim-
ple but effective impact assessment across three test

locations. Key impacts are summarised in Table 8, to-
gether with our initial thoughts on possible cascading ef-
fects. The complex and interconnected nature of societal
systems within the caldera make many sectors vulner-
able to disruption from long term volcanic unrest. How-
ever, this table as well as the final results could serve as
a starting point to initiate discussions with stakeholders
regarding long term preparedness and short term crisis
response in the region.

Damage estimates
The number of buildings damaged during unrest has a
direct impact on the potential for evacuation and on the
ability of businesses to continue in operation. Rubble
from building damage will cause roads to become
blocked and potential unusable. For example, roads
after L’Aquila earthquake in 2009 were impassable
due to building damage (Zuccaro and Cacace 2010).
The number of buildings damaged is controlled by
the density of buildings in each hazard zone as well
as their physical vulnerability to seismicity and

Fig. 11 Summary of the impacts of the Agnano scenario. Building damage estimates are based on all the buildings classed as ‘A’
(most vulnerable)
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ground uplift. Individual impact assessments suggest
damage can be expected to be between about 975
and 2400 buildings, with partial or total collapse of
between 31 and 136 (Table 7). Most buildings ex-
pected to partially or totally collapse lie in the inner
unrest hazard Zone 1, which may experience shaking
intensities up to MMI VII (Table 7). More specific-
ally, the numbers of buildings partially or totally
destroyed from the Pozzuoli scenario (between 32 and
101 depending on the vulnerability classification:
Table 7) lie within the range of 70 buildings partially
or totally estimated to be damaged as a result of the
1982–84 unrest (Barberi et al. 1984; Branno et al.
1984). Zuccaro and Cacace (2010) did not provide es-
timates on the number of buildings potentially dam-
aged in their scenario for comparison. However, both
studies agree that the dense road network across the
region will be vulnerable to the potential blockages
from rubble and debris from damaged structures po-
sitioned along the road network. Throughout the cal-
dera, retail and service industries would also suffer

loss of service and drops in income, because of re-
duced accessibility to supplies and customers. Re-
duced access would be magnified by blockage of the
Tangenziale, which is the only three-lane road con-
nection across Campi Flegrei and a crucial evacuation
route. Damage to approximately 8.5 km of this motor-
way is expected for unrest beneath Agnano and 1 km
for unrest centred on Pozzuoli. Such damage would
severely restrict evacuation by forcing traffic onto
minor roads causing traffic bottlenecks. Future vol-
canic unrest would disrupt communities and busi-
nesses outside the immediate area, especially districts
such as Monte di Procida around the western tip of
Campi Flegrei, that rely on vehicular access being se-
cured throughout the rest of the caldera.

Evacuation estimates
Results show that local evacuations during unrest may
involve the displacement of 31,000–136,000 residents,
depending on the locus of unrest (Fig. 15a). Further-
more, the dense road network and rapid urbanisation

Fig. 12 Map highlighting areas and assets exposed to hypothetical unrest hazard scenario centred in Agnano. The black star in the middle of the
map represents a large electricity substation. The coloured zones represent hazard zones (see Fig. 5 for explanation). The blue zone encompasses
the buffer area between the maximum extent of the hazard area and maximum extent of the primary evacuation zone. The pre-existing red zone
is shown for comparison (DCP 2014)
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in Campi Flegrei means that road based evacuation
from the three test locations could be challenging
(Fig. 17). By focusing on smaller evacuation areas in
Campi Flegrei, we have been able to look at individ-
ual assets, potential impacts and the interaction be-
tween systems. This work supplements the only other
published study on evacuation at Campi Flegrei by
Alberico et al. (2012). While Alberico et al. (2012)
used a larger PEZ (known as the Emergency Planning
Zone in their study) focusing on regional evacuation,
our results are in agreement that communities in the
South West region (Monte di Procida) could find it
difficult to evacuate the region by road. As experi-
enced in 1982–84, harbours and the ability to use fer-
ries for evacuation could be affected by ground uplift
(Alberico et al. 2012), exacerbating the difficulties for
communities in coastal regions.

Disruption to electricity supplies
Campi Flegrei’s electricity network is especially dense
across its northern sector (Fig. 18) and is particularly

exposed in the Agnano scenario, where 17 km of elec-
tricity lines are in the hazard zone. In all scenario lo-
cations, however, damage to pylons or substations
from ground uplift and seismicity would leave com-
munities, businesses and transportation networks
without power. The consequences would accumulate,
should simultaneous disruption to the road network
restrict access to repair the facilities and hamper re-
sponse efforts. Virtually every other sector depends
on electricity to function, while the power sector rely
on functional roads for access to sites damaged or in
need of maintenance.

Impacts on businesses
Between 12–18% of the buildings in all three sce-

nario locations are for non-residential purposes. How-
ever, the proportions of these devoted to specific
types of activity vary considerably (Fig. 19). Thus, the
proportion used for general industry ranges from 71%
for Agnano, to 32% for Baia and 10% for Pozzuoli. In
contrast, Pozzuoli has the largest proportion of retail

Fig. 13 Summary of the impacts of the Baia scenario. Building damage estimates are based on all the buildings classed as ‘A’ (most vulnerable)
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and restaurants (52%; compared with 27% in Baia and
9% in Agnano), whereas Baia has the largest amount
of businesses in the leisure and tourism sector (23%;
compared with 10% in Pozzuoli and 7% in Agnano).
We suggest that three factors will threaten all three

categories of business during future unrest: (1) direct
damage to premises; (2) business interruption caused
by disrupted transport routes; and (3) loss of earn-
ings due to evacuation and negative media coverage.
Tourism is expected to be disproportionately affected,
as demonstrated during unrest in Long Valley, Cali-
fornia (Blong 1984) and at Taupō caldera New Zea-
land (Johnston et al. 2002). A collapse in tourism
will be especially damaging to Pozzuoli and Baia
(Fig. 19) because of their dependence on leisure ac-
tivities, hotels, retail, and restaurants and cafes. Poz-
zuoli is also a principal port for tourism to the
neighbouring islands of Procida, Ischia and Capri.
Ground movement interrupted the port’s activities in
1982–1984 (Barberi et al. 1984) and is expected to
do so during similar unrest in the future. Hence,

even the islands will suffer economic losses due to
renewed unrest at Pozzuoli and potentially elsewhere
in the caldera.

Limitations and future work
As with any scenario approach, the examples pre-
sented here are only a guide to what might happen
during future unrest. It is not possible to test the ac-
curacy of this scenario until the next unrest occurs.
These impact assessments would be enhanced if up
to date information on household demographics and
building vulnerability were used (e.g., the type of
structure, nature of the construction, and details of
expected ground-motion at a particular site), and if
the cascading consequences of unrest (e.g., the
knock-on costs of business interruption and evacu-
ation) were quantified. Refinements will also be pos-
sible if it could be identified whether most building
damage during previous unrest was caused by
ground uplift, persistent, low-level volcano-tectonic
seismicity (with magnitudes less than 2), or

Fig. 14 Map highlighting areas and assets exposed to hypothetical unrest hazard scenario centred in Baia. The coloured zones represent hazard
zones (see Fig. 5 for explanation). The blue zone encompasses the buffer area between the maximum extent of the hazard area and maximum
extent of the primary evacuation zone. The pre-existing red zone is shown for comparison (DCP 2014)
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individual, larger earthquakes (up to 4.0 in 1982–84).
Such distinction is particularly important because fu-
ture unrest may involve a greater number of
volcano-tectonic earthquakes per metre of uplift than
previously recorded (Kilburn et al. 2017).
Maps showing impact have the advantage of pro-

viding different users with practical information for
their specific interests. They identify the impact on
well-defined targets (such as local populations,
buildings and power supplies), and can encourage
interaction between groups tasked with dealing with
different aspects of an emergency. These maps (or
variations thereof) should not be used for public en-
gagement until the data they contain have been veri-
fied by local communities and lifeline managers.
Therefore, future development of the maps and ap-
proach should be led and co-developed by relevant

stakeholders (e.g. local and national civil defence, in-
frastructure and facilities managers) within Campi
Flegrei. More specifically, further work could evalu-
ate physical and systemic vulnerabilities with electri-
city managers within the region and ideally be
driven by the community (e.g. Davies and Davies
2018).

Conclusions
The 1969–1972 and 1982–1984 emergencies at Campi
Flegrei have shown how building damage during vol-
canic unrest can lead to mass evacuations. Three im-
pact assessments have been used here to investigate
the potential impact of future unrest on buildings and
livelihoods across the caldera. Our newly developed
unrest scenario has considered renewed ground uplift
centred beneath the important population centres of

Fig. 15 Population and buildings exposed to the hazard in each location: (a) Buildings within unrest hazard scenario locations; and (b)
Population within evacuation zones (PEZ)

Table 6 Summary of main results from the impact assessment

Scenario Number of buildings within unrest
zones

Number
damageda

Length of road within unrest zones
(km)

Significant – severe road damage
(km)

Pozzuoli 1766 1459 80 33

Agnano 2995 2425 200 52

Baia 2582 2076 59 14
aBased on assuming 100% of buildings are of the most vulnerable building class and combining all damage classes from light to total damage
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Fig. 16 Number of estimated building damages for each of the scenarios and how the numbers differ between assumptions: (a) Pozzuoli, (b)
Agnano, and (c) Baia. percentage damage data from Table 2 was multiplied with number of buildings that fall within each scenario area

Table 7 Damage estimates from the impact assessment, showing two assumptions about the distribution of building types and
corresponding levels of damage. A is the most vulnerable building type and D is the least vulnerable building type

Scenario Assumption MMI No of buildings and damage level

No Damage Light Minor Major Partial
Collapse

Total
Collapse

Pozzuoli 100% = A VI 258 439 274 109 22 0

VII 46 146 240 153 66 13

25% = A, B, C, D VI 544 362 142 46 5 0

VII 247 202 131 60 23 4

Agnano 100% = A VI 453 892 558 223 45 0

VII 117 167 274 175 76 15

25% = A, B, C, D VI 1098 736 295 94 11 0

VII 282 230 150 69 26 4

Baia 100% = A VI 396 806 503 201 40 0

VII 46 125 204 130 56 11

25% = A, B, C, D VI 964 664 236 85 10 0

VII 269 171 111 51 19 2
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Baia, Pozzuoli and Agnano in, respectively, western,
central and eastern Campi Flegrei. The scenario ap-
plied to Pozzuoli assumes a continuation of the pat-
tern of unrest observed since 1950. The examples
located in Baia and Agnano take account of the possi-
bility that the centre of uplift may move significantly
before an eruption occurs.

The Agnano unrest scenario is associated with the
greatest impact and involves the potential evacuation of
136,000 people and damage to about 2400 buildings.
The impact is large, because the location of the scenario
lies entirely on land and includes densely populated resi-
dential districts and industrial centres. Agnano also lies
between Naples and the rest of Campi Flegrei, so that

Fig. 17 Estimated scale of road damage within the (a) Pozzuoli; (b) Agnano; (c) Baia unrest hazard areas
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Table 8 Summary of the key impacts and associated cascading effects for a future unrest scenario at Campi Flegrei, assuming the
hazards causing these impacts are volcanic seismicity and ground deformation. Impact zones are defined as areas exposed to unrest
hazards in scenario and not the whole evacuation area

Type of impact Estimated level of impact Cascading effects

Building damage 1766–2995 buildings within unrest impact zones - Homes unable to be occupied.
- Repair or demolition costs.
- Businesses unable to operate.
- Fall in property values.
- Increasing insurance premiums.

Road and rail network
damage

59–200 km of Roads within unrest impact zones - Reduced access for repairing
infrastructure.

- Business and critical facility supply
disruption.

- Disruption to evacuation
procedures.

- Worker commute disruption.
- Reduction in access for tourists.

Damage to electricity
network

7–17 km of high voltage electricity network within unrest
impact zones

- Business and critical facility supply
disruption.

- Disruption to road signals and
transport.

- Telecommunication disruption.
- Residential supply disruption.

Evacuations 31,000–136,000 residents within primary evacuation areas. - Psychological stress and illness
- Displaced population.
- Loss of business revenue in
evacuation areas.

- Reduction in tourism.

Fig. 18 High Voltage Electricity network digitised from Google Earth (2017)
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damage to infrastructure, such as road networks and
electricity lines, may trigger a cascade of obstacles to
managing evacuations and repairs during an emergency.
The results highlight the importance of considering ex-
amples in which renewed ground uplift is not necessarily
focused again beneath Pozzuoli and how a simple
scenario-based impact assessment can be used to ex-
plore and evaluate the impact of volcanic unrest across
the whole caldera.
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