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Abstract. The possible emplacement of pyroclastic fall and 1  Introduction

flow products from Campi Flegrei and Somma-Vesuvio rep-

resents a threat for the population living in Napoli city. For All the possible hazards posed by both anthropic and natural
this area, the volcanic hazard was always partially investi-factors in metropolitan areas generally bring with them a very
gated to define the hazard related to the Campi Flegrei or tdnigh risk, mainly due to the high exposure. Notwithstanding

the Somma-Vesuvio activity one at a time. A new volcanic anthropic risks, which are beyond the object of this paper,
hazard and risk assessment, at the municipality scale, as ldapoli mega-city is exposed to many natural risks.

vital tool for decision-making about territorial management First of all, earthquakes by both the Apennine chain tec-
and future planning, is presented here. tonic seismic source and the Campi Flegrei and Somma

In order to assess the hazard related to the explosive actiwesuvio volcanic sources can be felt in Napoli. Moreover,
ity of both sources, we integrated the results of field studiedandslide phenomena can involve both the welded volcanic
and numerical simulations, to evaluate the future possibilityrock steep slopes of the hills bordering the city and the py-
for Napoli to be hit by the products of an explosive erup- roclastic covers emplaced by past volcanic activity. The
tion. This is defined for the Somma Vesuvio central volcanoNeapolitan Yellow Tuff, a soft welded pyroclastic rock which
through the sum of “field frequency” based on the thicknessmakes up most of the Napoli underground, in the past was
and distribution of past deposits (Lirer et al., 2001), and forintensively exploited by man and now is crossed by a net
the Campi Flegrei volcanic field by suitably processing sim- of subterraneous galleries whose roofs often collapse. Flood
ulated events based on numerical modelling (Alberico et al. events are very frequent as well, due to the geomorphological
2002; Costa et al., 2009). Aiming at volcanic risk assess-onset of the city, which mainly lies on narrow costal plains
ment, the hazard areas were joined with the exposure magordered by pyroclastic hills, whose slopes quicken the flow
considered for our purposes as the economical value of artesf sediment-laden waters toward the sea.
facts exposed to hazard. We defined four risk classes, and ar- This paper deals with volcanic hazard, the most important
gued that the medium and low-very low risk classes have thecause of natural risk which Napoli is exposed to. As well
largest extentin Napoli municipality, whereas only few zonesas Auckland in New Zealand, in fact, Napoli is a mega-city
located in the eastern part of the city and in the westernmosbverlying an active volcanic field but it is the only example in
coastal area show a high risk, owing to the correspondencene world of a such inhabited city located in a multiple source
of high economical value and high hazard. volcanic area (Fig. 1).

Recently Lirer et al. (2010) drew a multi source hazard
map encompassing the three active volcanic sources of Cam-
pania region (Campi Flegrei and Ischia island volcanic fields
and Somma-Vesuvio central volcano), by taking into account
all the explosive typologies occurred in the last 10ka. Bas-

Correspondence td: Alberico ing on this hazard map, the same authors zoned in detail the
BY (ialberic@unina.it) exposure in the endangered towns and drew a new risk map.
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Fig. 1. Location map of Napoli city at nation&h) and regional(b) scale, the green lines are the provincial boundaries, the blue line is the
Napoli city boundary, the red stars are the locations of Ischia island (II), Campi Flegrei volcanic sources (CF) and Somma-Vesuvio volcanic
sources (SV) active volcanoes. Location of the city with respect to the Somma-Vesuvio and Campi Flegrei active is also shown in the 3-D
overview(c).

The careful observation of this map highlights the prob- spread towards the NE, and in the past 25 ka no plinian col-
lem of Napoli mega-city, which stands in an area exposed taumn was diverted towards the NW from the volcano. By
hazard both from Campi Flegrei and Somma Vesuvio. Thissimulating explosive events and investigating the wind di-
consideration, joined to the high exposure both in terms ofrections, Barberi et al. (1990), Cioni et al. (2003), Rolandi
human lives and goods, was worth a more detailed asses®t al. (2007), Macedonio et al. (2008), Daniele et al. (2009)
ment of volcanic hazard and risk for Napoli city. and Rolandi (2010) reach almost the same conclusion: pre-

Previous studies about volcanic hazard assessment mainkailing winds at the higher altitudes blow from the W, as
deal with single sources one at a time and, as a consequenc&,consequence a possible future plinian event most proba-
the weak position of Napoli city was often overlooked. The bly will spread its products in the eastern sectors from the
municipalities N. 9 (Pianura-Soccavo) and N. 10 (Bagnoli- volcano and they would therefore spare Napoli. Daniele et
Fuorigrotta) of the city, however, fall within the Campi Fle- al. (2009), however, prove the high variability of wind fields
grei caldera and were exposed, in the past, to the depositioi the lowermost layers of atmosphere, and from this con-
of both pyroclastic current and pyroclastic fall products of sideration descend the conclusion that a possible future vio-
Campi Flegrei. According to Orsi et al. (2004), who took lent strombolian-subplinian event, displaying column heights
into account the whole of the explosive activity occurred atlower than those of a plinian eruption, could endanger Napoli
Campi Flegrei after the NYT (15ka), Napoli city has a low city.
frequency of occurrence of eruptions emplacing a pyroclas- As far as pyroclastic density currents from Somma Vesu-
tic fall layer loading 3kN/m (roof collapse threshold). Al- vio are concerned, Alberico et al. (2005) found buried py-
berico et al. (2002) found low to intermediate values of prob-roclastic flow deposits ascribable to the Ottaviano eruption
ability of new vent opening in the Napoli area pertaining to (8 ka— Rolandi etal., 1993a) in many boreholes in the eastern
Campi Flegrei, and deduce that pyroclastic currents of lowzone of Napoli, whose thickness decreases toward the south-
to medium size eruptions mainly remain confined inside thewest. Furthermore, Mastrolorenzo et al. (2006) identified a
Campi Flegrei caldera. de Vita et al. (1999) and Alberico 3- to 0.5-m-thick pyroclastic surge deposit that was emplaced
et al. (2005), however, found that the Monte Spina eruptionby the passage of the last and most powerful Avellino surge
pyroclastic currents overtopped the Posillipo hill and werecloud sequence, as already pointed out by Santacroce (1987)
emplaced, although with reduced thickness, in the presen@nd Cioni et al. (1999).
ancient centre of Napoli. Orsi et al. (2004) identified Campi  The first attempt to give a synoptic view of the hazard and
Flegrei pyroclastic flow deposits in the sector occupied byrisk posed by Campi Flegrei and Somma Vesuvio was made
the western part of the city of Napoli and on the northernby Petrosino et al. (2004), who drew a hazard map encom-
slopes of the Camaldoli hill. passing the last 10 ka of activity at both sources. Moreover,

As far as Somma Vesuvio activity is concerned, only a fewthey joined territorial planners in the investigation of the so-
papers deal with the possible hazard posed by this volcano téial and urban evolution in the last century of territory ex-
the Napoli city. As a matter of fact, pyroclastic fall prod- Posed to risk in Campania.
ucts of high VEI eruptions of Somma Vesuvio are mainly
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Fig. 2. Geological sketch map of Napoli city.

Main aim of the present paper, which follows the stepscity is made up of volcanic rocks, marine and alluvial de-
of Petrosino et al. (2004), is to use the multi-source hazargosits in response to regional, volcano tectonics and sea level
map of Lirer et al. (2010) as a starting point to shade a newchanges occurred during the Holocene (Cinque et al., 1985)
light on volcanic risk assessment for Napoli city. We think (Fig. 2).
that this is a necessary scope to be pursued, because of theNeapolitan Yellow Tuff (NYT, 15ky, Deino et al., 2004)
present complex relationship among scientific community,forms the framework of most of the hills in Napoli. Accord-
territorial planners and local authorities existing in Napoli. ing to the field surveys (Rittmann et al., 1950; Di Girolamo et
Since a couple of years ago, in fact, both Napoli city munici- al., 1984; Bellucci, 1994; Bellucci et al., 2006; Lirer, 2008)
pal authorities are revising the territorial zoning for planning along a SW-NE trend, this formation overlays the Tufi Bian-
new urban settlement within the city and Civil Protection is castri (Camaldoli Hill) or the Campanian Ignimbrite (39 ky,
updating the volcanic risk emergency plans. De Vivo et al., 2001 — Capodichino and Poggioreale).

The results of the research here presented could be helpful At Posillipo, Vomero and San Martino hills the NYT over-
on the long term, for territorial planners who ought to take in lays the Tufi Antichi (Rittmann et al., 1950; Scherillo, 1957).
the right account the impending volcanic risk. Moreover, on Recent studies carried out on San Martino hill highlighted
the short term, when a volcanic crisis is on going, they canthe presence of products associated to the Campanian Ign-
represent the starting point for more detailed maps, useful témbrite between the NYT and the Tufi Antichi (Perrotta et
manage the evacuation of the endangered population. al., 2006; Bellucci et al., 2006) These latter products were
probably emplaced by the vents of an ancient volcanic field
in the Napoli city area (Paleo Campi Flegrei — Lirer et al.,
2001), as the volcano relicts evidenced by the paleomorphol-
ogy before the deposition of NYT (Alberico et al., 2005) tes-
tify. The deposits contain many ballistic fragments up to few
meters in diameter, indicating proximity to the source (Orsi

2 Geological outlines of the metropolitan area

The Napoli city grew in the complex active multi-source
volcanic area of the Campi Flegrei volcanic field and the
Somma-Vesuvio district. It is situated in a large graben, bro-t al., 1996)'. .

ken into smaller horst and graben structures, connected to The ,NYT IS Qverlaln by t_he fall products O,f th? IasF 10ka
the Pliocene-Quaternary Tyrrhenian margin evolution (Car_exploswe activity of Campi Flegrel, decreasing in thickness
rara et al., 1973, 1974 Ippolito et al., 1973; D'Argenio et al., from 15m to some tens of decimetres towards the eastern

1973; Finetti and Morelli, 1974; AGIP, 1987). In particular sector of the city. The same prod_ucts are _found in sparse
the western sector of the city is set on the horst-type strucPreéholes of Agnano, Bagnoli-Fuorigrotta, Pianura and Soc-
avo, with a mean thickness of 30 m (Di Vito et al., 1999;

ture of Campi Flegrei caldera, the eastern one is located in & beri L 200
smaller graben, bounded to the east by another horst whichlberico etal, 5)-
hosts the Somma-Vesuvio volcano. The substratum of the
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The Agnano plain, generated by a volcano-tectonic col-3 Multi-source hazard map for Napoli city
lapse following the Agnano-Monte Spina eruption (4.1 ka —
de Vita et al., 1999), has a poly-crateric morphology linked The volcanic hazard for Napoli is worth a detailed investi-
to four main eruptive events: Grotta del Cane, Monte S. An-gation, since the city is comprised between the two active
gelo, Monte Spina and Pigna S. Nicola (Di Girolamo et al., volcanic areas of Campi Flegrei and Somma-Vesuvio and, in
1984). The analysis of few boreholes drilled in this plain as much, displays one of the highest population rates of the
showed a stratigraphic sequence formed from the bottom tavhole Europe (about one million people with a population
the top by S. Teresa, La Pietra, Nisida, Monte S. Angelo,rate reaching apex values of 5000 inhARm
Grotta del Cane, Monte Spina and Astroni volcanic prod- In order to zone the territory of Napoli municipality with
ucts. This sequence is the same surveyed in the outcrop®gard to hazard posed by the possible future explosive ac-
around the Agnano crater rim (Di Girolamo et al., 1984; Di tivity of Campi Flegrei and Somma-Vesuvio, the volcanic
Vito et al., 1999). In the subsurface are also found marinehazard map of Napoli municipality, given a volcanic event
and swampy deposits, related to the volcano-tectonic evolueccur (randomly chosen by Campi Flegrei and Vesuvio) was
tion occurred in the middle of the Holocene, when the north-worked out using the potentiality of spatial analysis of Ge-
ern half of the caldera was uplifted, while the southern halfographic Information System (GIS) framework (fiea et
remained under the sea level to form the present bay of Pozal., 2000; Pareschi et al., 2000;6@ez-Ferandez; 2000;
zuoli (Cinque et al., 1997). The marine deposits outcroppingBehncke et al., 2006; Felpeto et al., 2007; Toyos et al., 2007;
at La Starza marine terrace were interpreted as the result@/idiwijayanti et al., 2009).
of two processes acting at the same time: marine sedimenta- Past explosive products of Campi Flegrei and Somma-
tion and volcanic activity mainly characterized by pyroclastic Vesuvio hit the eastern and western sector of the city in a
flow deposition (Cinque et al., 1985). different way as a consequence of the size of explosive erup-
The Bagnoli — Fuorigrotta volcano-tectonic plain is filled tions and the topographic onset. The distribution of these
in with the products of the post-NYT explosive activity; in products has been retraced in detail thanks to field surveys,
only one deep drill-hole this formation was found at 150 m mainly up to the late Sixties, when several building exca-
depth. In the southern part of the Bagnoli-Furigrotta plain, asvations were performed in the city area (Lirer, 2008) and,
in the Agnano plain, the volcanic products are interbedded tanore recently, thanks to the analysis of drilled stratigraphic
marine deposits (Cinque et al., 1985; Di Vito et al., 1999; sequences (Di Vito et al., 1999; Isaia et al., 2004; Alberico
Alberico et al., 2005). et al., 2005; Bellucci et al., 2006). The identification of the
At Pianura and Soccavo inland plains the boreholes in-area invaded by the products of the two volcanic sources, for
dicate the presence of pyroclastic deposits of the Agnanahe long term, allows the forecasting of the possible hazard
Monte Spina, Astroni and Monte S. Angelo eruptions. Inin case of a future explosive event.
detail, the Astroni deposits are mainly drilled at Pianura and
in the north-western zones of Soccavo plain, while the south3.1 Western sector
eastern zone of the Soccavo and Fuorigrotta plains are char-
acterized by a wider emplacement of Monte Spina and MonteThe products of the two main plinian-subplinian eruptions
S. Angelo formations. Only few drill holes reach the un- occurred at Campi Flegrei after the NYT eruption, Pomici
derlaying formation of Tufi Gialli Stratificati (S. Teresa, La Principali (ca. 10.3ka — Alessio et al., 1973) and Monte
Pietra, Nisida) or the NYT (Fig. 3). Spina (ca. 4.1ka — de Vita et al., 1999), blanketed the main
In the eastern part of the city, corresponding to the Sebetopart of territory inside the Campi Flegrei caldera and ex-
Volla Holocene coastal plain, were drilled the effusive andtended toward the east, up to pre-Apennines (Costa et al.,
explosive products of Somma-Vesuvio and the explosive2009; Lirer et al., 2010). Pyroclastic fall deposits of lower
products of Campi Flegrei piled up during the last 15ka. magnitude eruptions almost exclusively blanketed the areas
The stratigraphic successions of over one hundred drill holeslose to the different vents (Di Girolamo et al., 1984; Di Vito
were investigated (Bellucci, 1994; Alberico et al., 2005) andet al., 1999; Costa et al., 2009). Only the fall deposits of As-
made it possible to deduce the presence of marine and alluroni eruption (3.8 ka — Di Vito et al., 1999) were found by
vial deposits embedded to volcanic products. In the westisaia et al. (2004) in the Napoli area.
ern sector of Sebeto-Volla plain prevails the NYT that thins The area reached by pyroclastic flow products, emplaced
toward the eastern sector, where lava flows and pyroclastiin the same time-span, corresponds to the Campi Flegrei
flow deposits of the Somma-Vesuvio eruptions are predomi-caldera (Lirer et al., 2001); these products usually thicken
nant (see Fig. 2). in the morphological lowland and thin toward the slopes
that border the Agnano, Fuorigrotta, Soccavo and Pianura
plains (Rosi and Sbrana, 1987). Moreover, field data tes-
tify to the capability of only very dilute pyroclastic currents
to surmount the Campi Flegrei caldera rim (200 m average
altitude). In particular, de Vita et al. (1999), highlighted
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Fig. 3. Spatial distribution of boreholes showing the presence of pyroclastic deposits in the western area of Napoli city.

that the pyroclastic flows of the main phase of the Agnano Following the conclusion of Daniele et al. (2009), who
Monte Spina eruption, channelled along morphological sad-ypothesise that low-intermediate size explosive eruptions
dles, reached towards the east the city of Napoli and overeould emplace pyroclastic fall products also in western di-
topped the north-eastern slopes of the Pianura plain. Omection, in the present research we carefully investigated
the north-western side of the Camaldoli hill these dilute py-the dispersal of past strombolian eruptions, which displayed
roclastic flows channelled into the gullies and reached thean almost round-shaped isopach map. During the proto-
Aversa plain, 15 km far from the vent. These data are corrob-istoric period, between the Avellino (3.5ka) and Pompei
orated by the results of Todesco et al. (2006), which applied 479 AD) plinian eruptions, three main events were recog-
numerical model to define hazard flow variables along differ-nized by Rolandi et al. (1998). The last protohistoric erup-
ent topographic profiles in the south-eastern sector of Campiion of Rolandi et al. (1998) was interpreted as four dis-
Flegrei. They infer that for large events (Agnano Monte tinct violent strombolian to vulcanian eruptions by Andron-
Spina mass eruption rate 110°) obstacles like the Posil- ico et al. (2002). The main dispersal axis of these eruptions
lipo hill do not protect the city of Napoli but reduce flow ve- changes from north-northeast to south-southeast. Between
locity and dynamic overpressure; for small eruptions (massPompei (79 AD) and 472 AD, only one event, the explosive
eruption rate = 2.5 107) the flow is stopped by the Posillipo eruption of 203 AD was identified as strombolian activity

hill (200 m average altitude). with a dispersal axis toward southeast. During the Medioeval
period (472-1631) four strombolian-freatoplinian eruptions
3.2 Eastern sector took place, mainly dispersed toward the east. The post-1631

] ] ] ) ) eruptions range between the “violent strombolian” and “sub-
As previously stated in the introductory section Napoli was plinian”, the column height of these eruptions never exceeds
somewhat spared by pyroclastic fall products of plinian 1 ym (arrighi et al., 2001) and main dispersal axis varies
events occurred at Somma Vesuvio in the last 25ka. Therrom northeast to southeast

!nfluence o(fjvalnd lgn_ the d|r§ct;pp of méclj'n Q|Ispersal aku)s ‘I{V33 On the whole, our analysis brings to the conclusion that
investigated for plinian, sub-plinian and violent strombolian oo, strombolian-subplinian events occurred in the past at

eruption§ (Barberi etal., 1990; C_ioni etal., 2003; Rolandi etg 14 vesuvio dispersed their products towards the east,
al., 2007; Macedonio et al., 2008; Rolandi, 2010). Prevailing, 4 4 north-western distribution, involving Napoli city, re-

wipds blow mainly from west throughout the entire year.for sults quite improbable. The presence of the fall products
altitudes of “P,‘O 20km. Over 18-20 km the summer W'ndsof the third protohistoric eruption, however, was recorded in
show a prevailing ea;t provenance (Co;ta etal, 2,009)' EVelome gravity cores drilled in the Napoli and Pozzuoli Gulfs
thqugh t_he low velocity Wh'ch ch_aracterlzes the wind _at th's (Di Lillo, 2001; Insinga et al., 2008). Moreover, ash falling
altitude IS not expe_cted to S|gn|f|cant!y affect the main 9'_'5' on Napoli is reported in several coeval chronicles of past
persal axis (Barberi et al., 1990), which shows a prevailing; 531 5omma Vesuvio activity. Very recently, Rolandi (2010)
easterly direction. quotes the example of the 1906 Vesuvio eruption that was
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Table 1. Synthesis of historical chronicles describing the effect in Napoli city of pyroclastic fall deposits coming from Somma-Vesuvio.

Eruption size Year Description of activity

Strombolian 1649 Deposition of volcanic ash that, transported by the wind, reached Napoli at the end of
1649 and over the next few years

Strombolian 1654  Whitish ash fell on Napoli

Strombolian 1660 At the end of the paroxysmal phase of this eruption whitish ash similar to that of 1654 fell on Napoli

Violent vulcanian 1698 The ash thrown out during the violent vulcanian explosions fell on Napoli

Vulcanian 1707 Dense ash fall blanketed Napoli

Strombolian 1737 Ash fall was recorded on Napoli

Strombolian 1767 On October 20th ash fell on Napoli

Strombolian 1790 There was significant explosive activity that led to the accumulation of ash in Napoli

Strombolian 1794 5 mm of ashes piled up in Napoli

Violent strombolian 1822  Ash fell in Napoli
Violent vulcanian 1895 Ash reached Napoli borne by the wind
Violent strombolian 1906  Fall of reddish ashes reached Napoli

characterized by variable wind patterns, initially from the The first approach is a geo-spatial model implemented in
west and then from the east, producing tephra lobes oria vector framework based on field data (Lirer et al., 2001),
ented both toward Avellino (NE) and Naples (W-NW) (Mas- which allowed the contouring of the pyroclastic fall and flow
trolorenzo et al., 1993). Significant damage resulted alsdhazard at Somma-Vesuvio; the second is a geo-spatial model
from the load of tephra deposited in Napoli, as testified byimplemented in a raster framework and based on simula-
the roof collapse occurred in a covered market of the Monte-tion results aiming at assessing the pyroclastic flow hazard at
oliveto area (present municipality N. 4), which killed 11 peo- Campi Flegrei (Alberico et al., 2002, 2008) while the third
ple and injured 31. Table 1 summarizes these events deducetlitably processes the HAZMAP computational model re-
from the original documentary extracts by Lirer et al. (2009). sults of Costa et al. (2009) to assess the pyroclastic fall haz-
Collapsing columns from high magnitude Somma Vesuvioard at Campi Flegrei.
explosive events are expected to spread pyroclastic flows ra- In the appendix the methodology of the whole procedure
dially from the vent and possibly travel ca. 8 km far from the is summarized, and the reader is invited to refer to our previ-
volcano (Esposti Ongaro, 2002; Lirer et al., 2010). Rolandiously quoted papers for full details regarding the methodol-
(2010) extends to 11 km the maximum travelled distance, byogy of the first two steps.
investigating the field occurrence of the pyroclastic flows of  The three-step procedure brought us to depict the maps of
AD 79, AD 472 and AD 1631 eruptions. As a matter of fact, the Napoli areas exposed to pyroclastic fall and flows hazard
pyroclastic flow deposits of the Avellino eruption crop out from both volcanic sources. The areas with different degree
in the Ponticelli-Barra area and were signalled by Rolandi etof hazard delineated in the single maps were merged to ob-
al. (1993b) even in the Napoli harbour area. Moreover, pyro-tain the Napoli cityconditional volcanic hazardhap (Fig. 5),
clastic flow deposits of the Mercato-Ottaviano eruption werewhere the single points record the possibility to be hit by the
found in the buried successions of the Centro Direzionaleproducts of a new explosive event occurring at Campi Flegrei
area (Alberico et al., 2005), so testifying to the past emplaceor Somma-\Vesuvio.
ment of Somma Vesuvio explosive products at least in east- Assuming that the past is a reasonable guide to the future

ern part of the present Napoli city. behaviour of the volcano, the recurrence of past events has
to be taken into account when assessing the volcanic haz-
3.3 Methodology ard. Aiming at this for Campi Flegrei we processed the in-

ut data by means of the conditional probabilities of occur-
The hazard map of Napoli municipality represents a subseF y P

£ th i lcanic h q P 2 R ence reported in Orsi et al. (2009). These authors, start-
giotn e(Lri]:gr“:tO;Ircezgi (;:)ainr:feg?aztird ;przrtia%??gé?ﬁe;'ing from the trial probability of occurrence that Simkin and
v Siebert (1994) deduced from the historically recorded ex-
with new data (Costa et al., 2009; Rolandi, 2010). Three dif- ( ) y

¢ t methodological hes (Fiq. 4 lied at C losive volcanic events, took into account the recurrence of
erent methodological approac es (Fig. _) appiied at L.amp ariously sized explosive events at Campi Flegrei in the last
Flegrei volcanic field and Somma-Vesuvio central volcano

) 5ka and calculated conditional probabilities of occurrence
were followed to assess the volcanic hazard for a future o1 low. medium and high energy events of 0.6, 0.25, 0.037
plosive event. y .6, 0.25, 0.037,

respectively. These values depend on the number and the
size of eruptive episodes recognized in the investigated time
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Fig. 4. Flow chart reporting the procedure for hazard and risk assessment. * Lirer et al. (2001), ** Alberico et al. (2002), *** Costa et

al. (2009),° Orsi et al. (2009), PyFs = pyroclastic flows.

window. This is a crucial point at Campi Flegrei, where the
almost total absence of historic activity and the difficulties in
field survey caused by the intense urbanization, strongly bias
the precise assessment of conditional probabilities of future
occurrence. Once assumed the values of Orsi et al. (2009),
they were here used to attribute a weight to the possible fu-
ture occurrence of different sized explosive events.

3.4 Hazard zoning

Four different degrees of hazard were identified in the condi-
tional volcanic hazard maps (Fig. 5):

1. H4 (high hazard for pyroclastic flow and falh this
class corresponds to the eastern zone of municipality 4.
N. 6 (Ponticelli-Barra neighbourhood) and with Agnano
plain, at Campi Flegrei. In the former, high damage
to structures caused by the impact of pyroclastic flows
from Somma Vesuvio is expected; in the latter both
high damage by Campi Flegrei pyroclastic flows and
the overload exerted on the roofs by pyroclastic fall de-
posits are expected. Within the Campi Flegrei caldera,
the effect of low size eruptions is enhanced by high con-
ditional probability of this kind of event.

2. H3 (medium hazard for pyroclastic flow and high haz-
ard for pyroclastic fall}-this class is located in the low-
land of Campi Flegrei, western sector of municipality

www.nat-hazards-earth-syst-sci.net/11/1057/2011/

N. 10, and encircles the high hazard zones within the
Campi Flegrei caldera. The spatial frequency of py-
roclastic flows is lower than in H4 class, but damage
to structures caused by both the impact of pyroclastic
flows and the load exerted on the roofs by pyroclastic
fall deposits is expected.

. H2 (medium — low hazard for pyroclastic flow and

medium hazard for pyroclastic fal this class encom-
passes the greatest part of municipalities N. 9 and N. 10.
This area displays a medium to low hazard for pyroclas-
tic flow and medium hazard for pyroclastic fall products
sourcing from Campi Flegrei.

The lowest hazard H1 class has been split into three sub-
classes, mostly exposed to Campi Flegrei activity:

— Low hazard for pyroclastic flow and medium haz-
ard for pyroclastic fall- this class encircles the H2
area and encompasses municipalities N. 1, N. 5 and
N. 8; in this area mostly damage by pyroclastic fall
overload on roofs is expected.

— Very low hazard for pyroclastic flow and medium
hazard for pyroclastic fall- this area is reached
by pyroclastic flows of few simulations of VEI=5
eruptions and, taken into account the low values
of conditional probability, the consequent hazard is
very low.

Nat. Hazards Earth Syst. Sci., 1101062611
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Campania

Mapeli
Province

&

m— Frea exposed Sovolcanic hazard

Very low hazard for plroclastic flow

[ | Low hazard for pyrociastic fai
H"\‘ and medium hazard for pyreclastic fall

Low hazard for pyroclastic
fliow and medium hazard for
pyreclastic fall

"Rz Medium - low hazard for

. © pyreclastic Aow and
medium hazard for
pyreclastic fall

Kediumn hazard for pyroclastic

flewr and high hazard for

pyreclastic fall

High hazard for pyroclastic flow ;
I somma-vVesuvio. Campi Flegrei) La Pietra
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Fig. 5. Conditional volcanic hazard map of Napoli city. The red line represents the boundary of field mapped pyroclastic flow deposits of
the Avellino eruption from Somma-Vesuvio (Rolandi et al., 1993b).

— Low hazard for pyroclastic falt- this area encom- step procedure, which makes it possible to assign the eco-
passes the municipalities N. 7 and N. 4, and couldnomical value defined by the Italian Territorial Agency in
be only blanketed by pyroclastic fall deposits of the 2008—-2009\yww.agenziaterritorio.)tto urban, agrarian and
eruptions from the vent located in the Agnano areanatural vegetation areas.

and in very few cases by plinian pumice fall de- At this aim, three input data were used: the Land Use map
posits from Somma-Vesuvio volcano. of Campania Region at scale 1:50 000, the Agrarian Region

. i ) and the Urban Belts of Territorial Agency. The Land Use

The map enhances{ within the Campi Flegrei galdera, thPmap reports the spatial distribution of agrarian cultivation
rgle of the pyroclgstlc fall and flows of the I_ow-3|ze explo- ang urban area of Napoli city; the Agrarian Region defines
sive events, considered f[he most probable- in the next_futunaqe economical value of agrarian cultivation and of natural
(Costa et al., 2009; Orsi et al., 2009), owing to the hlgh":'rvegetation with value changing in the five provinces of Cam-

condif[ional prob_ability of future occurrence. In a similar_ ania Region: the urban belts correspond to zones of the sin-
way, it underestimates the possible effects of a pyroclastlv%e municipalities with different economical value.

fall emplacing event in the eastern Napoli area, because o In detail. the Land U divided i
the very low conditional probability value attributed to high n .e'tal » the Lan 1 US€ map was divided Into two maps
containing the agrarian and natural vegetation land use and

size (Monte Spina-type) explosive events. the urban land use, respectively. The intersection of the first
map with the Agrarian Region and of the second map with

4 The exposure map urban belts allowed to assign the economical value to each
land use map of Campania Region (Fig. 6).

Starting from the idea that resident population of Napoli city For agrarian and urban land uses two different classifi-
can be got in safe before a new explosive eruption occurgations normalized according to the maximum value of the
in the future, the exposure is here represented as the ecaingle parameter were retained. In the map clearly ap-
nomical value associated to the artefacts exposed to hazargears the highest value of urban area of municipality N. 1,
This economical value was defined through a simple two-characterized by residential buildings and villas and of the
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municipality N. 2 and N. 5 mainly corresponding to the his- 6 Conclusive remarks

torical centre of the city and to the Vomero-Arenella zone

respectively. The economical value of urban area decreasd¥apoli is the only mega-city in the world located within a

moving from these municipalities toward the city bound- multiple source volcanic area; it is sandwiched, in fact, be-

ary characterized by popular buildings and by an undersizedween Somma-Vesuvio and Campi Flegrei, both currently ex-

transport system network. periencing a quiescence phase that will give way to future
Inside the Napoli city, the very few and narrow natural ar- €xplosive activity (Lirer et al., 2010). We drew, at the munic-

eas include vineyards, orchards, natural grasslands, pasturéglity scale, new volcanic hazard and risk maps, which en-

mainly located on the hills and mixed woods of Astroni wild lighten the most hazardous areas of Napoli city irrespective

park, of Capodimonte park and of northern slopes of Camal-0f the volcanic source and depict the relative risk. Several

doli hill. The highest economical value characterizes the fewbasic assumptions were made for this work:

areas devoted to vegetable, and to complex cultivation pat-
terns (brown-orange zones in Fig. 6), the intermediate values
are typical of the few areas devoted to arable land and mixed
wood (white and orange in Fig. 6), while the lowest econom-
ical value characterizes the natural grassland (yellow zones
in Fig. 6).

5 The volcanic risk map

The risk formula (Risk = Hazard Exposurex Vulnerability)

of UNDRO (1979), posing the vulnerability=1, was used
to draw the risk map (Fig. 7), which is the graphic result of
the intersection of hazard and exposure maps. Attributing
the maximum value of vulnerability (1) to all the exposure
brings to an overestimation of risk, but the unavailability of
a global vulnerability assessment over the entire study area,
prevented the ranking of this parameter. As a consequence,
our conditional risk map, depending on conditional hazard,
is sensitive to the exposure and reflects the economical
value of the artefacts possibly loose in case of renewal of
explosive activity. Four risk classes, from high risk to very
low risk, were identified and their spatial distribution reflects
the results of hazard and exposure maps superimposition,
so that the coincidence of low hazard with low exposure
gives as result a low risk class and the opposite condition
characterizes the areas with high hazard and high exposure
(Fig. 7).

In Fig. 7 it is possible to observe the spatial distribution
of risk classes; as an example, high risk characterizes the
few polygons of vegetable gardens located at the foot slopes
of Somma-Vesuvio, displaying both high hazard and expo-
sure; the same features characterize the La Pietra coastal
zone. Medium risk characterizes the eastern sector of Napoli
city (part of municipality N. 6) and the Agnano Plain inside
the Campi Flegrei caldera. In the former area the high haz-

We assumed that a reactivation of Vesuvio and Campi
Flegrei is equally likely.

— For Somma-Vesuvio, we used a field based approach

(Lirer et al., 2001) ad did not take into account condi-
tional probability of occurrence of any size future event.
Although these values are available (Neri et al., 2008;
Macedonio et al., 2008), they can be suitably used to
process a great deal of data extracted from simulations,
as our approach to Campi Flegrei testifies, but do not
work likewise with the few input field data we stated to
use starting from the hazard map of Lirer et al. (2010).

— For pyroclastic fall hazard assessment at Campi Fle-

grei the use of HAZMAP simulation at only two vents
causes an underestimation of hazard for pyroclastic fall
mainly within the Campi Flegrei caldera, as Selva et
al. (2010) recently demonstrated; furthermore, the same
zone undergoes the limits of using this model in proxi-
mal areas (Costa et al., 2009).

For pyroclastic flow hazard assessment at Campi Fle-
grei, we used the simple 2-D energy cone scheme of
Malin and Sheridan (1982). As a matter of fact, since
column collapse, and associated PDC formation and
propagation, involve extremely complex physical pro-
cesses, the use 3-D of simulations models using differ-
entinput parameters (e.g., source conditions, etc.) could
better describe the effects of the topography on the py-
roclastic flow run out.

The unavailability of a global vulnerability assessment
over the entire study area, prevented the ranking of this
parameter and forced us to attribute the maximum value
of vulnerability (1) to all the exposure. This assump-
tion brought to an overestimation of risk over the whole

ard is associated to the lowest urban exposure value, whereas ~Study area.

the high hazard and medium exposure values are typical
the Agnano plain. A low risk characterizes the Posillipo and
Vomero hills where the low hazard is associated to high ex-
posure. The very low risk typifies the central-eastern par
of Napoli city, except the easternmost part of municipality
N. 6, owing to the coincidence of low hazard with the low
economical value of the urban area (Fig. 7).

www.nat-hazards-earth-syst-sci.net/11/1057/2011/

O{'he aforementioned assumptions and simplifications we in-
troduced render the resulting maps an improvable and up-
tgradable product, to move from conditional hazard/risk maps
to real hazard/ risk maps. In our opinion, however, in their
present state they can represent a vital tool for decision-
making about territorial management and future planning.
The conditional hazard map, for the first time, divides the
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Campania
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Fig. 6. Exposure map of single municipalities possibly involved by a future explosive event of the Somma-Vesuvio and Campi Flegrei active
volcanic sources. The yellow-brown and the grey-blue scale colours indicate the exposure value for natural and urban land use, respectively
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Fig. 7. Conditional volcanic risk map of Napoli city.

entire territory of Napoli city into four hazard classes. The The Napoli central area is mainly exposed to the fall prod-
high spatial probability to be hit by both the pyroclastic flows ucts of Campi Flegrei eruptions, whose frequency progres-
and fall originated by low to high magnitude eruptions is the sively decreases toward the east causing a hazard variation
main feature of the depressed areas of the western sector éfom high to low. Nevertheless the results of recent stud-
the city, falling inside the Campi Flegrei caldera. Moving ies must be taken into account since they confirmed the pre-
from these zones toward the hill slopes, the volcanic hazardrailing distribution towards the east for pyroclastic fall of
decreases in response to the reducing spatial probability tSomma-Vesuvio plinian events, but at same time highlighted
be hit by pyroclastic flows. the possibility for future violent strombolian events to hit
Napoli city.
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The eastern area of the city, corresponding with the an-ent spatial probabilities of future eruptive event sources for
cient river Sebeto plain, is characterized by high hazard tahe different points of the volcanic field. It was quantified
be hit by the pyroclastic flows of Somma-Vesuvio and by by parcelling the territory into square cells of 1 km side and
fall products of both high-size Campi Flegrei and low-size applying the spatial analysis to the potential indicators (geo-
Somma-Vesuvio eruptions. volcanological, geophysical and geo-chemical) of a renewal

Volcanic hazard map joined to exposure map gave us thef volcanic activity (Scandone and D’Andrea, 1994). In a
possibility to draw the volcanic risk map for Napoli city, second phase, the “energy cone” model (Malin and Sheri-
where the distribution of risk classes is clearly influenceddan, 1982), which assumes column collapse heights of 100,
by the spatial coincidence of classes with the same degre800 and 500 m for eruptions of VEI=3 and VEI=4 and
of both hazard and exposure. The medium risk characterize§El =5, with Heim coefficient equal to 0.1, was used to per-
both the eastern and western sector of Napoli while the lowform 124 simulations. The simulations were centred in all the
and very low risk classes prevail in the central area. square cells previously used to quantify vent opening proba-

Our results yield to the conclusion that, contrary to the bility. The overlay of the energy cone to the Digital Elevation
common people feeling and even local authorities percepModel (Alberico et al., 2002) made it possible to automati-
tion, Napoli city is not volcanic risk-free, rather wide zones cally detect the invaded areas for each hypothesized vent for
pertaining to it display a high probability to be endangered inVEI=3, 4, and 5. Through the intersection of these areas,
case of a future event both from Campi Flegrei and Sommawe drew a map for all VEIs depicting the spatial possibility
Vesuvio. This consideration does not imply that terror mustof invasion by pyroclastic flows for each point of the territory.
be stroke on the inhabitants, but that in territorial manage-The areas delineated in the single maps were then multiplied
ment and future planning the presence of the two volcaniddy the conditional probability values of Orsi et al. (2009), to
sources cannot be disregarded. attribute a weight to the possible future occurrence of differ-

The best proof of how much at present local Authorities ent sized explosive events. These areas were finally merged
neglect the possible exposition of artefacts to volcanic hazardo depict the conditional hazard map for pyroclastic flows.
can be found at Ponticelli-Barra, a sub-set of municipality For pyroclastic fall hazard assessment, we used as input
N. 6, which results highly hazardous from our investigation, data the ash loading probability maps of low, medium, and
since in the last decades most of the new public housing ohigh magnitude events with vents located in the Averno-
Napoli was built here and even the largest hospital in south;Monte Nuovo and Agnano-San Vito areas, drawn by Costa et
ern Italy (Ospedale del Mare — De Vivo et al., 2010; Rolandi, al. (2009), based on a threshold loading of 300 Ky(@ipar-
2010) will be opened in a few months time in this high haz- timento di Protezione Civile, 1995). The pyroclastic fall haz-
ard zone. An other meaningful example is at Bagnoli wereard was processed by using both the spatial frequency and the
they are carrying out the remediation of the area occupiecash loading probability. We firstly merged the results of the
up to early Nineties by ILVA factory. The present develop- simulations for each size at the two vents and obtained three
ment programme for Bagnoli plans to devote at least 30% ofmaps depicting the hazard level as the spatial frequency of
the ex-ILVA area to new houses, and last year this percentthe range of ash loading probability (i.e. 5-10%) reported by
age was even raised with respect to the first plan. This igCosta et al. (2009). The areas delineated in the single maps
clearly contradictory with our results, because it would in- were then multiplied by the conditional probability values of
crease the number of people exposed to risk in an area dPrsi et al. (2009), to attribute a weight to the possible future
high-intermediate hazard. Many other examples could beoccurrence of different sized explosive events. We finally
found, testifying to the same carelessness of local authoritie§erged these maps to draw a single map highlighting the dif-
in this regard. ferent spatial frequencies of ash loading probability ranges

As a matter of fact, in the next future territorial planning for all the simulations and sizes, where single points record
in Napoli city is expected to take into much account the im- how many times the maximum sustainable loading was ex-
pending volcanic hazard and, in our opinion, the maps her&eeded. Four hazard areas were finally defined: (a) both the
depicted must be used to choose both the areas where nev@ry lowandlow hazardareas are characterized by 1—10%
constructions can be built and those where it is necessarprobability to be reached by fall products overwhelming the
to reduce the demographic pressure aiming at lowering th&ollapse threshold but the spatial probability to be reached
number of people at risk. by all the six eruptive scenarios considered is one and two

respectively; (b) thenedium hazardirea is typified by the
spatial probability to be reached by 3—4 of all six eruptive
Appendix A scenarios considered and with collapse ash loading proba-
bility to be reached of 1-25%; (c) thagh hazardarea is
In this following the methodology used to assess the volcaniaypified by the spatial probability to be reached by 5-6 of alll
hazard at Napoli city is summarized. six eruptive scenarios considered and with collapse ash load-

For Campi Flegrei, the first step was the assessment aihng probability to be reached of 1-50%. The areas contoured

vent opening probability. This factor describes the differ- in the conditional hazard map for pyroclastic flows and for
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For Somma-Vesuvio pyroclastic flows that could threaten ard in Napoli urban area, Environ. Geol., 47, 751-762, 2005.
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