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Abstract In this study, we address the issue of short-term
to medium-term probabilistic seismic hazard analysis for
two volcanic areas, Campi Flegrei caldera and Mt. Vesuvius
in the Campania region of southern Italy. Two different
phases of the volcanic activity are considered. The first,
which we term the pre-crisis phase, concerns the present
quiescent state of the volcanoes that is characterized by
low-to-moderate seismicity. The second phase, syn-crisis,
concerns the unrest phase that can potentially lead to
eruption. For the Campi Flegrei case study, we analyzed the
pattern of seismicity during the 1982–1984 ground uplift
episode (bradyseism). For Mt. Vesuvius, two different time-
evolutionary models for seismicity were adopted,
corresponding to different ways in which the volcano might
erupt. We performed a site-specific analysis, linked with the
hazard map, to investigate the effects of input parameters,
in terms of source geometry, mean activity rate, periods of
data collection, and return periods, for the syn-crisis phase.
The analysis in the present study of the pre-crisis phase
allowed a comparison of the results of probabilistic seismic
hazard analysis for the two study areas with those provided
in the Italian national hazard map. For the Mt. Vesuvius

area in particular, the results show that the hazard can be
greater than that reported in the national hazard map when
information at a local scale is used. For the syn-crisis phase,
the main result is that the data recorded during the early
months of the unrest phase are substantially representative
of the seismic hazard during the whole duration of the
crisis.

Keywords Seismic hazard . Unrest phase . Ground-motion
attenuation . Uniform hazard spectra

Introduction

Seismicity occurring in volcanic areas is generally charac-
terized by earthquakes for which the frequency of occur-
rence and magnitude values mainly depend on the unrest
state of the volcano, the location and upward migration of
magma, the hydrothermal fluid circulation, the induced
fracturing phenomena, and the local stress variations.
Volcanic risk is the main concern for volcanic areas, and
patterns of seismicity can be analyzed and used to underpin
long-range and short-range forecasts (Newhall 2009). In
highly densely populated areas, however, seismicity can
represent a threat for the inhabitants and for the civil
structures and industrial facilities in the area. This is the
case for the two main volcanic areas considered here,
Campi Flegrei caldera and Mt. Vesuvius, in the Campania
region of southern Italy, for which the estimates of seismic
hazard can be used to reduce the impact of any earthquakes
occurring before and during the unrest phase.

Campi Flegrei is an active volcanic area that is located west
of the city of Naples, and which covers an area of about
400 km2. The last eruption, which occurred in 1538,
produced a small, about 100-m-high cone, called Mt. Nuovo.
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Seismic activity was noted at least 40 years before this
eruption, with a noticeable increase in activity during the
2 years preceding this event. More recently, two main
ground uplift episodes have taken place within the caldera:
in 1970–72 and 1982–84. These were accompanied by
intense microseismic activity. In the period of September
1970 to September 1972, three thousand shallow micro-
earthquakes were recorded by a local network that consisted
of five to seven stations (Corrado et al. 1976). A slight
subsidence occurred in the period 1972–1974, and then
the ground remained approximately at the same level
until May–June 1982. At this point, the ground started to
rise again at a very high rate (2 mm per day on average).
An anomalous increase in seismic activity was observed
a few months after the onset of this last uplift (Del Pezzo
et al. 1984). More than 10,000 shallow-depth micro-
earthquakes with magnitudes <4.2 were recorded from
October 1982 to September 1984. The persistent seismic
activity and the structural failure of buildings that resulted
from a total 1.8 m uplift of the ground led the local
authorities to evacuate large districts of the town of
Pozzuoli, near the coast.

Our other study site, Mt. Vesuvius, has been quiescent
since the last eruption, which occurred in 1944. It is one
of the most dangerous volcanoes in the world, because
more than 700,000 people live in close proximity to the
crater. The volcano’s present state is characterized by a
low level of seismicity (a few hundreds microearthquakes
per year), with most of the earthquakes having a local
magnitude, ML <3.0. The earthquakes are mainly located

beneath the crater area at very shallow depths (less than
5 km). The strongest earthquake occurred on October 9,
1999 (ML 3.6), and it was clearly felt in the area
surrounding the volcano and in the city of Naples, creating
panic among the population and attracting much media
attention.

Due to the lack of instrumental data relating to past
eruptions and the accompanying seismicity, no consensus
exists about the expected maximum magnitude values and
frequency of earthquake occurrence for these two areas.
Frequent, shallow low-magnitude earthquakes can, however,
have an important influence in seismic hazard analysis,
particularly over intermediate and long return periods (Reiter
1990). Indeed, although low magnitude earthquakes (M <5.0)
rarely produce structural damage, they can generate panic and
can cause damage to non-structural components of buildings
such as parapets, architectural decorations, chimneys, parti-
tion walls, ceiling panels, windows, light fixtures, and
building contents (Chen and Scawthorn 2003).

For such minor damage, the application and the results
of a probabilistic seismic hazard analysis (PSHA) can be
used as input by engineers to calculate damage probability
using vulnerability data, which will be useful for the
planning of operations during any emergency. Indeed, due
to its probabilistic nature, PSHA can be used both to test a-
priori hypotheses of the seismicity and its time evolution,
and to compute the effects of these assumptions in terms of
probability of exceedance of a set of strong ground-motion
parameters. As reported in the building codes, (e.g.,
Eurocode 8—CEN 2003), these parameters represent the

Fig. 1 Earthquake source areas. Left panel, Campi Flegrei area. Right
panel, the Mt. Vesuvius area. Dashed lines, perimeter of the
earthquake sources. Circles, recent seismicity. Stars, historical earth-
quakes retrieved from the CPTI04 catalogue, provided by the Gruppo

di lavoro CPTI (2004) restricted to the area of interest. Grey dots (left
panel), 1982–1984 crisis. Sites used for site-specific PSHA are also
reported
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information that will be used to design new structures and
to perform retrofit analyses of existing structures.

In the present study, a new technique to calculate
PSHA for rock-site conditions is proposed for the Campi
Flegrei and Mt. Vesuvius areas. Specifically, the new
technique considers two phases: the pre-crisis period,
corresponding to a time interval during which no poten-
tially precursory phenomena are observed, and the syn-
crisis period, corresponding to the time interval preceding
a ‘probable’ eruption (also termed the unrest phase) during
which potentially precursory phenomena are observed. For
the pre-crisis phase, the classical approach for PSHA
proposed by Cornell (1968) has been applied, and hazard
maps for Peak Ground Acceleration (PGA) and two return
periods of 475 year and 975 year have been calculated.
For the seismic hazard during the syn-crisis phase for the

Campi Flegrei area, we considered the seismic activity that
occurred during the 1982–1984 bradyseism. Similarly, for
the Mt. Vesuvius area, we assigned the syn-crisis phase a
total duration of 2 years based on the duration of
precursors to the 1944 eruption, while for the b-value of
the Gutenberg-Ricther (GR) relationship (Gutenberg and
Richter 1944), two distinct trends were considered,
characterized by an increasing and a decreasing b-value
with time. In this way, two different modalities of
seismicity occurrence were investigated, both of which
were associated with a frequency magnitude distribution
that can, but does not always, lead to eruption. For
example, the seismic activity preceding the eruption of
Mt. St. Helens on 18 May 1980 was characterized by
increasing seismic energy and a decrease in the b-value as
the time of eruption approached (Qamar et al. 1983). In

Fig. 2 Minimization of standard
error for estimating the h
parameter for the Mt. Vesuvius
area and for all of the spectral
ordinates considered

Table 1 Regression coefficients of Eq. 1 for Sa(T) relative to the Campi
Flegrei area

Sa(T) (m/s2) a b c h σ

Sa(T=0 s) −4.163 0.967 −1.572 1.00 0.181

Sa(T=0.15 s) −3.560 0.904 −1.629 1.25 0.188

Sa(T=0.3 s) −4.303 1.063 −1.511 1.00 0.194

Sa(T=1.0 s) −6.129 1.317 −1.401 1.00 0.105

Table 2 Regression coefficients of Eq. 1 for Sa(T) relative to the Mt.
Vesuvius area

Sa(T) (m/s2) a b c h σ

Sa(T=0 s) −2.899 0.741 −1.816 1.5 0.143

Sa(T=0.15 s) −2.291 0.682 −1.969 1.75 0.131

Sa(T=0.3 s) −2.928 0.800 −1.690 1.5 0.177

Sa(T=1.0 s) −4.953 1.100 −1.354 1.0 0.176
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Fig. 3 Groundmotion prediction
equation for the Campi Flegrei
and Mt. Vesuvius areas Lower
panels, the Campi Flegrei area.
Upper panels, Mt. Vesuvius area.
Dots, simulated stochastic
ground-motion values.
Continuous black lines, best-fit
curves for magnitude values
ranging from 2.0 to 5.0

Fig. 4 Hazard maps for PGA in unit of g for 475-year and 975-year
return periods. Left panels, case #1, where a 400-year completeness
period was assumed for the national seismic catalog. Right panels,

case #2, where the Italian ZS9 seismic zoning is referred to (Meletti et
al. 2008). Lower panels, 475-year return period. Upper panels, 975-
year return period
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contrast, for some other volcanoes (e.g., Mt. Spurr,
Alaska, 1992; Mt Etna, Italy, 1981), an increase in b-
value has been seen prior to major eruptions (e.g., Endo et
al. 1981; De Natale et al. 1986).

In addition, the uniform hazard spectra (UHSs) for two
sites located in different positions with respect to the
seismic source zones were computed for the syn-crisis
analysis. With the hypothesis that from a dynamic point of
view, an engineering structure can be idealized as an
elastic-damped, single-degree-of-freedom system with a
given natural period of vibration, for a given probability
of exceedance, the UHS provides the variation of the peak
values of ground motion as a function of the natural period.
These spectra allow calculation of the effects of ongoing
seismicity on structures characterized by different natural
elastic periods. We investigated the spectra at the zero-
frequency asymptote, which corresponds to the PGA, at
0.15 s, 0.3 s and 1.0 s.

Probabilistic seismic hazard analysis

For any selected site, PSHA furnishes a hazard curve that
represents the probability of exceedance of the ground-
motion parameter, A, in a given time interval; as for
example, during the design life of a building, a bridge or
other infrastructure. The computation of the hazard curve
requires computation of the hazard integral (Cornell
1968; Bazzurro and Cornell 1999) that for the i-th

selected earthquake source zone and for a range of
possible magnitudes and distances, provides the mean
annual rate of exceedance, as in the following equation:

EiðA > A0Þ ¼ ai

Z

M

Z

R

Z
s

I ½A > Aojm; r; "�f ðmÞf ðrÞf ð"Þdmdrd"

ð1Þ
where I is an indicator function that equals 1 if A is larger
than Ao for a given distance r, ranging between Rmin and
Rmax, a given magnitude m, ranging between Mmin and
Mmax, and a given ε, which represents the residual
variability of the A parameter with respect to the selected
Ground Motion Prediction Equation (GMPE) (e.g.,
Bazzurro and Cornell 1999), which expresses the varia-
tion of the strong ground-motion parameter as a function
of the source-to-site distance and magnitude of the
earthquake. The probability density functions (PDFs)
for M, f(m), and for R, f(r), depend on the adopted
earthquake recurrence model (e.g., Gutenberg and
Richter 1944), and on the site location and source
geometry, respectively. Finally, αi for each identified
source represents the mean annual rate of occurrence of
the earthquakes within the source retrieved from the
seismic catalogs. Given the magnitude and the distance, ε
is defined as the number of logarithmic standard devia-
tions by which the logarithm ground motion deviates
from the median. Thus, via its associated PDF, f(ε), it
allows incorporation of the residual variability of the

Fig. 5 Hazard maps for PGA expressed in unit of g for the pre-crisis phase and three b-values. Left panel, b=2.3. Central panel, b=1.6. Right
panel, b=1.1. Lower panels, 475-year return period. Upper panels, 975-year return period
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ground-motion parameter for which the hazard is esti-
mated (e.g., Bazzurro and Cornell 1999).

Assuming a homogeneous Poissonian recurrence model,
for a given site, Eq. 1 allows the probability of exceedance
P in a time interval t to be computed:

PðA > A0; tÞ ¼ 1� e
�
PN
i¼1

EiðA>A0Þ�t ð2Þ

where the sum is taken over all of the sources that
contribute to the hazard. When the analysis is performed
for a set of sites covering an area of interest, with the
exposure time fixed, (~50 years for civil structures) and the
probability of exceedance (10%), a hazard map can be
produced (Reiter 1990; Giardini 1999).

In the following sections, the procedure implemented to
perform PSHA analysis at Campi Flegrei and Mt. Vesuvius
is described. In particular, using the historical seismic
catalog of Italy (Catalogo Parametrico dei Terremoti
Italiani, CPTI04 catalog, Gruppo di lavoro CPTI 2004)
limited to the area of interest, along with the location of the
recent instrumental seismicity provided by Istituto
Nazionale di Geofisica e Vulcanologia (INGV)—Osserva-
torio Vesuviano (http://www.ov.ingv.it), ad-hoc earthquake
source zones for these two areas were identified. GMPEs
that are expected to greatly affect the results of the analysis
were retrieved for the two areas separately, to allow for the
differences in static stress-drop conditions and anelastic
attenuation.

The hazard maps for the PGA for two return periods,
475 year and 975 year, were calculated for the pre-crisis
phase. For the Mt. Vesuvius area, different seismic hazard
maps were computed by changing the b-value of the GR
relationship and the value of the mean seismicity rate.
Following De Natale and Zollo (1986), PSHA for the syn-
crisis phase was performed assuming that the pre-eruptive
seismicity was characterized by a swarm-like behavior with
clusters of microearthquakes, the number of which followed
a Poissonian distribution as a function of time. Thus, given
an observation period during which potentially precursory
phenomena were observed, peak ground-motion values with
a selected return period were computed. Specifically, during
the observation period, the mean activity rate, the number of
earthquakes, and the b-value can be calculated and used as
input parameters for PSHA, which is calculated for return
periods of 6, 12, 18 and 24 months.

Seismic sources identification

As reported in the pioneering study by Cornell (1968),
PSHA first requires identification of the earthquake sources

based on the geological, tectonic and seismic data that are
available for the study areas. The source areas can range
from well-known and localized faults, to entire seismotec-
tonic provinces that extend for thousands of square kilo-
meters. The configuration of the single source can be a
point, a line, an area or a volume.

For both the Campi Flegrei and Mt. Vesuvius areas,
the earthquake sources were defined based on the

Fig. 6 Retrieved model for seismicity characterizing the Campi
Flegrei area during the syn-crisis phase. Black dots, data retrieved
from De Natale and Zollo (1986). Continuous lines, the models in
Eqs. 4 and 5
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location of both of the historical earthquakes and
instrumental seismicity. Moreover, for the Campi Flegrei
area, the location of the earthquakes that occurred during
the 1982–1984 crisis were also used (Battaglia et al.
2008). With the aim of accounting for the spatial differ-
ences in the earthquake occurrence for both of the
investigated areas, an additional separation was per-
formed. Looking at the earthquake locations (Fig. 1),
for the two volcanoes, two separate zones can be
identified. One is characterized by a rather sparse
distribution, which is thus considered as a background
zone dominated by tectonic events, while the other is
characterized by a more dense and quite uniform distribu-
tion. The two areas are indicated as ZCF1 and ZCF2 for
Campi Flegrei caldera, and ZVS1 and ZVS2, for Mt.
Vesuvius (Fig. 1).

Ground-motion prediction equations for the Campi
Flegrei and Mt. Vesuvius areas

To estimate the effects of the selected earthquakes, the
GMPEs were retrieved for spectral ordinates Sa(T) at
structural periods T=0.0, 0.15, 0.3 and 1.0 s, which
correspond to the natural period of oscillation of the
engineering structures considered. Due to the lack of
experimental data from moderate-to-large earthquakes, a
database of synthetic data was computed using the
stochastic ground motion simulation approach proposed
by Boore (1983) for both Campi Flegrei and Mt.
Vesuvius. The static stress drop (Δσ) and anelastic
attenuation parameters (Q) were retrieved from De Natale
et al. (1987) for the Campi Flegrei area, and from
Galluzzo et al. (2009) for the Mt. Vesuvius area.

Fig. 7 Hazard maps for PGA in units of g for the syn-crisis phase of the Campi Flegrei area relative to the 1-month observation period and four
return periods expressed in months selected on the basis of the assumed 24 months duration of the syn-crisis phase
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Specifically, for the Campi Flegrei area, Δσ=40 bars,
Q(f)=98f0.43 and κ=0.015 s−1, whereas for the Mt.
Vesuvius area, Δσ=10 bars and Q=150. As described
by Anderson and Hough (1984), the κ parameter
governs the high-frequency (larger than 2 Hz) spectral
decay that is mainly caused by subsurface geological
structures near to the site. Simulated data were used to fit
Eq. 3 (e.g., Sabetta and Pugliese 1996; Ambraseys et al.
1996):

log SaðTÞ ¼ aþ bM þ c log
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ h2

p
� s logSaðTÞ ð3Þ

where M is magnitude, R is the epicentral distance in km.
The parameter h represents a fictitious depth used to
avoid ground-motion saturation with distance (e.g.,
Campbell 1981; Sabetta and Pugliese 1996). The best

value for h was retrieved by minimizing the standard
error σlogSa(T). To do this, a set of 18 values of h was
selected, and for each of them, the regression was
performed. The best h value thus corresponded to the
minimum value of σlogSa(T). As an example, Fig. 2 shows
the results of the procedure described above for the area
of Mt. Vesuvius.

The best-fit coefficients and standard errors for the
selected spectral ordinates are listed in Table 1 for
Campi Flegrei and in Table 2 for the Mt. Vesuvius area,
while Fig. 3 shows the simulated data and the retrieved
GMPEs for four magnitude values. It is worth noting the
differences in attenuation for the two areas, and impor-
tantly, that low magnitude events can also result in high
Sa(T) values, due to the small distance range. This has
direct implications for seismic hazard in the areas
considered.

Fig. 8 As for Fig. 7, but for 6 months of observation period
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Probabilistic seismic hazard analysis for the pre-crisis
and syn-crisis phases

In the present study, PSHA is performed for two phases of
interest, corresponding to our two states of the volcanoes, i.e.,
pre-crisis and syn-crisis. For both phases, the earthquake
source zones identified were assumed to be characterized by
uniform seismic potential (e.g., Reiter 1990). A homogeneous
Poissonian recurrence model was assumed in the pre-crisis
phase, while a generalized Poissonian model that allowed for
time-dependent mean activity rates was used for PSHA
during the syn-crisis phase. The following sections illustrate
how the mean activity rates, the b-values of the GR
relationship, and the maximum magnitude were selected for
each area of interest.

Pre-crisis phase

Results for the Campi Flegrei area

To account for epistemic uncertainty relating to the mean
activity rate, two different cases were considered. The first
(case #1) corresponds to the case where a 400 year complete-
ness period is assumed for the national seismic catalog (i.e.,
over 400 years, the earthquakes with magnitude in the range of
interest occurred in the area under study are fully reported in
the catalog). Four historical earthquakes (1198, Mw 5.17;
1538, Mw 5.37; 1582, Mw 5.37; and 1832, Mw 4.83) located
in the area (Fig. 1, stars) were selected from the CPTI04
catalog (Gruppo di Lavoro CPTI 2004). Based on these
assumptions, a mean activity rate α2=0.01 events/year was
assigned to ZCF2, while for ZCF1 it was assumed that the
activity rate was α1=α2/2. Moreover, a b-value of the GR
relationship of 0.3 that was calculated from the available data
was used for both zones.

In the second case (case #2), the Italian ZS9 seismic
zoning was that of Meletti et al. (2008). In particular, the a-
value and b-value of the GR relationship corresponding to
zone 928 were used, which contains the study area. The
extrapolation of the GR relationship at magnitude M 4.5
(the maximum magnitude in ZCF2) and M 5.4 (the
maximum magnitude in ZCF1) allowed us to obtain α2=
0.08 events/year (α1=α2/2) using the b-value of 0.66
reported by the INGV and assuming 400 year for the
completeness period (Gruppo di Lavoro MPS 2004). The
hazard maps for PGA (in units of g, where g is the gravity
acceleration) for both of the return periods of 475 years and
975 years are shown in Fig. 4. In particular, the left
panels in Fig. 4 refer to case #1, while the right panels
refer to case #2. Also in Fig. 4, the lower panels refer to
the 475-year return period, and the upper panels to the
975-year return period. The results show that as well as the
case and return period considered, higher PGA values are

obtained for ZCF2, and that for each single case, PGA
increases with the increasing return period. When case #2
is taken into account, the values obtained in the present
study for the Campi Flegrei area are in general agreement
with the values reported in the Italian national hazard map
provided by the INGV (Meletti and Montaldo 2007;
Montaldo and Meletti 2007; Spallarossa and Barani
2007). For the whole area, the INGV provides PGA values
ranging from 0.150 to 0.170 g for the 475-year return
period, and from 0.200 to 0.225 g for the 975-year return
period. The inferred PGA values for case #1 of the present
study are, however, significantly lower than those provid-
ed by INGV (Meletti and Montaldo 2007; Montaldo and
Meletti 2007; Spallarossa and Barani 2007).

Results for the Mt. Vesuvius area

The earthquake source zones, ZVS1 and ZVS2, that were
identified on the basis of three historical earthquakes (1861,
Mw 4.7; 1631, Mw 5.0; and 1794, Mw 5.0) selected from
the CPTI04 catalog (Gruppo di lavoro CPTI 2004) and for
recent seismicity are shown in the right panel of Fig. 1. The
analysis performed in the present study for both of the
seismogenic zones identified was, however, based on a M
3.6 maximum magnitude value, which corresponded to the
largest earthquake recorded in the area over the last
65 years, and a M 1.9 minimum magnitude value, which
corresponded to the completeness threshold of the
seismic catalog (Zollo et al. 2002). In analyses of the
seismicity for the period 1972–2000, Zollo et al. (2002)
and Del Pezzo et al. (2004) showed decreasing b-values
from 2.3 to 1.1, which correspond to the present measured
value. By extending the same dataset to present times, the
mean activity rates for the two zones were estimated: α1=
37.03 events/year and α2=2.78 events/year.

The hazard maps for PGA for the 475-year and 975-
year return periods and the three selected b-values, i.e.,
2.3, 1.6 and 1.1, are shown in Fig. 5. These results show
that a decrease in the b-value for the same range of
magnitude, distance and mean activity rate produces an
increase in the PGA values for the two earthquake
source zones. This is due to the increasing ratio between
the numbers of large and small earthquakes. For
example, for ZVS1 and the 475-year return period, an
estimate of PGA of 0.15 to 0.17 g is obtained from the
national catalog data (Meletti and Montaldo 2007), while
the higher value of 0.45 g is predicted using the local
catalog data.

Syn-crisis phase

PSHA for the syn-crisis phase required some assumptions.
In the present analysis, the seismic activity that occurred
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during the last 1982–1984 crisis at Campi Flegrei was
considered, while for the Mt. Vesuvius area it was
arbitrarily assumed that the syn-crisis phase has a total
duration of 2 years.

PSHA for the phase of interest was performed
assuming that the seismicity was characterized by the
occurrence of clusters with Poissonian distributions
(e.g., De Natale and Zollo 1986) (e.g., generalized
Poisson distribution). Given an observation period during
which potentially precursory phenomena were observed,
peak ground-motion values with a selected return period
were then computed. Specifically, the data recorded
during the observation period were used to estimate the
mean activity rate, the number of earthquakes, and the
b-value that provided the input for PSHA. In particular,
for each observation period, PSHA was calculated at 6,
12, 18 and 24 months return periods. For the Mt.
Vesuvius area, two models for the time dependence of
the b-value were tested. Indeed, as reported in various
studies, this parameter has been shown to depend on
environmental (geological and tectonic) conditions, and
its space and time variations are mainly linked to the
material properties, the magnitude of applied shear stress,
and the temperature gradient (e.g., Wiemer and McNutt
1997; Wyss et al. 1997). As in the example by Marzocchi
et al. (2001), an increase in pore pressure due to an
increase in heat flux can take the system very close to a
critical state, where the seismic activity is very intense
and the b-value is high. On the other hand, the seismic
activity preceding the 18 May 1980 eruption at Mt. St
Helens, and the March 1981 Etna eruption, were
characterized by a decreasing b-value (Endo et al. 1981;
De Natale et al. 1986). As a consequence, in the present
study, models of both a decreasing and an increasing b-
value were considered, and their effects on PSHA were
analyzed.

Results for the Campi Flegrei area

By using the results of De Natale and Zollo (1986) for the
pattern of 1982–1984, an analytic model was derived for
both the mean monthly activity rate and the total number of
clusters as a function of time. These values were then used
to calculate the corresponding b-value. The adopted models
and the retrieved coefficients for the mean activity rate α(t)
and the total number of clusters N(t) are expressed by the
following equations:

aðtÞ ¼ 10c1 tc2 ðc1 ¼ �0:1� 0:1; c2 ¼ 0:2� 0:1Þ ð4Þ

NðtÞ ¼ 10d1 td2 ðd1 ¼ 2:4� 0:3; d2 ¼ 0:3� 0:1Þ ð5Þ

Equations 4 and 5 allow extrapolation of the data for
both of the assumed periods of 2 years of unrest. The
models reported in Eqs. 4 and 5 are represented in Fig. 6.

PSHA for the Campi Flegrei area was performed
assuming Mmax=4.2 and Mmin=0.6. As an example, Figs. 7
and 8 show the hazard maps for PGA in units of g for the
observation periods of 1 month and 6 months. The results
for the longer observation periods, e.g., 12 months and
18 months, did not change substantially as a result of
the small variation in the input parameters, as did the
seismic activity and b-values after about 10 months. The

Fig. 9 Seismicity models characterizing the Mt. Vesuvius area during
the syn-crisis phase. Grey lines, decreasing b-value model. Black lines,
increasing b-value model
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results obtained show that the highest PGA values are
found for ZCF2 (see Fig. 1). In particular, for the 1-month
observation period (Fig. 7), the highest PGA value was
0.01 g, which increased to 0.02 g when the 6-month
observation period and 24-month return period were
taken into account. Moreover, the increase in the
observation period was followed by an increase in the
extent of the area where higher values were observed.

Results for the Mt. Vesuvius area

No instrumental data exist for the syn-crisis phase for
the Mt. Vesuvius area, so we performed the calculations

for the opposite cases of time-increasing and time-
decreasing b-values. Observations at several volcanoes
showed time-increasing b-values before the eruptions
(e.g., Mt. Spurr, Alaska, 1992; Mt Etna, Italy, 1981) (e.g.,
De Natale et al. 1986), while at Mount St Helens before
the 18 May 1980 eruption the b-value decreased with
time (e.g., Endo et al. 1981). Once the magnitude range
M (1.9, 3.6) had been selected, the a-value of the GR
relationship was used to calculate the total number of
clusters for the period considered and the mean activity
rate α (number of earthquakes/time period considered) to
be used in Eq. 1. The models and their corresponding
parameters are shown in Fig. 9. For the Mt. Vesuvius

Fig. 10 Hazard maps for PGA expressed in units of g for syn-crisis phase at the Mt. Vesuvius area relative to the 1-month observation period and
decreasing b-value models
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area, Figs. 10 and 11 show the hazard maps for PGA in
units of g obtained for a 1-month period of data
collection, and the same four return periods considered
for the Campi Flegrei area. Specifically, Fig. 10 refers to
the model of a decreasing b-value with time, while
Fig. 11 refers to an increasing b-value with time. The
highest PGA values were estimated corresponding to
ZVS1 for the case of a decreasing b-value with time to
the eruption.

To analyze how these results depended on the observa-
tion period, a site-specific analysis was performed. The two
sites of SVS1 and SVS2, located in ZVS1 and ZVS2,
respectively (see Fig. 1), were selected for extrapolation of
the PGA values from the hazard maps calculated at all of

the observation and return periods, and reported in Fig. 12.
In particular, for both of these selected sites, the left panels
in Fig. 12 refer to the time-decreasing b-values, and the
right panels refer to the time-increasing b-values, before the
eruption. The results indicate that sites located in ZVS1
were affected by higher hazard values and that the model of
the time-decreasing b-values provides higher PGA values,
as expected. These differences were more evident for the
12-month and 18-month observation periods. With the
time-increasing b-values to the eruptions (Fig. 12, right
panel), the SVS1 recorded higher PGA values with respect
to SVS2, which, on the contrary, experienced PGA values
that were quite constant, independent of the observation
and return periods.

Fig. 11 As for Fig. 10, but for increasing b-value models
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The uniform hazard spectra

From an engineering point of view, seismic hazard in terms
of PGA values can be of little interest. Indeed, in practice,
the elastic response of a structure to earthquake ground
motion can be modeled as a simple oscillator whose natural
period is the same as that of the structure (Reiter 1990). A
large proportion of the civil structures have an elastic
period of about 1 s, which requires that spectral ordinates at
periods different from zero (corresponding to PGA) should
be considered. As a consequence, the most complete hazard
assessment is in terms of a uniform hazard spectrum, which
is an elastic response spectrum (commonly, 5% critically
damped) that is derived from an analysis of the PSHA at the
site (e.g., Reiter 1990). Specifically, the UHS is defined
with the purpose that all of its spectral ordinates have the
same probability of exceedance in a time interval depend-
ing on the limit-state of interest that depends on the
performance required by the structure in response to the
earthquake ground motion (e.g., collapse, safety of life). In
practice, once the probability of exceedance has been
selected, each point on the spectrum can be obtained by

solving the hazard integral (Eq. 1) for each of the structural
periods of interest.

For both of the areas studied, two sites with different
locations with respect to the source zones were selected
(see Fig. 1) and the time-dependent hazard was computed
in terms of Sa(T) for T=0.0, 0.15, 0.3 and 1 s. Figure 13
shows the results for the two selected sites in the Campi
Flegrei area. In particular, the left panels in Fig. 13 refer to
the SCF1 site, and the right panels to the SCF2 site. Each
panel also reports the observation periods and the
corresponding return periods (Tr). In agreement with the
seismicity model considered, which was characterized by
low-to-moderate high frequency earthquakes occurring at
short distances, for both of the sites, the highest values
corresponded to the largest return period, i.e., 24 months
and Sa(T=0.3 s). On the other hand, for the two sites
selected, at the selected observation periods and return
periods, the values at Sa(T=1 s) are the same, and are
slightly different at other’s structural periods. This is due to
a lack of large distant earthquakes that dominate the UHS at
periods of about 1 s or more (Reiter 1990; Convertito et al.
2009).

Fig. 12 Hazard values for four observation periods and four return periods. Left panels, b-value decreasing model. Right panels, b-value
increasing model
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The two time-dependent b-value models were also
investigated for two selected sites in the Mt. Vesuvius area.
Figure 14 shows the results for the SVS1 site, and Fig. 15
shows the results for the SVS2 site. In each of Figs. 14 and
15, the left panels refer to the model for the time-decreasing
b-values and the right panels to that for time-increasing b-
values. For SVS1, when the time-decreasing b-value model
is considered, there is large variability in the UHSs for all
of the Sa(T), and the largest values correspond to T=0.3 s
and the 1-month observation period. This can be explained
because for the assumed magnitude range, the hazard
curves are mainly affected by low-magnitude earthquakes
with a high frequency of occurrence, rather that by larger
magnitude earthquakes. The SVS2 site shows the same
features, but it is characterized by lower values due to its
location with respect to the seismic sources. On the other
hand, when the time-increasing b-value model was
considered, the UHSs did not vary as a function of the
observation period, which indicates that from an engineer-
ing point of view, the seismicity that characterizes the first

month of activity represents the largest threat during the
unrest phase.

Discussion and conclusions

The present study investigated the probabilistic seismic
hazard for two volcanoes, Campi Flegrei caldera and Mt.
Vesuvius, in the Campania region of southern Italy. For
these two areas, earthquake source zones were identified
based on both historical earthquakes and recent seismicity.
Furthermore, to estimate the effects of the selected earth-
quakes, ground-motion-prediction equations accounting for
the differences in the attenuation features were retrieved at
four spectral ordinates. The results presented here do not
take into account soil conditions at individual sites, but can
be tailored for specific sites if the site-response or
amplification coefficients are known.

Two different phases have been considered here: pre-
crisis and syn-crisis. These phases represent the present

Fig. 13 Uniform hazard spectra for the Campi Flegrei area. Left panels, site SCF1. Right panels, site SCF2
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quiescent state of the volcanoes and the phase of unrest
potentially preceding an eruption, respectively.

The results obtained for the pre-crisis phase show that:

& For the Campi Flegrei caldera, the results are in general
agreement with those provided by standard procedures for
Italian national seismic hazard mapping (Meletti and
Montaldo 2007; Montaldo and Meletti 2007) when using
the same hypotheses for the b-value. On the other hand,
when local data are used to calculate the seismicity rate,
the PGA values inferred in the present study are
significantly lower (~30–40%) than those provided by
the currently adopted nation-wide hazard map.

& For Mt. Vesuvius, when the local data are used, the hazard
values in terms of PGA are higher (~50%) than those
reported in the national hazard map, as a consequence of
the magnitude values selected and the decreasing b-value
with time. A decreasing b-value produces a higher
occurrence of large magnitude earthquakes.

For the syn-crisis phase, a total duration of 2 years for
the crisis was assumed, as comparable with that of the

1982–1984 crisis that occurred in the Campi Flegrei area.
This can be a critical issue, particularly when a decreasing
b-value model is assumed. Indeed, in this case, the peak
ground-motion prediction obtained from early periods of
data collection might be not representative for the full
duration of the crisis, due to changes in the ratio between
the numbers of large and small earthquakes. On the other
hand, as shown by the present study, when an increasing b-
value model is assumed, the results obtained from the early
period of data observation in terms of UHS, and not only in
terms of PGA, are representative for the whole duration of
the crisis. The syn-crisis phase was analyzed by assuming
three different periods of data collection (1, 6, 12 and
18 months) and by estimating the hazard for four return
periods (6, 12, 18 and 24 months).

The main results of the analysis for the Campi Flegrei
caldera are that:

& The results for longer observation periods, e.g., 12 and
18 months, do not change substantially because there
are only small variations in the input parameters, such

Fig. 14 Uniform hazard spectra for the Mt. Vesuvius area and the SVS1 site. Left panels, decreasing b-value model. Right panels, increasing b-
value model
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as the seismic activity and b-values, after about
10 months.

& The highest PGA values are found for ZCF2 (see Fig. 1).
In particular, for a 1-month observation period (Fig. 7),
the highest PGA value was 0.01 g, which increased to
0.02 g when the 6-month observation period and 24-
month return period were taken into account.

& Increasing the observation period caused an increase in the
extent of the area where higher values were observed.

& The results in terms of UHSs show that the highest Sa
(T) values are predicted for the largest return period and
for the structural period T=0.3 s, as a consequence of
the assumed seismicity model.

The main results of the analysis for Mt. Vesuvius are that:

& Site-specific analysis indicated that sites located in
ZVS1 are characterized by higher hazard values, and
that the model predicting a decreasing b-value provides
higher PGA values, as expected.

& When the b-value increases with time preceding an
eruption, SVS1 recorded higher PGA values with
respect to SVS2. The SVS2 site was characterized by

PGA values that were relatively constant, independent
of the observation and return periods.

& The analysis performed in terms of UHSs provides different
results for the two sites selected and the two b-value
models. Specifically, when the time-decreasing b-value
model was considered, the SVS1 site experienced a large
variability in the UHSs for all of the Sa(T). The largest
values corresponded to T=0.3 s and a 1-month observa-
tion period. The SVS2 site showed the same features,
although it was characterized by lower values due to its
greater distance from the seismic sources. On the other
hand, when the increasing b-value model was considered,
the seismicity that characterized the first month of activity
was representative of the hazard during the unrest phase.

The results of the present study show the importance of
time-dependent hazard calculations of seismic activity in
volcanic areas. This analysis should be based on observa-
tions and measurements continuously acquired by local
seismic networks. It can then be much more informative
than a static hazard calculation based on hypotheses
concerning only the past activity of the volcanoes.

Fig. 15 As for Fig. 14, but for the SVS2 site
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Additionally, it is worth calculating the hazard in terms of
UHS rather than considering only the PGA. Indeed,
according to its definition, UHS provides a full descriptive
image of the effects of the time-evolving seismicity on the
engineering structures, both in terms of magnitude and
distance, and can correlate much more closely with
expected damage.
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