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Peak ground acceleration produced
by local earthquakes in volcanic areas
of Campi Flegrei and Mt. Vesuvius
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Abstract

The scaling law of the seismic spectrum experimentally calculated at Mt. Vesuvius and Campi Flegrei is used to con-
strain the estimate of the maximum expected peak acceleration of ground motion. The scaling law was calculated for
earthquakes recorded at BKE and OVO stations in the period 1997-2000 for Mt. Vesuvius and for earthquakes oc-
curred during the 1983-1984 bradyseismic crises at Campi Flegrei. For Mt. Vesuvius the scaling law clearly deviates
from a constant stress drop relation in the whole range of magnitude (0.4 < Mp < 3.6) whilst constant stress-drop is
found for Campi Flegrei data (0.7 < Mp < 3.4). These resulls are used to give a first estimate of the maximum ground
motion corresponding to the largest magnitude (Mms) inferred in the two investigated areas by the Gutenberg-Richter
formula. The values of the scismic moment M and the characteristic source radius corresponding t0 Mma, are used to
evaluate the peak ground acceleration PGA. This parameter is determined by stochastic simulation of ground motion.
Two different methods (Random Vibration Theory (RVT) (Boore, 2003) and ground motion generated from a Gauss-
ian distribution with 0= @ms (GMG)) give slightly different values of PGA. The values of PGA were (.10 g (RVT),
0.14 g (GMG) for Mt. Vesuvius and (.04 g (RVT and GMG) for Campi Flegrei.

Key words peak ground acceleration — scaling law case of strong earthquakes is expected. The de-
— stochastic method — Mt. Vesuvius — Campi Flegrei termination of ground motion parameters can
be carried on by numerically simulating the
time history related to the maximum expected

1. Introduction earthquake in a given area. Among the tech-
niques used for the estimate of ground motion

In the estimate of seismic risk, the determi- parameters, the stochastic method (Boore,
nation of ground motion parameters like spec- 2003) is widely used to predict the ground mo-
tral characteristics, peak ground displacement tion due to a seismic input, which can be mod-
and peak ground acceleration is very important cled taking into account source, path and site
for a quantitative asscssment of the problem. effects. The method provides the ground mo-
The knowledge of these parameters provides tion by combining a parametric description of
the basis for a classification of the territory and amplitude spectrum with a random phase spec-

identifies the areas for which great damage in trum. This technique has been applied Lo esti-
mate peak parameters of ground motion in

many regions of the world (Akinci er al., 2001;

TR e R = ; Castro et al., 2001 Atkinson et. al., 2002) and is
ailing address: Dr. 0 Galluzzo, Osservalono rti . i 5 ,
Vesuviano, Istituto Nazionale di Geofisica ¢ Vulcanologia, P articularly useful to simulate the gruund a0

Napoli, Via Diocleziano 328, 80124 Napoli, ltaly; e-mail: tion for the frt:qucncy. range usua]ly invcsligal—
galluzzo@ov.ingv.it ed by earthquake engineering.
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The most critical step in the application of
the stochastic method is the correct definition
of the source spectrum characteristics (shape
and amplitude). This requires knowledge of the
source model and scaling law of the seismic
spectrum. The scaling law relates the seismic
moment Mp to the linear dimension of the
source (Lay and Wallace, 1995, 373-379). For a
constant stress drop, the moment scales with
the characteristic rupture dimension as

Myocr?, (1.1)
Consequently, as r is proportional to the in-
verse corner frequency and M to the flat por-
tion of the log-log far field displacement seis-
mic spectrum, the level of the flat portion of
the seismic spectrum scales with the cube of
the inverse corner frequency. In the last three
decades the observed scaling laws have been
used to verify the scale invariance of the earth-
quake source in a wide range of Magnitude for
both tectonic and volcanic areas. Scaling in-
variance was studied first by Aki (1967). He
investigated the relationship between f. and
My showing that My=f.”, corresponding to a
stress drop independent of magnitude. Later,
Geller (1976) used a data set of moderate and
large earthquakes to derive the scaling rules
for fault parameters.

More recent studies have shown that for
smaller earthquakes (Magnitude ~ 3) My is not
proportional to f.* (Archuleta et al., 1982):
the seismic spectrum shows the same corner
frequency for low values of the seismic mo-
ment and the stress-drop decreases with mag-
nitude.

_. To explain thesc observations, a cut-off fre-
quency, fmax, Was introduced to reproduce the
steep fall-off at high frequency (Hanks, 1979,
1982), but a serious debate arose about the ori-
gin of finax, if it is site or source generated (An-
derson and Hough, 1984). More recently,
source heterogeneity has been introduced
through barrier/asperity models to explain the
anomalous behavior of the scaling law at low
Magnitude. For these models the simple spec-
tral shape is modified by including the «patch»
corner frequency corresponding to the asperity
_characteristic size (Papageorgiou, 2003).

Aki (1986) proposed the hypothesis that
self-similarity holds within individual ranges of
seismic moments. Recently Abercrombie
(1995) demonstrates using borehole data thag
the apparent breakdown of self-similarity is due
to the attenuation in the upper few kilometers of
the Earth’s crust. Conversely Hiramatsu er g/
(2002) show that the break down of rclationshjp
My f.™ is an artifact caused by a too low sam-
pling rate of the data.

Although the knowledge of the scaling laws
correctly defines the source spectrum, other
[factors must be taken into account for an effec-
tive prediction of ground motion. The ability of
the stochastic method to predict ground re-
sponse increases when site and path cffects are
included in the numerical simulation. The path
effects include both the distance-dependence of
the amplitude spectrum and the attenuation,
which can be modeled introducing the geomet-
rical spreading coefficient and the quality fac-
tor Q. Site effects generally depend on the local
geology and could produce an amplification of
the seismic spectrum, which should be taken
into account in the numerical simulation of
ground motion.

A careful modeling of source, path and site
effects yields ground motion simulations very
close to the real ground response, allowing a
reliable estimate of ground motion peak pa-
rameters.

For the whole Italian territory hazard maps
based on the expected PGA values are already
available (www.mi.ingv.it; Slejko et al.,
1998). In these maps the maximum expected
acceleration for the volcanic areas of M.
Vesuvius and Campi Flegrei is estimated con-
sidering the ground motion produced by
strong tectonic earthquakes occurring in the
Apennines. However, Mt. Vesuvius and
Campi Flegrei are potentially very dangerous
volcanoes and local volcano-tectonic carth-
quakes are expected in case of seismic crises
which could precede a possible eruption.
Thus, the possible occurrence of local earth-
quakes needs to be taken into account for a
more detailed determination of the PGA in the

" Neapolitan volcanic areas. In these highly ur-
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banized and densely populated areas possible
severe damage could be produced by relative-
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~ly small magnitude cvents occurring close to
or inside the urbanized area.

In the present paper we estimate the PGA
from ground motion simulation for potentially
damaging local earthquakes at Mt. Vesuvius and
Campi Flegrei. We first present a review of the
- experimental results on the scaling law of the
 seismic spectrum found at Mt. Vesuvius and
Campi Flegrei with the aim of putting experi-
mentally evaluated constraints for the predic-
tions of the ground motion generated by local
earthquakes. These two volcanic areas show ap-
parently different patterns of Moment vs. corner
frequency for the same range of magnitudes.
The scaling law of the seismic spectrum for Mt.
Vesuvius shows no constant stress drop in the
whole range of magnitude (0.4 < Mp < 3.6)
whilst Campi Flegrei data reveal constant stress-
drop in the range (0.7 < Mp < 3.4). This infor-
mation is then coupled with the largest magni-
tude value expected for both the areas, allowing
us 1o evaluate peak ground acceleration by
means of stochastic simulations.

- 2. Campi Flegrei: data set, method,
analysis of data and results

Campi Flegrei is a 12 ki diameter caldera
located close to the city of Naples in Southern
Italy. This volcanic zone is the site of periodic
uplift episodes (bradyseism), which are accom-
panied by seismic crises. The two most recent
bradyseismic crises occurred in 1969-1972 and
1982-1984. During the latter bradyseismic
cpisode a ground uplift of 1.8 m centered in
Pozzuoli town (fig. 1a) was accompanied by
more than 16 000 shallow earthquakes located
in Pozzuoli-Solfatara arca (0.1 < Mp < 4.2)
- (Aster er al., 1992). The overall time pattern of
the uplift episodes is reported in fig. 1b. The
same figure shows that since 1985 there were
also short duration uplift episodes, the major of
which (ground uplift of about 7 cm) occurred in
the spring 1989. The last seismic crises oc-
~ curred on July 2-7 and August 22, 2000. In

- these periods two small earthquake swarms oc-
curred during an uplift of about 4 cm, which in-
- terrupted the descending trend started in 1985
~ (Saccorotti et al., 2001).

Peak ground acceleration produced by local earthquakes in_vqlcgnic areas of Campi Flegrei and M. Vesuvius
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Fig. 1a-c. a) Map of Campi Flegrei Area. b) Verti-
cal Ground Movement measured at Pozzuoli in the
period 1969-1998. ¢) Epicenter locations (open cir-
cles) of 32 selected events used for the source pa-
rameter analysis. Open triangles indicate digital sta-
tions of University of Wisconsin (redrawn from P1).

1379



2.1. Data set

Most of the seismic data available at Campi
Flegrei belong (0 the swarms which occurred in
the period 1983-1984. Seismic source scaling
was investigated at Campi Flegrei by Del Pezzo
et al. (1987), hereafter referred to as Pl. The
epicenters of scismic events used by P1 are dis-
played in fig. lc. Seismic signals were recorded
by 12 three-component digital stations (dynam-
ic range = 106 db) equipped with 1 Hz 3-com-
ponent short period sensors HS101, whose am-
plitude response curve is almost flat in the fre-
quency band 1-25 Hz (Powell, 1983). Seismic
signals were digitized at 100 sps and detected by
an automatic trigger system. Further details of
these instruments and trigger system are report-
ed in P1. A collection of 181 three-component
seismograms from 32 selected cvents was used
by P1 to estimate seismic source parameters.

22. Review of method, analysis and results

A detailed description of method and analy-
sis of data is reported in P1. Here only a brief
sketch is reported. Spectra for P and § phases
were calculated using the FFT algorithm ap-
plied to data in 1.28 s and 2.56 s windows, re-
spectively for P-phase on the radial seismo-
gram and S-phase on the transversal component
of motion. Deconvolution for the amplitude re-
sponse curve and integration were performed to
obtain displacement spectra.

Spectral data were fit to the following for-
mula (Boatwright, 1980):

logD( f)=logQu+ ﬂf—% - 0.5[1 + (%) ]

(2.1)

where D(f) is the ground motion displacement
spectra, y determines the high frequency spec-
trum decay, Q is the average quality factor
along the ray path and T'is the travel time, Qo is

the low frequency spectral level and f: is the

corner frequency. These parameters were deter-
mined by an iterative non-linear inversion of far
field spectral data whose details are in P1.

The iterative method was performed by fix-
ing Q-value (Q € [120-300] in frequency range
1-16 Hz) obtained by Del Pezzo et al. (1985)
using the coda wave technique. These authors
verified the hypothesis of S-wave composition
for coda waves by estimating S-wave Q (Qs)
from the slope of the spectrum flat portion. The
estimated values of Qs (110£50) showed a
good agreement with low frequency coda Q. Qe
obtained by the iterative inversion (P1) was at
least of a factor 2 different from QOs.

Anyway, due to the short travel time, the val-
ue of Q poorly affects the estimate of Qoand f..

Site effects were also cstimated by Del Pez-
zo et al. (1993), hereafter referred to as P2,

1E+014 — i — e ———

T 16010 o +

. 3

> 3

'ﬁ 1E+D12 =

E 3

o

E 160011 3

E -

3 1E+010 a
= 1 bar
-

18000 ————7—T— T T T 0] ' T

P 20 30 40 G0 m?nm;{no 200 00

Madaraga Source Radius [m]

1E+014 g

1E+013

1E+012
% 100 bet" A +
&
1E+011 + +
+

10 bar

Seismic Moment [N*m]

1E+010 .
1 bar

+
+
+
+
n W %W ENRR 20 300 400
Brune Source Radius [m]

164000 ——

10

Fig. 2. Seismic moment versus Madariaga’s source -
radius and Brune’s source radius. Bars indicate stan- \
dard deviation errors. Lines of equal stress drop (1,
10, 100) are also displayed.
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Fig. 3ab. 1) Map of Mt Vesuvius area showing the topography (equidistance =
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Longitude (Km)

100 m) and the largest sur-

: rounding towns. b) Map of epicenters occurred in 1999-2000 at Mt. Vesuvius. Solid triangles indicate the Os-

servatorio Vesuviano permanent network.
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~ who investigated how the sile geology affects
the seismic radiation spectrum at Campi Fle-
grei for a selected subset of the same data used
- in Pl, composed of 32 small earthquakes
~ (M<2) (fig. 2 in P2). Seismic sile response
was determined using the method of the spec-
tral ratios for S waves preliminary corrected for
- attenuation in the frequency range 1-15 Hz
(P2). A reference station (W21), located at the
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Fig. 4a,b. a) Seismic moment versus Brune’s source radius for Mt. Vesuvius for data set recorded at BKE station.
Lines of equal stress drop (1, 10, 100) are also represented. b) The same for data set collected at OVO station.

center of the network, was chosen on the base
of the highest number of recorded earthquakes.
The spectral ratio for S waves was also esti-
mated using as reference the «average» spec-
trum obtained for each seismic event by log av-
eraging the seismic spectra over the stations
(fig. 4a,b from P2). Results show that the spec-
tral pattern is approximately uniform in the
range 1-6 Hz with amplification factor not
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greater than 2. Maximum site effects are in the
range 8-15 Hz (a factor of 0.2 for W10 and
W14 - see fig. 4 in P2). As in the estimate of
spectral parameters (P1), spectra were aver-
aged over the stations (at least 4 stations), all
the differences in the amplification level can be
reasonably considerate smoothed. For this rea-
son the measured spectral shape at Campi Fle-
grei can be reasonably considered unaffected
by severe site effects. The seismic moment M)
was calculated from Qo® (P1) (Qq calculated
respectively for P and S waves) and by apply-
ing the relationship (Boatwrigth, 1980)

MyYos F

PT
s T AZpoai R’

(2.2)

In formula (2.2) aps is the P or S wave ve]nmty
(ap=3 km/s and as=1.73 km!s), Mm=22 gcm™
is the density, ¥,=0.4 and Y,,-O 25 are the ra-
diation pattern terms, F equals 2 is the free sur-
face operator and R is the hypocentral distance
(P1). The characteristic source radius was cal-
culated for both Brune (1970) and Madariaga
(1976) models (P1), using the equations

re=032x le (2.3a)
c
Madariaga (1976
e Y2 021x Y (2.3b)
J
Brune (1970) ri=037x" (2.3¢)
F

Stress drops were finally derived using (Keilis-
Borok, 1959)

As=Cx—= M = (2.4)
where C is a factor dcpending on the fault
geometry and is equal to 0.44 for a circular
source. In fig. 2 (redrawn from P1) seismic mo-
ment versus Madariaga’s and Brune's character-
istic source radii are displayed. In fig. 2
Madariaga’s source radius values are obtained
by averaging between the values of rp and rgy
obtained with equation 2.3a,b. The results
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showed a constant stress drop with valyeg
around 20 bar (Madariaga model) and 4 bay
(Brune model). In the present paper we consid-
er only the results obtained from the Brupe
model in order to compare them with those ob.
tained at Mt. Vesuvius. A table showing the
complete list of the results is reported in P1.

3. Mt. Vesuvius: data set, method,
analysis of data and results

Somma Vesuvius is a composite central vol-
cano located in the Campanian Plain near the city
suburbs of Naples (fig. 3a). Its activity began about
300-500 ky ago (Santacroce, 1983). It is formed by
an ancient caldera (Mt. Somma) and by a younger
cone (Mt. Vesuvius). The Somma edifice is com-
posed of lava flows and minor scoria fall deposits.
The Somma Caldera consists of ring-faults formed
during plinian and subplinian eruptions (Androni-
co et al., 1995). The Caldera has an elliptic shape
and in the northern part the walls reach a maximum
height of about 280 m. Caldera rims are covered by
the products of post 1631 activity (Rosi et al.,
1987). After the last plinian event (A.D. 79, «Pom-
pei» eruption) the volcanism concentrated in the
Somma Caldera and in the southwestern part of the
volcano. Mt. Vesuvius is one of the most potential-
ly dangerous volcanoes in the world. Its past erup-
tions caused much damage lo the surrounding
towns. The last eruption occurred in 1944. At pres-
ent Mt. Vesuvius activity is characterized by a low
level of seismicity (a few hundred mi-
croearthquakes per year) and by a poor fumarolic
activity located inside the crateric rim. The last
seismic crisis occurred in 1999. During this crisis
the maximum Magnitude was 3.6. It was also the
maximum Magnitude since the last 1944 cruption.
At present the seismic activity is monitored by a
permanent seismic network. This network is com-
posed of 23 short period stations. For more details
about network history and characteristics see
Castellano ef al. (2001).
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3.1. Data set

Historical seismicity has been characterized
by low to moderate activity. Periods of in-
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creased activity occurred in 1978, 1989-1990),
1995-1996 and in 1999. Seismicity is located
around the crater area and hypocentral depths
do not exceed 6 km b.s.l. (Bianco et al., 1999).
Source parameters and scaling law of seismic
spectrum at Mt. Vesuvius have been studied by
Del Pezzo et al. (2003), hereafter referred to as
P3. This work is based on a selected set of data
recorded at the digital station BKE (Lennartz
PCM 5800, 12 bit dynamical range equipped
with 1 Hz sensor) in the period 1997-2000. Da-
1a selection was based on the rms threshold of
hypocentral solution, that is equivalent to con-
sidering the earthquake records with best signal
to noise ratio (P3). The selected data set was
composed by 93 earthquakes (0.4 < Mp = 3.6).
The locations of the seismic events collected in
the period 1999-2000 with best signal to noise
ratio are shown in fig. 3b.

3.2. Review of method, analysis and results

Source parameters for Mt. Vesuvius earth-
quakes were calculated using site and attenua-
tion corrected displacement spectrum of direct
S waves. Details of this procedure are report-
ed in P3. In the following only a brief sketch
of the main aspects of methodology used in P3
is reported. Attenuation parameters and sile
factors for Mt. Vesuvius have been calculated
by Bianco et al., 1999, hereafter referred to as
Bl. In Bl body wave quality factor for S-
waves (Qs) and the site factor were calculated
from the slope of displacement spectral shape
using the FFT algorithm on 2.048 s sclected
time window whose starting point was fixed a
few samples before the S-phase onset. A 2.5 %
cosine taper was used to taper time windows
for S-wave and resulting spectra were divided
by frequency to obtain displacement spectra
(B1). The average spectra showed a bump
around the corner frequency (10-12 Hz) for
some stations and, for this reason, the analysis
was performed by the authors in two frequen-
cy bands (1-3.5 Hz and 15-24 Hz) (B1). Qual-
ity factor Qs resulted equal to 67 and 59 re-
spectively for low and high frequency bands
and was considered almost independent of fre-
quency (B1).

Site amplification values for BKE station
were also calculated by Bl, resulting 0.3 and
0.4 respectively for low and high frequency
bands excluding the band between 10 and 12
Hz. In P3 the authors obtained the scaling law
of earthquakes recorded at BKE, after correc-
tions [or attenuation (B1) and considering BKE
as unaffected by severe site effects. In P3 spec-
tral displacement amplitude was estimated for a
2.5 s ime-window after the onset of S-wave us-
ing both the horizontal components of seismo-
grams recorded at BKE station. These authors
based the choice of a 2.5 s time length on con-
siderations on the best compromise between
stability of spectral estimate, calculation speed
and minimization of radiation pattern effect.
The corner frequency f. was calculated by the
intersection of low frequency trend and high
frequency spectral envelope (P3). Low fre-
quency level was estimated by averaging spec-
tral amplitude between 1 Hz and 10 Hz and
high frequency trend was estimated with a lin-
ear fit from 13 Hz to 25 Hz (P3). The spectral
shapes were visually inspected to reject dis-
turbed data (P3). These results are also report-
ed in the present paper (fig. 4a,b). The charac-
teristic source radius was calculated from f; val-
ues using the ed. (2.3 ¢) of Brune (1970). As the
procedures used by P3 and P1 respectively for
Mit. Vesuvius and Campi Flegrei are slightly
different, we check in the present paper Lhe re-
sults obtained for Mt. Vesuvius applying to a
small set of data the method used for Campi
Flegrei data obtaining similar results.

Stress drop was determined using eq. (2.4)
(P3). Figure 4a reports the pattern of seismic
moment as a function of source linear dimen-
sion together with constant stress drop lines
(Ao =1, 10, 100 bars). The maximum value of
seismic moment (=~ 10" Nm) refers to October
9, 1999 cvent with Mp = 3.6 and Ao~ 100 bars.
In the present work we also apply the technique
used in (P3) to a data set composed of 53 well
located earthquakes collected at the analogical
station OVO during 2001 by assuming the same
amplification site values and attenuation factors
used for BKE. The pattern of seismic moment
as a function of source radius for these selected
earthquakes is shown in fig. 4b: the source ra-
dius is practically constant. This is a conse-
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quence of the fact that the corner frequency is
constant and does not depend on the value of
the seismic moment Mp. We exclude an effect
due 1o a cut-off frequency fiax because no cut-
off frequency below the antialiasing frequency
(25 Hz) is observed in the amplitude spectra.

4. Ground motion simulation

We calculate in the present paper the Peak
Ground Acceleration (PGA) for the largest ex-
pected magnitude carthquake at Campi Flegrei
and Mt. Vesuvius. We use two methods based
on the stochastic simulation of ground motion.

The first method estimates PGA using Ran-
dom Vibration Theory (RVT) (Boore, 2003). The
RVT method is summarized in the following
steps: _ '
i) The shape of acceleration spectrum A(f) is
defined as a function of source parameters (f.,
My(Musx)), path (Q), radiation pattern (¥ay),
geometrical spreading (R), free surface opera-
tor (F) and medium parameters (ags, po) (see
table I); hereafter all these parameters are de-
fined as {K:} parameters.

ii) The moments m; of the squared spectral
amplitude of acceleration are evaluated to cal-
culate the numbers N, of zero crossing and ex-
trema of timE_ series (Boore, 2003).

Table I. Parameters used for the evaluation of PGA in the areas of Campi Flegrei and Mt. Vesuvius.

iii) The ratio (PGA/ams) of PGA to the root
mean square acceleration (ams) is calculated by
using Cartwrigth and Longuet-Higgins equa-
tion (Cartwrigth and Longuet-Higgins, 1956);

iv) Parseval theorem is used to obtain the es-
timate of the rms acceleration (@ms = ma(A(f,
{K:})) in terms of the squared amplitude spec-
trum of ground motion JA(f,{K:})I".

v) PGA value is calculated by considering
the product between the values of (PGA/a,.,)
evaluated at point (iii) and @ms.

In the present paper we also use a second
method which can be considered a slight modi-
fication of the first method, hereafter defined as
GMG method. This provides an estimate of
PGA in the following steps:

i) the shape of acceleration spectrum A(f, {K;})
is defined.

i) Parseval theorem is used to calculate am
following the equation (Boore, 1983):

a"..z/_f,xfh(ﬁ{x,})rdf: (4.1)

iii) Ground motion acceleration A(r) is gen-
erated using a gaussian distribution with o
equal {0 @ms.

iv) PGA is evaluated by considering the
maximum amplitude of A(7).

Mt. Vesuvius Source

Campi Flegrei Source
- e 4.00<0.10 De-Natale et al. (1986) 7.02+0.10 i3 P3.
b 0.92 + 0.04 De Natale er al. (1986) 1.71 = 0.05 P
Myax 43+0.2 - 41=0.1 -
My (6.5 = 1.5)x 10" Nm e (1.2£0.2) x 10* Nm <
Je 28+ 02Hz - 10+ 1Hz P3
O 110 Pl 62 Bl
R 2 km Aster er al. (1992) 3 km P3
M 22 glem? r 2.5 glem® Zollo ez al. (2002)
as 3.0 km/s Pl 2.4 km/s Lomax et al. (2001)
& 1 g 1 2
F 2 r1 2 P3




v) The averaged value of PGA is calculated
by perfonning many simulations (N > 50) (the
iterative procedure is repeated from pomt (i) to
point (iv)).

The definition of spectral ground accelm‘a-

“tion A(f,{K:}) and the setting of parameters
{K;} are the most important aspects of the two
above described methods. The shape of
A(f.{Ki}) is obtained from the second derivative

of eg. (2.1) and is equal to
qu 2 ” !-
L T exp(——-—é )

J‘ +(%) .2)

Spectral ground acceleration A(f,{Ki}) is esti-
mated in the present paper for the maximum
expected magnitude Mm,, in the investigated
areas for a given recurrence time period. As is
well known, the number of carthquakes that
occurred in a time period T can be represented
by Gutenberg-Richter relation (Lay and Wal-
lace, 1995)

A(f{K})=

log N (M) =a—-bM (4.3)
where N is the number of earthquakes with mag-
nitudes in a fixed range around magnitude M, a
and b are parameters respectively related to seis-
micity level and earth heterogeneity (Scholz,
1968). Equation (4.3) can be used to calculate
the expected maximum magnitude M. If @ and
b are estimated for data in a time period T, the ra-
tio a/b givcs the value of M.« expected in that
period. It is remarkable that M.« can be under-
_ estimated if the data set is composed by small-
" size carthquakes (Davison and Scholz, 1985).

For Campi Flegrei area a and b parameters
of Gutenberg-Richter distribution were calculat-
ed by De Natale et al. (1986). The seismic cata-
logue used in that work starts form 1975 and
ends in 1984, but it is mainly composed of seis-
mic events related to the bradyseism episode of
1983-1984. As the seismicity of Campi Flegrei
area was very low from 1984 1o 2000, in the
present paper we consider the seismic catalogue
complete for the period 1975-2000.

More than 10 000 seismic events (0 < Mp <
<4.2) recorded at least by two stations were
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used by De Natale er al. (1986). A further se-
lection was made by considering Mp = 0.6 as
the lowest magnitude threshold of complete-
ncss. a and b parameters were obtained using a
least square cvaluation on the selected data and
are reported in table 1. Using these values we
eslimate the value of M. equal to 4.35 = 0.30
for Campi Flegrei area, for a recurrence period
of 25 years (1975-2000).

For Mt. Vesuvius a and b parameters were
evaluated using the complete available cata-
logue (1972-2002) (P3). The authors, in P3,
used a technique based on a weighted least
square approach and considered the catalogue
complete from Mp > 1.8. Results are reported in
table 1. For Mt. Vesuvius My was 4.10 = 0.20
for a recurrence period of 30 years. The seismic
moment My corresponding to Muma can be cal-

“culated using empirical relationship (Lay and
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Wallace, 1985). For Campi Flegrei the empir-
ical formula relating Moment to Magnitude
was determined in the present paper by oper-
ating a least square fit on the available data. It
results that

log My=99 + 0.9 Mp (4.4)
with uncertainty of 1% on best fit parameters.

For Mt. Vesuvius, we estimated Mo(Mnax)
using the formula calculated by P3:

log My=9.8+0.8 Mp (4.5)
P3 gives the uncertainty equal to 1% the on best
fit parameters. The formulas (4.4) and (4.5) are
comparable in the limit of the experimental er-
rors. By using eq. (4.4) and eq. (4.5), Mo(Mmax)
is equal 10 6.5-10"* N for Campi Flegrei and to
1.2:10" Nm for Mt. Vesuvius (table I).

The corner frequency f. associated to the
maximum expected magnitude M., is evaluat-
ed using the Brune formula (2.3¢), where the
value of the source radius rc corresponding to
Mo(Mmay) is estimated extrapolating the scaling
relationships (figs. 2 and 4). The values of
f{Mnax) for Campi Flegrei and Mt. Vesuvius
are reported in table 1.

Attenuation parameters Q are fixed equal to
110 for Campi Flegrei (P}) and 62 for Mt.
Vesuvius (B1).
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Table II. PGA values calculated for Campi Flegrei
and Mt. Vesuvius by RVT a.nd GMG methods.

PGA Mt. Vesuvm.s

0.10g
0.14£005¢

PGA Campi, Flegrei

0.04 g
0.04 =0.01 g

RVT
GMG

Geometrical spreading factor 1/R is oblained
by cvaluating the average hypocentral distance
between the mean of source locations and the
nearest station site. For Campi Flegrei we con-
sider R equal to 2 km and for Mt. Vesuvius cqual
to 3 km (P3) these values being the minimum
possible hypocentral distances. S wave velocity
was fixed equal to 3 km/s for Campi Flegrei (P1)
and 2.4 km/s for Mt. Vesuvius (Lomax et al.,
2001); Medium density py was considered equal
to 2.2 gm/cm’ for Campi Flegrei (P1) and 2.5
gm/cm’ for Mt. Vesuvius (Zollo et al., 2002).

The radiation pattern term Yo' is fixed equal
to 1 for both the areas in order to take into ac-
count the effects due to the maximum radiated
energy. Free surface operator F is set equal to 2.

High frequency spectral decay y is consid-
ered equal for the two arcas (table I). This hy-
pothesis is validated by performing a check on
Mt. Vesuvius data using the procedure for the
evaluation of Spectral parameters used for
Campi Flegrei, as described in Section 2.2.

The parameters displayed in table I, are
used for the evaluation of the PGA values for
Campi Flegrei and Mt. Vesuvius. We apply the
two techniques described before, making 50
simulations for the second method (GMG). The
results displayed in table 11 show a clear agree-

ment between GMG and RVT methods for both

the areas. PGA is equal to 0.04 g (GMG, RVT)
for Campi Flegrei. PGA is equal to 0.10 g
(RVT) and 0.14 g (GMG) for Mt Vesuvius.

5. Discussion and conclusions

In this paper PGA at Campi Flegrei and Mt
Vesuvius was calculated uvsing two techniques
based on the stochastic approach. The knowl-
edge of the scaling law of the seismic spectrum,
calculated for carthquakes with low-lo-moderate

magnitude, allowed an extrapolated estimate of
the source parameters for earthquake with the
maximum expected magnitude. Distance-de-
pendence correction and attenuation effects were
taken into account for the definition of the am-
plitude spectrum of the ground motion. Site ef-
fects that generally mask the effective frequency
content of the source spectrum were estimated to
be negligible and thus have been not considered
in the numerical simulation and for the evalua-
tion of ground motion parameters.

We estimate the values of PGA using the pa-
rameters shown in table I. The results show a
general agreement between RVT and GMG
methods for the two areas (see table II). For
Campi Flegrei area the maximum expected ac-
celeration obtained in this work is lower (at
least by a factor around 2) than the expected

" PGA due (o strong carthquakes.with epicenter in

the Apennines, whilst for Mt. Vesuvius the two
values are comparable (see the map of PGA for
Italy, available on line at www.mi.ingv.it). The
difference between the PGA values found for
the two areas essentially depends on the esti-
mated parameters reported in table I and by the
different behavior of the scaling law for the lo-
cal earthquakes in the two areas.

In the present paper an estimate of errors on
the PGA values was calculated with the GMG
method. The value of uncertainty in Mo(Mmna)
and in f; are the main sources of uncertainties on
PGA. Seismic moment M, was derived using
M. which is affected by an error of 5% for
Campi Flegrei and 3% for Mt. Vesuvius. These
errors combined with the uncertainties on the pa-
rameters of egs. (4.4) and (4.5) give an error on
the value of Mo(Mmsx) of 22% for Campi Flegrei

“and 16% for Mt. Vesuvius. Therelative errors on

f- parameter are estimated in the order of 7% for
Campi Flegrei and 10% for Mt. Vesuvius. Tak-
ing these errors into account we estimate the un-
certaintics on the PGA final values. By using
GMG method we obtain PGA equal o 0.04 =
+0.01 g for Campi Flegrei and equal to 0.14 =
=0.05 g for Mt. Vesuvius. These results are in
agreement, inside the error bars, with the PGA
values (sec table II) evaluated with the RVT
method. Further details on the evaluation of sta-
tistical errors are explained in Appendix. The fi-
nal results are also influenced by the limitations
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Appendix. Evaluauon of uncertainties on the PGA calculated by GMG melhod

Followmg the Gutenberg-Richter relationship the maximum magmludc M.m is cqual o
B M..(ab)=%

Considering the errors da and 8b on a and b values respectively, the error dMpn,y is given by

JM.,...:'(F )(5)+( ')(51,)

The seismic moment My is related to the maximum magnitude M, according to the cquation

Mn((-'. d, me) = 10(”"‘_1.

Using this relationship the error My on the seismic moment can be evaluated
2
w [( oM oM oM 2
5Mu—/(m:‘:) (M)’ +( % ) () +( %4 ) (8d)’.

We assume that M and &f; are the main sources of error on the evaluation of .. If we consider
relation (4.1)

am:/chf[a f{K}]

The error da.ms is equal

8= /(i}ﬂ) (8f.) + (W)z(am)‘.

The PGA value is evaluated by considering the maximum value of Gaussian distribution with o equal to
@ms. The error on the value of PGA is evaluated by considering the error on the value of @ms according to

8PGA = (%) (8am)’.
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