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Abstract
In this paper we evaluate the seismic amplification effects in the town of Benevento using records of an explo-
sion of 500 kg fired at about 7 km. Seismic records were obtained at 43 selected sites in the city by digital

data were jointly used to carry out a zonation of the urban area of Benevento on the basis of homogeneous
seismic responses. The validity of this analysis is limited to the main frequency band and amplitude of ground
motion produced by the explosions.

Key words site effects — spectral ratio — Southern tions. The Amphitheatre and the magnificent
Apennines — Benevento Triumphal Arch witness the importance of the
town in the Roman Age. During the centuries

following the fall of the Roman Empire, under

1. Introduction the rule of the Longobards, the dukedom of
Benevento became one of the most important

The town of Benevento is located in the states of southern Italy. The construction of
Southern Apennines about 50 km NE of imposing city walls, at present delimiting the
Naples, in the Sannio area (fig. 1). The town ancient built-up area, dates back to this period
was established by Pre-Roman Italic popula- (11th century). At first the town was developed
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Fig. 1. Map showing the location of Benevento. The seismic refraction profile performed in October 1992 is
shown. Circles represent shot sites and respective weights.

on a hill at the confluence of the Sabato and
Calore rivers; over the last few decades, the town
has spread in the valley between the two rivers.
At present it has about 60000 inhabitants.

During its long history, Benevento was fre-
quently struck by earthquakes which caused
serious damage and numerous victims. One of
the most destructive events of the seismic his-
tory of Italy occurred in 1456, causing the
death of about 30000 people and intensity
MCS IX over a 20000-km? area. Benevento
suffered MCS intensity IX-X. The earthquakes
of 1688, 1702 and 1732 caused damage corre-
sponding to IX-X MCS (Postpischl, 1985).
Among them, the best documented is the 1688
earthquake. For this event the damage map of
the Benevento town has been reconstructed by
Castenetto and Romeo (1992).

During this century, the seismicity of the
Sannio area has been characterized by low-
energy earthquakes, which have often occurred
in swarms (Scarpa and Zollo, 1985). The re-
current large historic earthquakes in the Sannio
region along with the present low seismicity
level suggests that this region may have one of
the highest seismogenic potentials in the whole
of the Apennines.

With the aim of performing a seismic haz-
ard analysis of the Benevento region, a multi-
disciplinary research program was supported
by the Commission of the European Communi-
ties (Marcellini et al., 1991). This program in-
cluded an active seismic survey that was car-
ried out in Southern Apennines in October
1992. The main goals of this survey were the
following:
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— to improve knowledge of the upper
crustal structure in order to define a P-wave
velocity model to be used in seismological
studies;

— to evaluate site response effects in Bene-
vento using shot records.

The field procedures of the October 1992
experiment are described in a technical report
edited by Gruppo Acquisizione Dati Sismici
Progetto Benevento ( 1994).

Short-period ground motion records from
small local earthquakes or other natural or arti-
ficial sources that produce microtremor are
commonly applied to estimate site effects.
Widely used techniques involve either direct
interpretation of amplitude spectra to evaluate
the dominant period of soft soil sites (Katz,
1976) or studies of spectral ratios using a refer-
ence signal from a bedrock site (Field et al.,
1990). The large number of applications show
the validity of using microtremor for estimat-
ing the site response (e.g. Lermo and Chavez-
Garcia, 1994). Likewise, microearthquake
records have been repeatedly employed for site
response evaluation (Field ef al., 1992;
Hartzell, 1992).

In this paper, we used ground motion
records induced by artificial sources to study
site effects in Benevento. In particular, we ana-
lyzed the seismograms recorded by 43 three-
component digital stations operating in the
town of Benevento during the active seismic
survey of October 1992. We applied the spec-
tral ratio technique to estimate relative re-
sponse spectra. Spectral ratios between each
recording site and a reference site were corre-
lated with the local geological characteristics.
We were able to identify areas with distinct
spectral characteristics and then to produce a
soil amplification map of the Benevento town.
Finally, a comparison was made between the
results of this analysis and damage distribution
of the 1688 earthquake.

2. Geology of Benevento
Early Benevento was located at the conflu-

ence of the Calore and Sabato rivers on a ter-
race consisting of ancient clastic deposits; the
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alluvial plains of the two rivers have recently
been intensely urbanized (fig. 2). The Calore
and Sabato rivers are the main agents mod-
elling the landscape; alternating sedimentation
and erosion cycles, they caused the accumula-
tion of considerable amounts of alluvial de-
posits and the formation of terraced surfaces.

The area under investigation is a Plio-
Pleistocenic tectonic depression filled with ma-
rine and continental deposits. Most of the pre-
quaternary substrate is formed by Pliocenic
marine sediments of the Ariano Unit Middle
Pliocene) overlying the flysch of the Meso-
Cenozoic Lagonegro Basin. Geophysical data
show that the terrigenous  deposits of the
Ariano Unit reach their maximum thickness
(250 m) in correspondence of the Sabato river
valley; they have never been subjected to in-
tense deformation and are tilted into a simple
monoclinal structure dipping towards N-NE
(Pescatore ez al., 1995).

The flysch of the Lagonegro Unit crops out
NE of Benevento (fig. 3). It consists of stiff
and deeply deformed marl and shale with
layers of sandstone: generally, a thick layer of
weathering, formed by loose to dense sand and
soft clays, covers these deposits.

The deposits of the Ariano Unit include ter-
rigenous successions formed by clay, sand and
sandstones interspersed with conglomeratic
layers. In the Sabato river valley the sedimen-
tary substrate is formed by blue clay with thin
and stiff silty levels. Here, the top of the
Pliocenic formation lies at an elevation of
about 120 m a.s.l. and progressively dips to
80 m as.l. towards the confluence with the
Calore river. Along the Calore river valley the
pre-quaternary substrate becomes more de-
pressed, due to tectonic displacements.

Pleistocenic deposits in the Benevento area
consist of thick alluvial and fluvio-lacustrine
successions witnessing overflow events and
formation of small basins in tectonic depres-
sions. These soils cover the sedimentary sub-
strate. The Pleistocenic sediments, which often
reach a thickness of several tens of meters
(fig. 4), show marked differences in their litho-
logical and mechanical properties; on the basis
of these differences, three main formations
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Fig. 2. Topographic map of Benevento town. The area included in the box represents the ancient built-up area shown in fig. 10a,b.
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can be distinguished:

— Middle Pleistocene conglomerates (Ris-
sian conglomerates);

- fluvio-lacustrine deposits;

— Late Pleistocene terraced alluvia.

The ancient built-up area of Benevento is
located on clastic deposits (cemented conglom-
erates with sand lenses) of the Middle Pleis-
tocene (Riss). The conglomeratic formation
crops out along the valley of the Calore river
(fig. 3) to form terraces rising 70-80 m above
the present level of the river. The thickness of
the succession that overlies the Pliocenic clays
exceeds 100 m. Fluvio-lacustrine deposits are
predominant in the area south east of the town
and along the western side of the Benevento
hill. S. Giorgio basin formation and the Cre-

larossa succession crop out SE of Benevento.
They are formed by a quite complex and rather
chaotic layering of silty and clayey soils in-
terbedded with dense gravelly materials; these
soils, overlying the Rissian conglomerates or
the Pliocenic substrates, reach a thickness of
about 40 m (fig. 4).

The fluvial-lacustrine succession of the
Sabato river, along the western marginal area
of the Benevento hill, does not crop out since it
is covered with debris and colluvial soils. It is
primarily composed of thinly stratified clay
with sandy layers with high organic content,
and overlies the Pliocenic substrate. It does not
exceed 40 m in thickness (fig. 4). In the Calore
river valley, terraced alluvia (dense and some-
times cemented gravels with silly to sandy
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—
=]
o
o

500 m

Fig. 4. Isopac map of the post-rissian sediments (in meters), Hypothetical contours arc dashed. Shadow zones
indicate areas where the lithology of the substrate is unknown. The symbols are the same as in fig. 3.
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lenses) are predominant. They are no less than
40 m thick (fig. 4), and are overlaid by looser
and uncemented recent alluvia. The recent al-
luvia, instead, represent the main shallow de-
posits of the Sabato river valley, where the
thickness is no more than 10 m (fig. 4).

Generally, debris, colluvial soils and pyro-
clastites cover the formations described above.

Debris and colluvial deposits are present
along the hillside slopes down to variable
depths, reaching a maximum thickness of
about 20 m. They are formed by a coarser frac-
tion, deriving from the disintegration of the
Rissian conglomerates, in a finer matrix result-
ing from the weathering and remoulding of
former pyroclastic materials. The pyroclastic
materials can be retrieved as lenses of a few
meters of ashes (from Campi Flegrei) and
pumice (from Vesuvius), deposited in ancient
depressions as the result of large eruptions.

In the old part of Benevento the shallowest
soils consist of man made ground (filling mate-
rial and archaeological relics) that sometimes
reaches a thickness of about 10 m (Pescatore
et al., 1995).

3. Analysis of seismic records performed
in the town of Benevento

3.1. Field procedure

The seismic survey of October 1992 in-
volved six shots in five different sites located
along a profile oriented approximately in the
Apennine direction (fig. 1). Two different re-
ceiver configurations were deployed to record
the shots:

— a linear network along an 80-km-long
profile to model crustal features;

— a local network with stations located on
various geological formations characterizing
the subsoil in the town of Benevento for site
response studies, which are reported here.

For the latter, ten seismic stations recorded
shots 1, 2, 3, 5, 6, while 43 stations were in-
stalled to record shot 4; this shot was per-
formed near the Calore river at about 7 km east
of Benevento, using 500 kg of explosive
(Gruppo Acquisizione Dati Sismici Progetto
Benevento, 1994). Figure 3 shows the location

of the stations. Each station was equipped with
a digital three-component system: 23 stations

* had Mark-L4C geophones with a natural fre-

417

quency of 1 Hz, and 20 stations were equipped
with Mark-L.22 geophones with a natural fre-
quency of 2 Hz. All the instruments had been
previously calibrated; the sampling frequency
used was 125 or 200 sps. The time interval
used for recording each shot was about 8 min.
During the recording of the explosions, with
the cooperation of the town authorities, road
and rail traffic was completely stopped to re-
duce the seismic noise.

The recording sites were selected on the ba-
sis of the following criteria:

— dense covering of the whole area stud-
ied;

— location on areas where borehole tests
had been performed for civil engineering
works, in order to have an accurate reconstruc-
tion of the subsoil structure;

— location on various geological formations
which characterize the Benevento subsoil.

Improta (1994) has given a detailed descrip-
tion of the geology, including lithostratigraphic
columns at most of the recording sites.

3.2. Selection of data

Data selection was based on the signal-to-
noise ratio. The amplitude spectra of shot
records were compared with those of seismic
noise computed from a 5-s time window
recorded just before the shot. A threshold value
of 5 was fixed for the ratio of the two spectra.
The spectra were computed by applying the
FFT code to a selected time window which had
been previously 10% cosine tapered. These
time windows were about fifteen seconds,
starting one second before the first P-wave
pulse. Such a long time window was preferred
to include all the important wave trains and to
include the entire spectral range of interest.
The coda of the seismograms which is proba-
bly dominated by surface waves, contains
longer period waves than the early part of the
seismogram which is dominated by body
waves. The time window of 15 s extends the
lower limit of the spectra to 1 Hz, above the
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noise level at these frequencies. Otherwise, if
the analyses are performed using a short time
window (2 s) centered on the body waves, the
low frequency limit is 4 Hz (fig. 5).

We analyzed the Fourier spectra of the two
horizontal components of ground motion. The
average horizontal spectrum was calculated as
the square root of the sum of the squares of the
spectra of the E-W and N-S components. To
reduce fluctuations in the spectral shapes, each
spectrum was smoothed by calculating the run-
ning average computed over ten points. The ra-
tio between the spectra of shots and mi-
crotremor tended to cross the threshold value
of five at 12 Hz. The microtremor contribution
increases at frequencies higher than 12 Hz. At
low frequencies the spectral analysis was
restricted to =1 or =2 Hz depending on the
geophone used (Mark L4-C or L-22 respec-
tively).

Based on this criterion, 26 seismic records
were selected for the analysis (fig. 3).

3.3. The reference site

Figure 6 shows the seismograms recorded at
five sites characterized by different geological
conditions. The E-W components (which cor-
respond to the radial direction) are shown to-
gether with the stratigraphic columns of the
recording sites. The ground motion on alluvial

Frequency (Hz)

deposits (station BO1), fluvial-lacustrine de-
posits (B06) or filling material (B18) is re-
markably amplified compared to ground mo-
tion on the Pliocenic clay (B05) or on Rissian
conglomerates (BO7).

The complex geological structure of the
Benevento subsoil showed the lack of a firm
soil that we can assume as high impedence
rock in site response studies (Pescatore et al.,
1995). In fact, the dynamic properties of
Pliocenic clay, which represents most of the
pre-pleistocenic substrate in the studied area,
show low values of shear wave velocity
(Vs =600 m/s). The Miocenic flysch of the
Lagonegro Unit, cropping out NE of Bene-
vento, is characterized by similar values of
velocity because of weathering. Moreover the
Lagonegro deposits display a wide variability
in the lithostratigraphic characteristics. Al-
though in some sites on Rissian alluvial de-
posits large values of shear wave velocity can
be found (Vs=1500 m/s), conglomerates are
very heterogeneous. In fact, they often include
layers of loose conglomerates and sandy lenses
which significantly reduce the values of Vs, to
values of about 500 m/s (Improta, 1994).

The difficulty in identifying a reference site
on the basis of geological and geotechnical in-
formation therefore, suggested carrying out
analysis of the spectral ratios using as refer-
ence spectrum:

Frequency (Hz)

Fig. 5. Amplitude spectra computed using two different time windows: 15 s continuous line, 2 s dashed

line.
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weathered ]

ense debris and alluvia

Cretarossa fluvio-lacustrine deposits

Cover: filling material, pyroclastites, loose
debris and colluvial deposits, recent alluvia

Sabato R. fluvio—lacustrine deposits

Rissian conglomerates, sometimes with
thick sandy -lenses

Pliocenic conglomerates, sands and
sandstones

Pliocenic clay

Lagonegro clayey marly deposits
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Fig. 6. Plots of the E-W component of 5 seismic stations located in areas with different geological conditions
(see fig. 3). The stratigraphic columns of the recording sites are also indicated (depth in meters).

a) the average spectrum calculated over 26
stations,

b) the B36 station, located on Rissian con-
glomerates.

In fact, eliminating fluctuations in the spec-
tral shapes characteristic of the recording site,
the averaging of the spectra enhances of the
source effects shared by all records. The analy-
sis of Fourier spectra at 26 stations showed
that the B36 station has a rather simple spectral
shape without anomalous peaks due to site res-
onance effects. Therefore, this station situated
on Rissian conglomerates was also chosen as
the reference station. Figure 7 depicts the aver-
age spectrum and the spectrum of station B36.
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Arbitrary Units

I
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Frequency (Hz)

14

Fig. 7. Comparison between the two selected refer-
ence spectra: B36 spectrum dotted line; average spec-
trum continuous line.
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3.4. Spectral ratios

A preliminary analysis was performed to
determine the spectral ratios between individ-
ual sites and the average spectrum. The spec-
tral ratios were grouped on the basis of the ge-
ological similarity of the sites (figs. 8a-m). It
can be noted that:

— sites B63 and B48, situated on clayey
marly sediments of Lagonegro Units, showed
a clear attenuation effect at all frequencies
(fig. 8a);

— sites on the Pliocenic deposits showed a
slight amplification effect (about 2) at low fre-
quencies (1-4 Hz). At site B0OS8, located on the
thickest surface deposits, the amplification ef-
fect extends to 6 Hz (fig. 8b);

— the sites on Rissian conglomerates did not
provide homogeneous responses; this may be
due to the aforementioned heterogeneity of the
deposit, at least for low frequencies. However,
we observed attenuation of the seismic motion
between 3 and 6 Hz, and its amplification at
higher frequencies when cover soils were pre-
sent (debris and colluvial soils, weathered py-
roclastic layers, filling material) (fig. 8c,d,e).

— sites BO1, B12 and B31, located on allu-
vial deposits of remarkable thickness, ampli-
fied the seismic motion between 5 and 9 Hz,
with peaks in the 6-7 Hz range (fig. 8f);

— site B50, the only one located on the flu-
vial-lacustrine deposits of the Sabato river, ex-
ibited amplification effects at all the frequen-
cies, with a marked peak (about 5) at 11 Hz
(fig. 8g);

— several sites on surficial soils and on the
Cretarossa fluvial-lacustrine deposits showed
different site responses. Sites B33 and B34
showed an amplification of about 4 in the fre-
quency range between 4 and 10 Hz (fig. 8h).
Sites B45 and B55 displayed, instead, smaller
amplification effects (no more than 2) at low
frequencies (3-5 Hz). Site B55 showed another
peak at 10 Hz (fig. 8i). Sites B06 (fig. 81), di-
rectly on the Cretarossa fluvial-lacustrine de-
posits, showed slight amplification effects both
at low frequencies (1-3 Hz) and at frequencies
higher than 5 Hz, whereas, site B38 did not
show amplification effects. The stratigraphy of
these two sites, which is approximately known,
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cannot explain the shape of the transfer func-
tions, differing from those at sites with similar
lithostratigraphic conditions;

— sites B18 and B20, situated on a several-
meter-thick cover formed by filling and arche-
ological materials, slightly amplified the
signal in the range between 10 and 12 Hz
(fig. 8m).

Spectral ratios were re-analyzed considering
the spectrum at station B36 as the reference
spectrum. Significant differences between the
shapes of the transfer function were not ob-
served (fig. 9a,b). It appears evident, instead,
that, using site B36 as the reference site, the
amplification values were larger, in particular
in the frequency range between 8 and 12 Hz
(fig. 9a).

10 T T T T

Spectral Ratio

0.1

2 2 5 g 10 12
Frequency (Hz)

®
Spectral Ratio

4. A comparison with damage distribution
of the 1688 earthquake

The earthquake of June 5 1688 was one of
the most destructive events that have occurred
in the Sannio area. The macroseismic field of
this earthquake has been described by several
authors (Serva, 1981; Postpischl, 1985). Re-
cently, Castenetto and Romeo (1992) have ana-
lyzed the archival material and produced a
damage map of the Benevento town.

In this section, the damage distribution is
related to the surface geology and to results of
the spectral analysis.

Figure 10a,b shows that the areal distribu-
tion of the isopacs of the surficial soils (cover,
recent alluvial deposits and fluvial-lacustrine

10

o
-

Frequency (Hz)

Fig. 9a,b. Comparison between spectral ratios computed by two different reference spectra: a) B36; b) the

average spectrum of 26 stations.
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Fig. 10a,b. a) Map of the damage produced by the June 5 1688 carthquake in the town of Benevento (see
fig. 2). Three levels of destruction can be distinguished: @ - fewer than 50% of the buildings destroyed;
b - between 50 and 75%; c - more than 75%. b) Isopac map of cover soils in the ancient town. Circles repre-

sent borehole locations. Hypothetical contours are dashed.
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deposits) and the damage map are correlated.
The areas where only few meters (=5) of
cover (filling archeological material, weathered
pyroclastites, debris and colluvial soils) lie on
Rissian conglomerates, appear relatively less
damaged.

The southern portion of the ancient built-up
area suffered, instead, great damage. In this
area, numerous boreholes were drilled through
more than 10 m of surficial deposits. These
soundings showed that these deposits are
mainly composed of fill, i.e. archeological ma-
terial, and overlie the Pliocenic clay or the Ris-
sian conglomerates.

Less damage occurred where the surficial
deposits were less thick.

The low degree of damage observed in the
western sector of the ancient built-up area con-
trasts with the thickness of the surficial soils
(> 10 m). In this area, the isopac map deposits
is uncertain, being based on stratigraphic data
deriving from a single few-meter deep bore-
holes (Pescatore ef al., 1995).

Using a semi-empirical relation, Castenetto
and Romeo (1992), estimated the natural pe-
riod of the buildings for Benevento in the 17th
century. Most buildings were estimated to have
natural frequencies of about 10 Hz. Results
from the analysis of the spectral ratios previ-
ously described show that recording sites
where cover soils were more than 10-m-thick
exhibited peaks at around 10 Hz (fig. 11).

Spectral Ratio

10
Frequency (Hz)

Fig. 11. Spectral ratios referred to sites with cover
soils thicker than 10 m.

14

The simple model of one-dimensional near
vertical S-wave propagation predicts that am-
plification effects due to the surface layer oc-
cur at a frequency f= Vs/4H. Assuming a layer
thickness of H=5-10 m and shear velocity
Vs =200-400 (Improta, 1994), this frequency is
about 10 Hz. This evidence suggests that most
of the damage in the southern part of the town
was produced by resonance effects due to
wave amplification in the shallow soils.

5. Discussion

The analysis of the seismic records gener-
ated by an explosion clearly showed differen-
tial amplification effects for areas where thick
surficial deposits are present as compared to
sites located on the pre-quaternary deposits or

- on Rissian conglomerates.
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In particular, a detailed reconstruction of the
sub-surface structure in the town of Benevento
(Pescatore et al., 1995) enabled us to relate
characteristic spectral shapes to the geology of
the site. This may result in a rough zonation of
the urban area (fig. 12):

— the sites located on the Pliocenic deposits .
or in areas where the Pliocenic substrate is
covered with a few meters of surficial deposits
(valley of the Sabato river), show slight ampli-
fication effects at low frequencies (1-4 Hz) and
attenuation of high frequencies, f>4 Hz (area
a in fig. 12);

— in areas with thick alluvial deposits, ei-
ther dense or loose (valley of the Calore river),
the ground motion is amplified in the range
from 5 to 9 Hz (area b in fig. 12);

— the presence of cover soils more than
10 m thick produces amplification of ground
motion at high frequencies (9-12 Hz).

Though similar in geological characteristics,
sites on Rissian conglomerates do not show a
homogeneous seismic response. Nevertheless,
none of the transfer functions show amplifica-
tion effects; therefore, it can be stated that the
areas where the conglomerates are at very shal-
low depths (with the exception of the sites with
more than 5 m of cover soils lying on the Ris-
sian conglomerate) are generally not subjected
to local amplification (area ¢ in fig. 12).
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— The sites on fluvial-lacustrine deposits al-
ways show amplification effects. The hetero-
geneity of the fluvial-lacustrine deposits and
their varying thickness may be the cause of a
differential seismic response at various sites
(area d in fig. 12). In particular, site B50, lo-
cated on the western margin of the Benevento
hill, where the fluvial-lacustrine succession of
the Sabato river is covered with several meters
of debris and alluvial deposits, strongly ampli-
fies ground motion, especially at high frequen-
cies (10-12 Hz). This result might indicate that
along the western margin of the hill strong ampli-
fication effects are expected (area e in fig. 12).

— Two records are available in the north-
eastern part of the studied area, where the
Miocenic flysch crops out. Although data show
no ground amplification, the two available
spectral ratios cannot be considered representa-
tive of the whole area in which the Lagonegro
deposits crop out because of the strong vari-
ability of the lithostratigraphic characteristics
of these sediments (area f in fig. 12).

Finally, the damage caused to Benevento by
the 1688 earthquake was correlated with the
thickness of the surficial deposits; the spectral ra-
tios showed that these soils amplify ground mo-
tion at frequencies ranging between 9 and 12 Hz,
close to the natural period of vibration of most of
the buildings in Benevento at that time.

6. Conclusions

In this paper, the effects of ground motion
amplification due to local geology were evalu-
ated for Benevento by analyzing the records of
ground motion produced by 500 kg of explo-
sive and recorded by 26 three-component digi-
tal stations. The method used was based on the
analysis of the spectral ratios, using the aver-
age spectrum calculated over 26 stations, as
well as a «hard rock» station as the reference
spectra. Spectral ratios appear to be broadly
correlated with the geological characteristics of
sites. A zonation of Benevento town with areas
having a common shape of spectral ratio was
obtained (fig. 12).

Though a significant number of seismic sta-
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tions (26) were employed with respect to the
area being investigated (about 16 km?), the
stations did not cover the various geological
formations uniformely. Therefore, the seismic
amplification map proposed here was obtained
by extrapolating across areas with uniform ge-
ological conditions. Some areas, with distinct
geological characteristics or not sampled by
seismic stations, were not classified in the pre-
sent paper. These areas are blank in fig. 12.
Although the zonation map proposed in
fig. 12 was obtained analyzing a large set of
data, it represents a first step in the estimation
of the site response in the town of Benevento.
This estimation performed with a specific tech-
nique will be compared with those obtained by
applying other experimental and numerical simu-
lation techniques. By comparing several method-
ologies it will be possible to prepare a micro-
zonation map of the town of Benevento.

Acknowledgements

This study was realized thank to the cooper-
ation of many scientists and students from Ital-
ian and French institutions (Universita di
Napoli, Istituto per le Ricerche sul Rischio Sis-
mico, Istituto Nazionale di Geofisica, Servizio
Sismico Nazionale, Istituto Universitario
Navale di Napoli, Universita di Salerno, Osser-
vatorio Vesuviano, Universita dell’ Aquila, Uni-
versita di Trieste, Institut de Geodynamique du
CNRS, Université de Nice, BRGM). In partic-
ular we wish to acknowledge all the students
for their enthusiastic and valuable help in the
acquisition of the data. The authors are very
grateful to the anonymous reviewers for their
valuable comments. This work was supported
by the Commission of the European Communi-
ties, grant EV4C-0104-1

REFERENCES

CASTENETTO, S. and R. RoMEO (1992): 1l terremoto del
Sannio del 5 giugno 1688: analisi del danneggiamento
subito dalla cittd di Benevento, in A#ti 11° Convegno
Gruppo Nazionale Geofisica della Terra Solida, Roma,
21-38.

FieLp, EH., S. HouGH and K.H. JacoB (1990): Using
microtremors to assess potential earthquake site re-
sponse: a case study in Flushing Meadows, New York
city, Bull Seism. Soc. Am., 80, 1456-1480.



A study of local site effects in Benevento (Southern TItaly) by the analysis of seismic records of explosions

FieLp, E.H., K.H. Jacos and S.E. HouGH (1992): Earth-
quake site response estimation: a weak-motion case
study, Bull. Seism. Soc. Am., 82, 2283-2307.

GRUPPO ACQUISIZIONE DATI SISMICI PROGETTO BENE-
VENTO (1994): Compilazione dati campagna sismica
Benevento 1992, profilo Cercepiccola-Montella, Tech-
nical Report of March 21, 1994, Istituto Ricerche
Rischio Sismico, Milano.

HARTZELL, S.H. (1992): Site response estimation from
carthquake data, Bull. Seism. Soc. Am., 82, 2308-
2327.

IMPROTA, L. (1994): Contributo alla microzonazione sis-
mica della citta di Benevento, Tesi di laurea, Facolta di
Scienze M.F.N., Corso di Laurea in Scienze Geolo-
giche, Universita degli Studi di Napoli «Federico II».

LErMO, J. and F.J. CHAVEZ-GARCIA (1994): Are mi-
crotremors useful in site response evaluation?, Bull.
Seism. Soc. Am., 84, 1350-1364.

Karz, L.J. (1976): Microtremor analysis of local geologi-
cal conditions, Bull. Seism. Soc. Am., 66, 45-60.

MARCELLINI, A., P.Y. BARD, F. VINALE, J.C. BoOUSQUET,
D. CHETRIT, A. DEscHAMPS, L. FRANCESCHINA, B.
GRELLET, G. IANNACCONE, E. LENTINI, A. LOPEZ-AR-
ROYO, J.P. MENEROUD, J.P. Mouroux, T. PESCATORE,

427

F. Rippa, R. ROMEO, M. Romrto, B. SAURET, R.
SCARPA, A. SIMONELLI, A. TENTO and §. VIDAL
(1991): Benevento seismic risk project: progress report,
in Fourth International Conference on Seismic Micro-
zonation, EERI, Stanford, CA, vol. 1, 605-669.

PESCATORE, T., L. IMPROTA, R. ROMEO and G. IANNAC-
CONE (1995): Geologia della citta di Benevento: carat-
teristiche litostratigrafiche di base finalizzate alla mi-
crozonazione sismica, Boll. Soc. Geol. It. (in press).

PosTPIscHL, D. (1985): Atlas of Isoseismal Maps of Italian
Earthquakes, Consiglio Nazionale delle Ricerche, Pro-
getto Finalizzato Geodinamica, 114, 2A. Bologna.

SCARPA, R. and A. ZoLLo (1985): Seismotectonics and
seismic quiescence in the Southern Apennines, Ttaly,
Earthq. Predict. Res., 3, 81-93.

SERVA, L. (1981): 1l terremoto del 1688 nel Sannio, Com-
missione CNEN-ENEL per lo studio dei problemi
sismici connessi con la realizzazione di impianti
nucleari.

(received May 9, 1995;
accepted October 25, 1995)





