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Abstract

In this paper, we analyze local earthquakes which occurred at Somma- Vesuvius during two episodes of intense
seismic swarms, in 1989 and 1995 respectively. For the selected earthquakes we have computed accurate
hypocentral locations, focal mechanisms and spectral parameters. We have also studied the ground acceleration
produced by the largest events of the sequences (M, > 3.0), at various digital stations installed in the area during
the periods of higher seismic activity. The main result is that seismicity during the two swarm episodes presents
similar features in both locations and focal mechanisms. Strong site dependent effects are evidenced in the
seismic radiation and strong amplifications in the frequency band 10-15 Hz are evident at stations located on the
younger Vesuvius structure, with respect to one located on the ancient Somma structure. Furthermore, seismic
stations show peak accelerations for the same events of more than one order of magnitude apart.

Key words Somma-Vesuvius — seismicity — focal
mechanisms — spectral analysis

1. Introduction

Mount Vesuvius is a strato-volcano consist-
ing of a volcanic cone (Gran Cono) built within
a summit caldera (Mt. Somma). It is located in
a densely populated (about 700 000 inhabitans)
and noisy area. The Somma-Vesuvius complex
has been formed over the last 25000 years by
successive eruptions of variable explosiveness,
ranging from the quiet lava outpourings, that
characterize much of the latest activity, to the
explosive Plinian eruptions, including the one
that destroyed Pompei in 79 A.D., alternated
with long quiescent periods. Current structural
models are extrapolated from the knowledge,
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unfortunately poor, about the shallow crustal
structure beneath the volcano. At present, the
main information comes from a seismic reflec-
tion survey carried out in 1973 in the Bay of
Naples (Finetti and Morelli, 1974), from a deep
drilling (Trecase well) carried out for geother-
mal purposes (Principe et al., 1987), from a 2D
modelling of gravity and aeromagnetic anoma-
lies (Cassano and La Torre, 1987) and from a
PmP phase detected by a deep seismic sounding
(Ferrucci et al., 1989).

Currently, Mt. Vesuvius is characterized by
a low energy seismicity (Berrino et al., 1993;
Vilardo et al., 1996); local earthquakes occur at
an average rate of some hundreds per year, in the
magnitude range 0 < M, <3.4. Seismic activity is
the only indicator of the internal dynamics of
this quiescent volcano. The study of local seis-
micity at Vesuvius has many implications for the
determination of the shallow crustal structure of
the volcanic area, putting constraints on the stress
field of the area and improving the knowledge of
the 3D velocity distribution.
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The aim of this paper is to present a first
attempt to evaluate the peculiarity of seismicity
occurring at Somma-Vesuvius during swarm
episodes and to evaluate the peak ground mo-
tion, produced by local earthquakes, linked to
local site amplification, that is very important in
the assessment of seismic hazard in such a dense-
ly populated area.

2. Earthquake locations in 3D

Recently, a 2D and a preliminary 3D veloc-
ity model have been obtained for the Somma

Vesuvius area, based on the combined analysis
of shot data on a seismic profile performed in
1994 (Zollo et al., 1996, 1998) and earthquake
data (De Natale er al., 1998). The 3D velocity
maodel obtained by De Natale et al. (1998) was
used in this paper to obtain earthquakes loca-
tion. Earthquake locations were obtained using
the Thurber (1983) inversion program, with the
ART2 ray tracing algorithm. Figure | shows,
across a W-E section of the velocity model, a set
of about 200 earthquake locations. The peculiar
feature of such a velocity model is the presence
of a high velocity zone centered along the crater
axis, going down to more than 5 km in depth.
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Fig. 1. W-E section, crossing the Gran Cono, showing the P-velocity model used for earthquake location. Note

the high velocity zone centered along the crater axis, H

shown superimposed on the velocity model.
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ypocentral locations of a set of about 200 earthquakes are
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% 1989 earthquakes
¢ 1995 earthquakes

X(km)

® 1989 seismic stations
O 1995 seismic stations

Fig. 2. Elevation (meters) contour map of Vesuvius with superimposed the seismic station operating during the
seismic swarm of 1989 and 1995. Some epicentral locations are also shown.

Such a zone is marked by positive, high V, and
V, velocity anomalies. Seismicity is strongly
concentrated within the high velocity anomaly,
with depth in the range from —1 km (within the
volcanic edifice) to 5-6 km. Some earthquake
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locations of the 1989 episode of increased
seismicity are shown in fig. 2. For earthquakes
belonging to this episode, the recording net-
work, shown in fig. 2, consisted of one analog
stations located within 3 km from the crater,
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and 4 additional three component digital sta-
tions. The largest earthquake which occurred
in this period was the M, = 3.2 event (89/03/19
20:22).

In the period August-September 1995, a new
episode of a large increase in seismicity oc-
curred. The seismic network considered here
consisted of 10 analog stations (within a radius
of 10 km from the crater) of the Vesuvius net-
work, some of them equipped with three com-
ponent sensors, and one three component digit-
al station (fig. 2). The locations of 10 earth-
quakes which occurred in the period August-
September 1995 are shown in fig. 2.

The largest events which occurred in this
period are the M, = 3.2 event (95/09/16 11:03)
and the M, = 3.1 event (95/09/24 03:26).

3. Focal mechanism determination

The analysis of earthquake focal mechanisms
represents an important tool for the determina-
tion of the seismogenic mechanisms at Mt. Ve-
suvius. In this study we adopted a Bayesian
method, utilising different data sets: first P wave
polarities, S wave polarisation directions and
S/P amplitude ratios. Such data can be inverted
both in terms of double couple mechanisms,
and of other kinds of volcanic sources (tensile
cracks, CLVD, etc.). The variety of data sets,
differently from the use of only P wave polarity
as in classical methods, helps to constrain focal
mechanisms also with a small number of re-
cording stations.

3.1. Method

The method used for focal mechanism deter-
mination was developed by De Natale et al.
(1991) (see also Zollo and Bernard, 1991; De
Natale, 1994). It is based on the Bayesian esti-
mation of the probability density function on
the parameter space (m), from a data set (d)
formed by polarities of first P waves, polarisa-
tions of direct S waves and S/P wave amplitude
ratios. The parameter space is formed by all the
possible combinations of the three angles defin-
ing a double couple mechanism: strike (¢), dip
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(0) and slip (). The parameter space is sampled
over a grid with given steps for each parameter,
and the probability density at each grid point is
computed by the Bayes theorem

P-wave polarity

Ny
P(d,|m) =TT [1+ ¥ (R 7,0, )]%
i=1

where W = (1-2y) erf (Ir,R]) and erf() is the
error function, R/ is theoretical P wave ampli-
tude, y, and p, are parameters which controls the
range of probability variation around the focal
planes.

S-wave polarization direction

P(dy|m) = T P(s,Im) =

(s, —sDHw? |
oc exp|:—z (’—2')——'—} x[ ] erf (k, R;])
i=1 g, i=1

where (s,— s;) is the angular difference between
the observed and theoretical S vector at the i-th
station, w, is a weighting factor, 002 is the va-
riance which accounts for errors in the model
and the data R/is the theoretical S wave ampli-
tude and k, is the parameter which controls the
shape of erf() function; this term weights for
the S wave amplitude expected at that point
from the given mechanism.

Amplitude ratio S/P

P(a’3|m)=HP(ri| m) o<
i=1

Nj "N,
<[[F@.ra,v)x][]erf (k,r,)
i=1 i=1

where 7, and r/ are the theoretical and the ob-
served S/P amplitude ratios; g, is the half-ampli-
tude of the probability density function in the
flat region. Out of the region the function decay
with Gaussian shape (standard deviation 7).
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3.2. Data analysis

The described probability method has been
applied to determine 15 focal mechanisms of
microearthquakes. Given the small number of
recording stations, the probability method of-
fers the advantage of using additional data con-
tained in the digital, three component record-
ings, with respect to classical first P pulse am-
plitudes. In order to clearly show the improve-
ments obtained with this technique we present
the example of a M, = 2.4 microearthquake of
the 1989 swarm. Figure 3 shows the seismo-
grams recorded at three out of a total of four
digital stations and an analog one. Seismograms
were filtered between 1 and 6 Hz; the time
window for S wave analysis is also indicated.
For this event, we show the best focal mecha-

nism computed using P polarities, S polarisa-
tions and S/P amplitude ratios. Going from
fig. 4a to fig. 4c, we can see how the probability
density distributions become more and more
focused around the best solution, adding to the
first P wave polarities (a) a set of four S wave
polarisations (b) and, finally also three S/P am-
plitude ratios (c) computed from the seismo-
grams shown in fig. 3. Parameters used to spec-
ify the probability functions are detailed in the
following.

For P wave polarities: p, = p = 6, correspond-
ing to a tolerance of about 10° around the nodal
planes; y, =y = 0.001. For S wave polarisations:
standard deviation o, = 15°. For S/P amplitude
ratios, p, = 8,a,=5,71,=05,p,=11,qa, =6,
7, =0.5; this range of variability contains possi-
ble unknown variations of Q, and Qp, down to
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Fig. 3. Seismograms recorded at three (BKE, CPV, SMC) out of a total of four digital stations for an event of
M, =2.4. Seismograms were filtered between 1 and 6 Hz; the time window for S wave analysis is also indicated

on the E-W components.
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Fig. 4a-c. Example of focal mechanism determination using the probabilistic approach for the earthquake shown
in fig. 3. The figure shows the probability density distribution on the focal mechanism parameters (strike, dip
and slip) obtained with: a) P-wave polarity; b) P-wave polarity and S-wave polarisations, ¢) P polarity,
S polarisations and S/P amplitude ratios. The mechanism obtained by joint inversion of the three kinds of data is
very well constrained, while the one obtained with only P polarities is completely undetermined. The stereographic
projection (lower hemisphere) shows the maximum likelihood mechanism; observed and computed P polarities
and § polarisations are also projected on the focal sphere. Each rectangle represents one of the three couples of
the parameter space, formed by the independent couples of parameters. On each plane symbols for all the values
of the third parameter are projected. Large symbols indicate points belonging to the 66% probability level.

Intermediate size symbols indicate points belonging to the 90% probability level; small symbols indicate the
99% level.
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values of O = Q, = 50 (see also De Natale et al.,
1991; De Natale, 1994).

The very large improvement achieved in the
focal mechanism determination by the addition
of § polarisation and S/P amplitude ratios to the
first P wave polarities extend the possibility to
compute a focal mechanism even for an event
recorded by only five stations. We computed

focal mechanisms for the set of fifteen earth-
quakes belonging to the 1989 and 1995 seismic
swarms. The focal mechanisms are shown in
fig. 5, together with some mechanisms comput-
ed, using the same methods, for earthquakes
which occurred in periods of background seis-
micity from 1987 to 1994 (Vilardo et al., 1996).
No marked differences are found in focal mech-
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Fig. 5. Map of the Somma-Vesuvius area, showing 15 focal mechanisms of local earthquakes obtained using
the probability method. The maximum likelihood solutions are shown. Note the variety of solutions, with a
predominance of strike slip component. In the central part of the map examples of focal mechanism for earthquakes
occurring during periods of normal background seismicity are shown.
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Fig. 6a. Amplitude displacement spectra of the horizontal components of analyzed events for 1989 swarm.
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Fig. 6a. (continued).

anisms for the two swarm episodes, nor with
respect to the normal seismicity of the volcano.
Focal mechanisms are dominantly strike slip,
with a small occurrence of normal or thrust fault
components. No clear pattern is evident for the
principal P and T axes, which often appear re-
versed from one earthquake to another.

4. Spectral analyses of the largest events

Data from the digital stations allows us to
study spectral content and acceleration levels
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for the largest events. This is a key question, not
yet addressed till now, in view of the importance
of the evaluation of seismic hazard and risk
related to volcano unrest episodes. We have
computed displacement and acceleration spec-
tra for the analyzed events, and accelerograms
for the largest magnitude events, at the digital
three component stations. Amplitude spectra
were computed by Fast Fourier Transform. In
order to obtain accelerograms, FFT were ap-
plied to recorded velocity traces; then, Fourier
Transforms were multiplied by iw, and the in-
verse transform used to return in the time do-
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Fig. 6b. The horizontal components for one of the largest events, namely the M, = 3.2 (89/03/19 one), as recorded

at the station SMC.

main. Some amplitude displacement spectra of
the horizontal components of analyzed events
are shown in figs. 6a and fig. 7 for 1989 and
1995 swarm, respectively. Figure 6b also re-
ports the horizontal component seismogram for
one of the largest events (the M, =3.2,3/19/89),
asrecorded at the station SMC. These plots, show
very high peak amplitudes, at about 10-15 Hz,
for the stations BKE, BKS and CSM. Station
SMC does not show such pronounced effects.
This large distortions of the amplitude spectra
hide the corner frequencies, preventing the esti-
mation of characteristic source dimensions. The
peak frequency, almost stable for various sta-
tions and various earthquakes, is likely to reflect
some particular propagation effect, probably over
a path common to the seismic rays recorded at
the sites BKE, BKS and CSM. As visible in
fig. 2, the most striking structural difference
among the sites of BKE, BKS and CSM on one
side, and SMC on the other, is that the first
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group is located on the younger structure of
Vesuvius, while SMC is located on the ancient
Somma structure.

The largest recorded events at Somma-Vesu-
vius occurred during the 1989 and 1995 crises.
Maximum recorded magnitudes range between
3.0 and 3.4, and, in the considered periods some
of the largest events occurred, with magnitudes
between 3.1 and 3.2.

Accelerograms and spectra for the three
largest events, namely the 3/19/89 (M, = 3.2),
9/16/95 (M, = 3.2) and 9/24/95 (M, = 3.1) are
shown in fig. 8. Peak accelerations show high
differences in site amplification. In particular,
there is a dramatic difference, of more than one
order of magnitude, between the peak accelera-
tions for the 3/19/89 event as recorded at CSM
and SMC. Peak accelerations at CSM reach
values of 0.7 m s™, corresponding to 0.06 times
the gravity acceleration, which is an extremely
high value for an event of magnitude 3.2.
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Fig. 7. Amplitude displacement spectra of the horizontal components of analyzed events for 1995.
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Fig. 8. Accelerograms and acceleration spectra for the three largest events, namely the 3/19/89 (M, = 3.2),
9/16/95 (M, = 3.2) and 9/24/95 (M, = 3.1). Peak accelerations show high differences in site amplification.
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Fig. 8. (continued).

5. Discussion and conclusions

Some microearthquakes which occurred at
Somma-Vesuvius during two swarm episodes
in 1989 and 1995 have been analyzed. In both
periods, some events of magnitude M,> 3 oc-
curred, corresponding to the highest magnitudes
of Somma-Vesuvius local earthquakes. The
earthquakes which occurred in 1989 were re-
corded by a limited number of stations, includ-
ing four digital, three component stations of a
mobile network, thus making problematic the
estimate of focal mechanisms. However, using
the probability method developed by De Natale
et al. (1991), with joint use of P polarities, S
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polarizations and, sometimes, S/P amplitude
ratios, we managed to obtain reliable mecha-
nisms also for small earthquakes recorded by
less than six stations.

The analyzed earthquakes occurred very close
to the crater axis of Mt. Vesuvius, where most of
the seismicity is located, at depths ranging be-
tween 1 and 6 km bsl. Focal mechanisms of
such earthquakes are dominantly strike-slip, with
minor normal or thrust components. No evident
regularities can be seen for the distribution of P-
and T-axes, which often appears opposite for
different events. Overall, no significant differ-
ences among the events of the two swarm epi-
sodes exist, even with seismicity occurring dur-



Paolo Capuano, Ugo Coppa, Giuseppe De Natale, Felice Di Sena, Cataldo Godano and Claudia Troise

ing periods of normal background seismicity
(Vilardo et al., 1996). The occurrence of local
seismicity close to the crater axis, with irregular
distribution of mechanism axes, is probably due
to the presence of a high velocity anomaly zone,
as evidenced by seismic tomography (Zollo et al.,
1996), interpreted as the high rigidity inner core
of the volcano, which concentrates at its border
stresses produced by regional and local (gravi-
tative load) stress. The joint effect of such struc-
ture and the gravitative loading produces a state
of stress, which can reach orders of magnitudes
of some MPa, very close to the critical rupture
threshold (De Natale et al., 1999).

In this paper we analyzed four M, > 3.0
events which occurred in 1989 and 1995. We
determined displacement and acceleration spec-
tra for all the digital recordings of studied earth-
quakes, and accelerograms for the four highest
magnitude events. We evidenced that stations
located on the youngest Vesuvius structure are
characterized by strong spectral amplifications
between 10 and 15 Hz. Such spectral peaks,
observed for all the events, are likely to repre-
sent propagation effects linked to the Vesuvius
structure or high attenuation of higher frequen-
cies for ray path travelling through Mt. Somma.
The only station located on the older Somma
structure does not show such effect on earth-
quake spectra, or, at least, not of such ampli-
tude. Ground accelerations for the highest events
were computed from velocity time series by
derivation in the frequency domain. Observed
values of peak ground accelerations range from
0.02 m s™ to 0.7 m s”. The highest value was
observed to the station CSM for the largest event
(M, = 3.2) of the 19/03/1989 sequence. Peak
accelerations of the same event at the other
stations are about one order of magnitude small-
er, thus suggesting that such an anomalously
high value recorded at CSM reflects local am-
plification effects. Looking at the acceleration
spectra of fig. 8, it appears that a major peculi-
arity of CSM is the high amplification of low
frequencies, in the range 1-10 Hz, with respect
to the other stations. Furthermore, ground ac-
celerations computed for other events, confirm
the existence of a local amplification effect at
CSM, causing peak accelerations about one or-
der of magnitude larger.
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In conclusion, this paper presents a first at-
tempt to evaluate the features of seismicity oc-
curring at Somma-Vesuvius during swarm peri-
ods. It appears that seismicity in such periods
has almost the same features as in normal peri-
ods, except for a larger rate in seismic energy,
and larger absolute magnitudes. Furthermore,
this paper presents a first attempt to evaluate the
ground motion produced by local earthquakes,
as related to local site amplifications. The large
evidenced site effects call for a large effort to be
made, in the future, for detailed analyses of this
subject, crucial for a correct understanding of
seismic hazard in such a densely populated area.
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