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Three Decades of Seismic Activity at Mt. Vesuvius: 1972-2000
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Abstract— We analyse the seismic catalogue of the local earthquakes which occurred at Somma-
Vesuvius volcano in the past three decades (1972-2000). The seismicity in this period can be described as
composed of a background level, characterised by a low and rather uniform rate of energy release and by
sporadic periods of increased seismic activity. Such relatively intense seismicity periods are characterised by
energy rates and magnitudes progressively increasing in the critical periods. The analysis of the b value in the
whole period evidences a well-defined pattern, with values of b progressively decreasing, from about 1.8 at the
beginning of the considered period, to about 1.0 at present. This steady variation indicates an increasing
dynamics in the volcanic system. Within this general trend it is possible to identify a substructure in the time
sequence of the seismic events, formed by the alternating episodes of quiescence and activity. The analysis of
the source moment tensor of the largest earthquakes shows that the processes at the seismic source are
generally not consistent with simple double-couples, but that they are compatible with isotropic components,
mostly indicating volumetric expansion. These components are shown to be statistically significant for most
of the analysed events. Such focal mechanisms can be interpreted as the effect of explosion phenomena,
possibly related to volatile exsolution from the crystallising magma.

The availability of a reduced amount of high quality data necessary for the inversion of the source
moment tensor, the still limited period of systematic observation of Vesuvius micro-earthquakes and, above
all, the absence of eruptive events during such interval of time, cannot obviously permit the outlining of any
formal premonitory signal. Nevertheless, the analysis reported in this paper indicates a progressively
evolving dynamics, characterised by a generally increasing trend in the seismic activity in the volcanic system
and by a significant volumetric component of recent major events, thus posing serious concern for a future
evolution towards eruptive activity.
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Introduction

Somma-Vesuvius is probably the most famous volcano in the world, mainly due
to its large plinian eruption in Roman times (79 A.D.), which completely buried the
towns of Herculaneum and Pompeii under several meters of pyroclastic and mud
flows. Today, the risk of eruptions at Somma-Vesuvius is the highest in the world,
because more than 700,000 people live within a radius of 10 km from the crater, an
area with the maximum hazard for pyroclastic flows from plinian and subplinian
eruptions. The eruptive activity of this volcano appears composed of main cycles,
which start with plinian or subplinian eruptions and, after centuries of mainly
effusive to moderate explosive activity, terminate with an eruption which closes the
conduit (no magma in the crater anymore) (SANTACROCE, 1987). The last eruptive
cycle started in 1631, with a violent subplinian eruption (ROLANDI ef al., 1993; RosI
et al., 1993; SCANDONE et al., 1993), and ended in 1944, when the last, modest,
eruption closed the main conduits. According to several observations and volcano-
logical models (SANTACROCE, 1987) the next eruption, which should open a new
eruptive cycle, has a considerable probability of being a subplinian or plinian one.
The very strong concern for a future eruption of this kind compelled the Italian
government to prepare an evacuation plan of the whole area, in case the scientific
monitoring network should record signals of an impending eruption. The careful
analysis of geophysical data at this area is then of extreme importance, both for the
high scientific interest of the area, and for the extreme risk involved. The main
obstacle for the forecast of a future eruption in this area is the preponderant lack of
knowledge regarding the precise dynamics before violently explosive eruptions. We
historically reference the Roman and Spanish chronicles of the 79 and 1631 eruptions
(RosI et al., 1993), but they are obviously not very useful for comparisons with the
outputs from modern monitoring techniques. Several historical studies point out the
lack of very high magnitude earthquakes before the eruptions (SIGURDSSON et al.,
1985; RosI et al., 1993), with the possible exception of an event which occurred in
62 AD. 17 years before the 79 eruption (MARTURANO and RINALDIS, 1995). It is,
however, not yet clear if such an event was really a Vesuvius event, or rather one
which occurred in the neighbouring tectonic areas of the Apennine chain.

For all these reasons it is very important to study the seismic catalogue, including
also relatively low magnitude events, since the expected magnitudes before eruptions
will probably not exceed M, = 4, i.e., they will be of the same size as those recorded in
recent years. Despite the importance of the study and interpretation of seismicity in this
area, it is only in recent years that various papers have been devoted to the modelling of
the seismicity of the Vesuvian area (VILARDO, 1996; CAPUANO et al., 1999; IANNACCONE
etal.,2001; MARZOCCHI et al., 2001; VILARDO et al., 2002). Recently, DE NATALE et al.
(2000) presented a model to explain the mechanisms of the background seismic activity
at central volcanoes, with particular reference to Somma-Vesuvius. BERRINO et al.
(1993) reported the last integrated analysis of geophysical data collected in this area in
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20 years of seismic and geodetic monitoring. Recent research on Somma-Vesuvius has
been particularly devoted to the determination of the internal structure, in the
framework of the large TOMOVES project (ZOLLO et al., 1996; DE NATALE et al.,
1998). A close spatial relationship between the internal structure and seismic activity
has been evidenced and interpreted by DE NATALE et al. (2000).

In this paper, we compute the focal mechanisms of the largest events (M, > 3.0),
using a method based on the computation of the full moment tensor of the events
(SILENY et al., 1992; SILENY, 1998) and we analyse the seismic catalogue of the last
three decades of seismic activity at Somma-Vesuvius. The catalogue is based on the
recordings at the station OVO, located at the Osservatorio Vesuviano building on
Vesuvius, which was installed in 1972 and is equipped, since that time, with a three
component Geotech S-13 sensor. We perform the analysis of energy release, as well
as of the b value as a function of time, and we evidence a substructure in the
seismicity, consisting of alternating periods of quiescence and activity that point out
an increasing trend of the local seismic activity.

The Seismic Catalogue

The seismic catalogue of Vesuvius microearthquakes, hereinafter referred to as
OV2, consists of a revised list of about 9000 local earthquakes recorded since 1972 at
the station OVO (Fig. 1). The station, located at the site of the ancient building of
Osservatorio Vesuviano, is equipped with 3 Geotech S-13 geophones, oriented along
the three principal directions (N, E, V). The OVO station represents the first modern
seismometer installed on the Vesuvius volcanic edifice, and the instrumentation has
been unchanged since then, therefore it provides the longest homogeneous catalogue
of the events which occurred at Vesuvius.

The magnitude of the events is determined from the time duration, according to
DEL PEzzO et al. (1983), who compared recordings of aftershocks of the 1980
M; =69 Irpinia earthquake at the station OVO with the local magnitudes
computed for the same events at the station located at Monte Mario, near Rome
(National Institute of Geophysics), equipped at that time with a Wood-Anderson
instrument. The magnitudes estimated for the events recorded at the OVO station
range from slightly less than 0 to 3.6.

The stations equipment remained unchanged since its installation and the same
magnitude type, M, is reported for all the events, therefore the precision of
magnitudes determination is expected to be uniform in time. This allows us to
consider the entire period of observations to perform the analysis of “magnitude
grouping”, which enables to evidentiate as to whether there are dominating values of
magnitudes, due for example to a different accuracy of the amplitude measurements
for events in different magnitude ranges. Such preliminary analysis is useful to choose
the appropriate intervals of magnitude grouping to be considered for the frequency-
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Figure 1
Somma-Vesuvius area, with contour lines and the location of the recording stations whose data have been
employed in this study.

magnitude distribution; hence it is necessary both for the analysis of the catalogue
completeness and for the estimation of the parameters of the frequency-magnitude
relation (FMR). The distribution of the percentage of events versus magnitude is
considered, with a very small magnitude step (AM = 0.1), for three subsequent
magnitude intervals: [0.4; 1.3], [1.4; 2.3] and [2.4; 3.3], as shown in Figures 2a, 2b and
2c¢ respectively. It is possible to observe from Figure 2 that the weaker are the events,
the more clear appears the magnitude grouping, i.e., some values of the decimal digit
of M are more frequent than others and there are some gaps in the distribution.
Thus, in the magnitude range 0.6 < M < 1.4 the values 0.6, 0.9 and 1.2 appear
dominant (Figs. 2a and 2b), i.e., the magnitude is grouped with the step AM = 0.3.
Similarly, for 1.5 £ M < 2.1 the grouping step is AM = 0.2 (values 1.5, 1.7, 1.9 are
predominant, while there are gaps for 1.6, 1.8 and 2.0). The largest events, with
M > 2.2, are not really grouped, i.e., they are grouped uniformly with the step
AM = 0.1 which is conditioned by the assumed format of the magnitude presenta-
tion. This analysis, repeated considering different time windows (figures are not
reported), confirms that the evidenced magnitude grouping does not change in time.

The completeness of the catalogue can then be visually determined from the
frequency-magnitude distribution, that is considering the distribution A(M) of the
number of earthquakes within each magnitude grouping interval AM. Figure 3
shows the differential and cumulative graphs of log A(M) for each of the three
decades of seismic activity, normalised to the space-time-magnitude volume unit
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Figure 2

Distribution of the number (percentage) of events versus magnitude (decimal digit) for three adjacent
magnitude intervals, considering all the events reported in the OV2 catalogue.
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Figure 3
Differential (dots with horizontal bars) and cumulative graphs (dots) of log A(M) for three subse-
quent time periods, where A is the number of earthquakes per space-time-magnitude volume unit
V =[1000 km? x 1 year x 1 M]. The amplitude of the magnitude grouping intervals AM is given by the
horizontal segments, while the solid circles at their centres indicate the value of . The arrows indicate the
selected magnitude cut-off.

V=[1000 km* x 1 M x 1 year]. The cut-off M, is fixed corresponding to the
magnitude below which the empirical graph log A(M) deviates from linearity. This set
of graphs shows that the deviation from linearity appears more clearly from the non-
cumulative distribution than from the cumulative one. The differential graphs
log A(M) shown in Figures 3a and 3b indicate that the completeness magnitude cut-
off can be confidently fixed at M,,;, = 1.8. The distribution shown in Figure 3c
appears rather different: a smooth, continuous deviation from linearity is obtained
instead of the abrupt change, even in the differential distribution. This difference
might be related to the incomplete observations of the weaker events on the
background of the stronger events (it is in this period that the strongest earthquake,
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with M = 3.6, occurred), but it might also result from a change in the seismic regime.
Though the magnitude threshold for the completeness of the catalogue appears to be
even lower during some limited intervals of time, we have established to keep
M in = 1.8 for the entire period of observation and not to use a variable M ,;,(7),
since we know very little about the stability of FMR at such small magnitudes. The
completeness threshold M, = 1.8 appears rather high for such small volcanic
earthquakes; this high threshold is mainly caused by the high noise due to the
urbanisation of the area.

Analysis of Seismicity

A reliable analysis of the time features of seismicity requires to consider of only
the complete part of the catalogue, thus eliminating the smallest events, which are
not systematically recorded. The time sequence and the yearly distribution
(considering non-overlapping time windows) of the events with M > 1.8, recorded
at the OVO station in the period 1972-2000, is then considered as shown in Figure 4.
It is clear, from this figure, that a background seismicity is always present at Somma-
Vesuvius, with a minimum rate of some tens of earthquakes per month, while periods
of increased seismic activity, both in number and in magnitude of the events, can be
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Figure 4
Time sequence of the events M(¢) and yearly number of earthquakes (non-overlapping time windows) with
M 2 M, = 1.8 reported in the OV2 catalogue, from 1972 to 2000.
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evidenced in these time sequences. A high number of earthquakes, however, is not
necessarily associated with high magnitudes; for example, the seismic swarm in the
period 1978-1980 is characterised only by moderate events (M < 3.0), while the
largest earthquake (M, = 3.6), which occurred in October 1999, is accompanied by a
relatively small number of events with M > M ;, = 1.8.

The seismic energy release is then studied considering the quantity £*, computed
from magnitude according to the formula:

E* = 107M=Mmn) g — const. (1)
E* represents the energy release normalised to the energy of the minimum magnitude
event considered in the analysis, that is Myin = Mcompleteness = 1.8:
E loc+dM
E* = ¢,d = const. (2)

Ewin T 10¢+dMmin

The considered relationship between the energy E and the magnitude M has the
classical form proposed by GUTENBERG and RICHTER (1956). The use of the
normalised energy E* allows us to make the analysis less sensitive to the choice of
the empirical parameters ¢ and d of the energy-magnitude relation, since only the
coefficient d is required. In this study, to be conservative in outlining the trend of
the energy release rate, we use the value d = 1.5, given by GUTENBERG and RICHTER
(1956) for M, even if larger values (d =~ 2 — 3) are consistent with M; (KANAMORI
et al.,1993) or M, (PANZA and PROZOROV, 1991) estimates.

Figure 5 shows the curve of the monthly energy release E*(f) as a function of
time. The energy release exhibits a mostly constant background rate (E%,oniy < 50
during about 90% of the period of observation), with sporadic periods of strongly
increased rates. The periods of increased energy release are approximately: 1978—
1980, 1989-1990, 1995-1996 and 1999-2000. Such anomalous time intervals are
characterised (except the first one) by the occurrence of the largest magnitude events.
The maximum magnitude and the average energy rate progressively increase with
time, while the time intervals between subsequent periods of intense seismicity seem
to decrease.

An important step towards the understanding of the time evolution of seismicity
can be made by computing the time dependence of the » value in the Gutenberg-
Richter (GR) relation (GUTENBERG and RICHTER, 1944; 1956). The rough estimation
of the variation in time of the b value in the GR law has been performed, in moving
windows containing 100 earthquakes each, shifted by 10 events, using the maximum
likelihood method (WIEMER and ZUNIGA, 1994). Until 1986 b smoothly oscillates
around the value 1.8; from 1988 to 1996, b is around 1.3; finally since 1996 the b value
further decreases to about 1.0 (Fig. 6). The periods of most rapid change in the b
value are almost the same periods in which increased energy rate and maximum
magnitudes are observed.
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Diagram of the normalized monthly energy release E*(f) at Somma-Vesuvius, estimated from local
earthquake magnitudes, using time windows of one month shifted by one month. Maximum magnitude
event’s occurrence is indicated by arrows.
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Time variation of the b value, estimated using the maximum likelihood method (WIEMER and ZUNIGA,
1994) considering groups of 100 events, shifted by 10 events; the vertical bars indicate the errors.

For the complete catalogue, we attempt to define in a unequivocally formal way
the periods of “quiescence”, ¢, characterised by some typical background seismicity,
and the periods of ““activity”, @, where the energy release is unusually large. With this
purpose we compute E*(¢), grouping the events into time windows of one year,
shifted by one month, and we consider the distribution of the estimated yearly energy
E*cary(?), both in the cumulative and discrete form (Fig. 7). From Figure 7 we can
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Figure 7
Distribution of the yearly energy release E*(¢), estimated for M > 1.8 using time windows of one year,
shifted by one month. The histogram shows the discrete distribution, the bold line, and the cumulative one.
The dotted line indicates the selected threshold L = 300, corresponding to 30% of the time intervals.

observe that during most of the time the energy release is contained within a
relatively narrow range 50 < E* < 300, and that the energy distribution exhibits a tail
extending to quite high values of E*. Therefore we choose the threshold
L = E* =300, which selects about 30% of the considered time, practically, i.e.,
during 30% of the period of observation E*(f) > L =300 (see the cumulative
distribution in Fig. 7).

The periods of activity are then defined as the time intervals within which the
normalised energy release E*(¢) exceeds the threshold L; in Figure 8a the intervals of
quiescence and activity are indicated with ql, g2, q3, g4, q5 and al, a2, a3, a4,
respectively (Table 1).

For all the periods identified, as well as for some groups of them, the parameters a
and b of the GR law are computed using the maximum likelihood method proposed
by MoLCHAN and PODGAETSKAYA (1973), and described in detail in MOLCHAN et al.
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Figure 8
a) E*(f) determined for events with M > 1.8 using time windows of one year, shifted by one month, and
with d = 1.5 (GUTENBERG and RICHTER, 1956). The triangles point to the occurrence of strong events. The
grey boxes evidence the periods of activity above the threshold L (al, a2, a3 and a4), which is indicated by
the dotted line. b) The same as Figure 8a, but with E*(¢) estimated considering d = 1.96 (KANAMORI et al.,
1993).

(1997). A confidence level of 95% is considered for the parameter b, and of 99% for
the parameter ¢, assuming as minimum magnitude cut-off M, = 1.8. The results,
summarised in Table 2, confirm in a quantitative way the general trend shown in
Figure 6.

The parameters of the GR law obtained for the different time intervals are
then compared, both considering individual intervals and composite intervals,
the latter being obtained merging the individual samples. The results of the
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Table 1

Time intervals (initial and final time) and point estimates of the parameters a,b of the GR law for the different
intervals of quiescence and activity, as shown in Figure 8a. N is the number of events within each time window

Interval Time window b value N
a-intervals g-intervals
ql 1972.2.23-1977.10.31 1.59 143
al 1977.11.1-1979.5.31 1.56 190
q2 1979.6.1-1988.7.31 1.72 482
a2 1988.8.1-1991.2.28 1.32 307
q3 1991.3.2-1995.1.31 1.29 167
a3 1995.2.1-1996.12.1 0.90 107
q4 1996.12.2-1999.2.28 1.08 62
a4 1999.3.1-2000.4.1 1.04 83
q5 2000.4.2-2000.10.9 1.05 21
Table 2

Estimates of the parameters a,b of the GR law for the individual and composite time intervals. N is the number

of events within each time window. [buin, bmax| indicates the 95% confidence level interval for the parameter

b. The value of a is normalised for a time interval of one year, for an area of 1000 km? and for a reference
magnitude My = 2 (MOLCHAN et al., 1997)

Interval P, = 95% P,99%
N b bimin brmax a Aa
al 190 1.56 1.34 1.80 2.24 0.165
a2 307 1.32 1.17 1.47 2.22 0.129
a3 107 0.90 0.72 1.11 1.86 0.221
a4 83 1.04 0.81 1.30 2.00 0.251
ql 143 1.59 1.33 1.88 1.56 0.190
q2 482 1.72 1.56 1.88 1.87 0.103
q3 167 1.29 1.09 1.50 1.78 0.176
q4 62 1.08 0.80 1.38 1.56 0.292
q5 21 1.05 0.60 1.59 1.72 0.512
al+a2 497 1.40 1.28 1.53 2.32 0.101
a3+a4 190 0.96 0.81 1.12 1.92 0.165
ql+q2 625 1.69 1.55 1.83 1.79 0.090
q3+q4+q5 250 1.21 1.05 1.37 1.71 0.143
(al +a2)+(ql +q2) 1122 1.53 1.45 1.64 1.93 0.067
(a3+a4)+(q3+q4+q)) 440 1.09 0.98 1.20 1.79 0.108

comparison of the b value for individual intervals are presented in Table 3, while the
results of the comparison of the parameters a, b for composite groups of data are
shown in Table 4.

The choice of the threshold L is rather arbitrary, however several tests made
changing the threshold within reasonable intervals, show that the definition of
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Table 3

Comparison of the parameter b of the GR law for the different intervals identified in Figure 8a. Nf is the
number of degrees of freedom. The b values differ with a significance level of 95%, if the probability  is larger

than 95%
Intervals compared Test/Nf n % Conclusion of the comparison
al, a2, a3, a4 21.8/3 >99.95 b values are different
al, a2 3.1/1 92.6% the difference in b values is not significant
a3, a4 0.7/1 61.0% the difference in b values is not significant
ql, 92, q3, g4, 95 21.5/4 >99.95 b values are different
ql, q2 0.6/1 55.0% the difference in b values is not significant
q3, g4, 95 1.7/2 58% the difference in b values is not significant
Table 4

Comparison of the parameters a,b of the GR law for the different composite time intervals of activity and
quiescence. Nf is the number of degrees of freedom. The b values differ with a significance level of 95%, if the
probability m is larger than 95%

Composite samples N b bmin bmax @ Aa  Test/Nf* =% Conclusion
al+a2 497 1.37 1.26 149 220 .095 1791/1 >99.95 b values
are different
a3+a4 190 096 081 1.12 1.92 .165
ql+q2 625 1.69 1.55 1.84 1.77 .096 19.17/1 >99.95 b values are
different
q3+q4+q5 250 1.21 1.05 137 1.71 .143
al+a2+ql+q2 1122 1.51 1.42 1.61 193 .067 36.69/1 >99.95 b values are
different

a3+ad+q3+qd+q5 440  1.09 98 120 1.79 .108

quiescence and activity periods varies only moderately, and consequently the values
of a and b are quite stable.

Finally, in order to verify the stability of the results with respect to the choice of
the coefficient d in the equation (1), the analysis has been repeated considering a
different energy-magnitude relation. We consider, for example, the value d = 1.96
proposed by KANAMORI et al. (1993) to compute the quantity E*(f) and the
corresponding threshold L (Fig. 8b). Comparing Figures 8a and 8b, it is possible to
observe that the time intervals of activity and quiescence thus identified do not differ
significantly, the main variation being a larger increasing trend of the energy release
rate in Figure 8b.

The seismicity does not appear as a periodic expression of a repetitive underlying
process, rather it seems to evolve with periods of intense activity (1989; 1995-1996;
1999). The decrement of the » value (Fig. 6) indicates the increase with increasing
time of the rate of the large events, in agreement with the progressive growth, from
1988 to 1999, of the maximum observed magnitude (from 3.2 to 3.6). The first
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decrease of b occurs just before the crisis of 1989. The parameters estimated for the
intervals of quiescence and activity (Tables 1 and 2), confirm the general decrement
of the b value with increasing time. The two GR laws obtained for the time
periods [al + a2 + ql + 2] (b =1.51 £ 0.09) and [a3 + a4 + q3 + q4 + 5]
(b =1.09 £ 0.11), that is before and after February 1991, differ with a confidence
level of 99.95%.

Earthquake Source Processes

We study the earthquake sources of the largest events with two different
approaches. The first (method 1), originally developed by BRUNE (1970), permits the
estimation of the scalar seismic moment M, from the amplitude, at low frequency, of
the displacement spectra in the assumption that the source mechanism can be
satisfactorily represented by a double-couple; the second (method 2), based on the
waveform inversion, retrieves the full seismic moment tensor without any a priori
constraints on the source mechanism. Indeed the seismic moment tensor can be
decomposed into double-couple (DC), compensated linear vector dipole (CLVD) and
volumetric (V) components, and it is very suitable to investigate the physical changes
within a volcano, related to magma or fluid movements (e.g., KNOPOFF and RANDALL,
1970; Jost and HERRMANN, 1989).

To determine the full seismic moment tensor we apply the method developed by
SILENY ef al. (1992), SILENY (1998). The method, already applied in volcanic areas
(e.g., Campus et al., 1993; SARAO et al., 2001), works in the point source
approximation and consists of two main steps: 1) unconstrained linear inversion to
retrieve, from the recorded seismograms, the six moment rate functions (MTRF) and
2) constrained nonlinear inversion where the MTRF’s are used as data to obtain the
focal mechanism, the scalar seismic moment and the source time function. In the first
step the moment rate functions are obtained by deconvolution of the Green’s
functions from the data. The synthetic Green’s functions are computed by modal-
summation technique (e.g., PANzA, 1985; FLORSCH ef al., 1991; PANZzA et al., 2001)
for a grid defined by a range of hypocentral coordinates and by two structural
models assumed to be representative of the model space around the source and the
recording station. At a generic point within the space where the grid is defined, the
Green'’s function is determined by interpolating the Green’s functions computed, for
the two structural models, at nearby grid points. Once the Green’s functions are
determined, the MTRFs are obtained applying a method based on SiPKIN (1982)
approach to obtain reliable moment rate functions when processing local high-
frequency waveforms, and by using a parameterisation of the moment rate functions
by a series of triangles overlapping in their half-width (NABELEK, 1984). With the
retrieved MTRFs, synthetic seismograms are computed and compared with the
observed ones. The L, norm of their residuals is minimized by an iterative process
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that singles out the minimum corresponding to the best MTRFs which can be
considered as solution of the first step.

In the second step, assuming that for a weak event it is reasonable to expect a
constant mechanism during the energy release, we search for their correlated part.
The problem is nonlinear and it is solved iteratively by imposing constraints such as
positivity of the source time function and the requirement that the equal polarity
areas are distributed consistently with clear readings of first arrival polarities, when
these are available. The mechanism and the source time function are obtained after
factorization of the MTRFs. The factorization of the MTRFs reduces the bias due to
the modelling of the Green’s function since it works only on their coherent part. The
predicted MTRFs are then matched to the observed MTRFs obtained as output of
the first step.

The advantage of this approach is a simplification of the problem of fitting the
input seismograms by converting it into a problem of matching the MTRFs. The
number of MTRFs is fixed at six, or five when dealing with only deviatoric sources,
and their length is controlled by the number of triangles used for their parameter-
ization. Considering the MTRFs as an independent function in step 1 leads to an
overparameterization of the problem which is advantageous to absorb inadequate
modeling of the structure (KRAVANJA ef al., 1999). The effects due to local
heterogeneities and to wave propagation, such as attenuation, reflection or scattering,
are in this way reduced. The effects of inadequacies of the structural models have been
investigated by SILENY ef al. (1992), KRAVANIJA et al. (1999). Starting from a double-
couple mechanism with an instantaneous source time function they proved, by
synthetic tests, that a poorly known structure, not contained in the allowed
interpolation range of the Green’s functions (1) causes mainly the presence of
apparent non-double-couple components in the moment tensor solutions and
contaminates particularly the CLVD that increases from 0% of the starting model
to 40% for large inconsistency cases; (2) does not affect the orientation of the double-
couple that remains stable within = 10°, and (3) leads to spurious peaks in the source
time function (KRAVANJA et al., 1999). Mislocation of the hypocentre and the use of
an inadequate model of the medium may enlarge the error bars of the source time
function by about 20%. Nevertheless, when introducing the variance due to the noise
present in the data and to the modelling of the Green’s functions, the error analysis
(SILENY et al., 1996; SILENY, 1998) indicates the level of reliability of the solutions
(PANZA and SARAO, 2000). On the other hand if the percentage of non-double-couple
components can be affected by systematic errors due to poor structural modeling,
when looking at data sharing similar paths in the same area, their variation and the
observed trend are free from such a shortcoming (SARAO et al., 2001).

Tests done on synthetic data have also shown that the inversion results are
stable until the noise in the data is less than 20% of the maximum amplitude (SILENY
et al., 1996; CESPUGLIO et al., 1996). The solutions are stable even when few stations
are used (SILENY ef al., 1992). Indeed for the determination of the six independent
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components of the moment tensor in time domain, the six independent data are
obtained from P, SV and SH arrivals at two stations (e.g., STUMP and JOHNSON, 1977;
PanzA and SARAO, 2000) and two three-component stations or three vertical
component stations, are mathematically sufficient, to solve the moment tensor
components.

Data Analysis and Results

From the seismicity which occurred at Mt. Vesuvius during the period 1989-1997
we studied six events, located in the central part of the volcano, with duration
magnitude greater or equal to 3.0 (Table 5) for which digital waveforms were
available. Noisy seismograms, or data for which the epicentral distance was too small
compared with the hypocentral depth computed by standard routine (HYPO71) are
not included. The latter condition is necessary for a straightforward application of
the modal-summation technique when computing the Green’s function. A minimum
of four signals, depending on the quality of the data, is required for each inversion.
The recording stations (Fig. 1) are run by Osservatorio Vesuviano and are equipped
with geophones Mark L4-3-D with natural period of 1 s. The velocities, recorded at a
sampling frequency of 125 Hz, have been resampled at 20 Hz. On the basis of several
tests to guarantee clear arrivals and high signal-noise ratios, as a rule, we low-pass
filter seismograms at 5 Hz using a gaussian filter. After mean removing, tapering and
filtering, we select the temporal window of the seismograms to be inverted.

For the waveform inversion the Green’s functions are computed employing
different structural models for each path source-station and for the source area that
practically coincides with the center of the volcano. Each structure is adjusted from
the 3-D velocity model proposed by DE NATALE ef al. (1998) and from the
attenuation values reported in BIANCO et al. (1999). The density values are computed
using the empirical Nafe-Drake curves.

Table 5

The focal depth is referred to 0.9 km above the sea level. My is the scalar seismic moment computed by Brune
approach (method 1) and by moment tensor analysis (method 2)

N. Date Focal depth M, Method 1 Method 2
(km) M, x 10'* Nm M, % 10'* Nm
1 19.3.1989 1.6 33 5.8+3.1 1.4+0.6
2 24.9.1995 2.4 3.1 3.1+£0.6 1.4+0.4
3 25.4.1996 3.5 33 24+0.7 4.8+0.3
4 5.11.1997 3.2 3.0 20+1.0 1.0+£0.3
5 9.10.1999 39 3.6 11.1£5.0 6.6+1.1
6 11.10.1999 2.8 3.1 1.9+0.8 22+0.1
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To reduce the number of unknowns and to make more stable the results of the
inversions, we fix the epicentre—the best constrained parameter by routine
locations—of the studied events to the values computed by OV and we invert only
for the hypocentral depth and the six components of the moment tensor. The
damping value used in the inversion has been selected, after several tests, equal to
1072 to minimize the spurious non-DC components.

Whenever possible, inversions for the same event considering either different sets
of records or introducing a kinematical correction for the station elevation have been
performed to test the stability of the results. Moreover since spurious non-double
couple components can arise only resulting from the station configuration (PANZA
and SARAO, 2000), we performed synthetic tests to define lower limits above which
the non-double couple components found can be considered statistically significant.
The main results obtained for the six studied earthquakes are reported in Table 5.

In Figure 9 the results of the waveform inversion are given. The fit of the data
against synthetic signals is reported for all the studied events. The common feature to
most of the studied events is the existence of a relevant J component (Fig. 10) that is
consistent with the presence of magmatic degassing processes and of superheating of
the water-bearing stratum. The presence of a V' component in the 1996, April 25
event, was estimated by the independent analysis of VILARDO (1996).

The comparison with the Etna seismicity studied by SARAO et al. (2001) shows
that the V' component is more relevant for the Vesuvius events.

Discussion and Conclusions

DE NATALE et al. (2000) showed that the local seismicity at Somma-Vesuvius is
strongly clustered around the crater axis, i.e., within less than 1 km from the crater
centre, in the depth range 0-6 km. A certain level of background activity is always
present at this volcano. Despite the overall constancy of the seismically active
volume, we have shown that time and energy distribution of the events does not
appear constant in the last three decades. DE NATALE et al. (2000) interpreted the
seismic background mainly in terms of local gravitative loading of the volcanic
edifice, focused around the crater axis by a marked rigidity anomaly. The accurate
analyses of the seismic catalogue presented in this paper, however, show that
seismicity cannot be entirely considered as a simple background activity with
constant properties. In fact, it consists of periods of alternating low and high
seismicity levels. The curve of the monthly energy release, computed along the three
decades spanned by the catalogue, shows clearly that the low seismicity levels are
characterised by an energy rate with features rather uniform in time. Such a rate of
energy release during low activity periods can be considered representative of the
background seismic level. Superimposed to such background activity, intense
seismicity episodes occasionally occur. Differently from those of low seismicity,
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Figure 9
Results from the waveform inversion of the events listed in Table 5. — Real data (solid line) and synthetic
signals (dotted line): the epicentral distances, the station name and the component used are reported on the
left of the panel, whereas the maximum amplitudes and the correlation values are reported on the right. —
Focal mechanism with confidence error ellipses in the RIEDESEL-JORDAN (1989) representation: L is the
vector describing the total mechanism, d is the DC vector, / and /" are the CLVD with major dipole along
the tensional and the pressure axes respectively, i represents V. 7, P and B indicate the tensional,
compression and null axes respectively. The dashed line represents the locus of the deviatoric mechanism.
Hatched areas around the L, P, T, B axes are the projections of the 97% confidence ellipses onto the focal
sphere. The distance of L from the vectors i, d, /, and /" displays the share of ¥, DC and CLVD part that
can be considered reliable. — Source time function: the error bars are plotted with a grey scale according to
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Figure 10
Triangular representation of the moment tensor components for the earthquakes numbered as in Table 5.

high seismicity periods are characterised by energy rates with a clearly increasing
trend in time. The first period of increased seismicity is observed around 1977-1980.
The average rate of energy release in such a period increases to a value of about
0.3 x 10'° J/month, with respect to the background level which is below 0.1 x 10'° J/
month. The second period of seismic crisis occurs in 1989—1990. The energy release
rate in this period is of about 0.8 x 10'° J/month, higher than in 1977-1980. In 1989
the first earthquakes with magnitude above 3 appear in the Vesuvius seismic
sequence and some years before the 1989 crisis, around 1986, the b value of the
sequence changes significantly, from 1.7-1.8, characteristic of the 1972—1986 period,
to a lower value (1.3). Such a b value remains practically constant until the
subsequent crisis of 1995-1996, when it further decreases, to 1.0, a value that persists
until the end of the available to us observations (October, 2000). The evidence that
the b-value can significantly decrease in volcanic areas, as a consequence of the
fracture coalescence generating progressively larger faults, is supported by recent
studies and laboratory experiments (MEREDITH et al. 1990). The observed decrease of
b is particularly relevant if we consider the recent results obtained by ESPOSITO et al.
(2000) who estimated a b value ranging between 0.75 and 1.05 in the seismic crises
associated with past Vesuvius eruptions.

The crisis of 1995-1996 is characterised by a larger energy rate, with respect to the
1989-1990 period (about 0.9 x 10' J/month). The last crisis, spanning the end of
1999-beginning of 2000, is characterised by an even higher energy rate, of about
2.0 x 10" J/month. The maximum earthquake magnitudes during periods of crisis
increase with time, from the values M; < 3.0 of 1977-1978 to M, = 3.2 of 1989—
1990, M; = 3.4 in 1996 and M, = 3.6 in October 1999. The change in the maximum
magnitude of each active period is consistent with the progressive increase of the b
value. Furthermore, the b values, whose rapid changes roughly correspond with
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periods of crisis, remain constant after the end of each crisis. This progressive
escalation of energy release and of the maximum magnitudes during periods of
intense activity indicates that the energy involved in the process increases with time
and that some peculiar dynamic processes are superimposed to the constant
background. A very important point evidenced in this paper is that the seismic
sequence exhibits an internal dynamic, pointing towards progressively higher energy
rates, and not a repetitive character as would be expected for a simple background
activity. From all the existing literature, based on historical observations of pre-
eruptive periods, no clear evidence exists for events with magnitudes larger than 4,
except perhaps the earthquake which occurred in 62 AD., 17 years before the 79
plinian eruption. Moreover, no evidence exists for very intense seismicity before large
eruptions, so that the period preceding the next eruption also could be characterized
by seismic sequences very similar, in number and magnitude, to those observed
during recent periods of crisis. Another key point for the evaluation of the eruptive
hazard in this area is the careful estimation of the earthquake source properties
necessary to understand the nature of the seismicity during the critical periods. The
apparent features of most of the observed earthquakes are those normally associated
with volcano-tectonic events. However, the reliable determination of the source
moment tensor of the most energetic events (M, > 3.0) evidences the presence, in the
seismic source, of strong isotropic components, which in most cases indicates
explosion. Such isotropic components are statistically significant, at more than 95%
significance level, for most of the analysed events, and are in agreement with the
observations of low S/P amplitude ratios, as compared with those theoretically
expected from the best double couple mechanisms.

The seismicity of Mt. Vesuvius in the last three decades appears to comprise the
superposition of a background level and of sporadic periods of intense activity. The
genesis of the largest earthquakes occurring during the intense seismicity episodes is
likely to involve internal dynamics, linked perhaps to magma movements or to
volatile exolution, as indicated by the strong isotropic components, consistent with
explosive processes. The inferred non double-couple components, in fact, indicating
explosion, are considerably different from those inferred at Mt. Etna (SARAO et al.,
2001). Such a difference possibly reflects the different magmatic properties of the two
areas. At Mt. Etna, where magmas are deficient in volatiles, non double-couple
components basically indicate CLVD, i.e., a kind of compensated tensile cracks. At
Mt. Vesuvius, where magmas are rich in volatiles generating explosive mixtures, the
largest earthquakes are characterised by relevant explosive components in the
moment tensor.

In conclusion, even if the common background seismic activity at Somma-
Vesuvius, volcano-tectonic in character, does not generate particular concern,
sporadic high seismicity episodes must be accurately monitored and evaluated. At the
moment, it is not yet possible to uniquely interpret such episodes, nonetheless they
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may indicate the presence of an ongoing internal volcanic activity, superimposed to
that one generating the ordinary background seismicity.
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Abstract

The possibility of intermediate-term earthquake prediction at Mt. Vesuvius by means
of the CN algorithm is explored. CN was originally designed to identify the Times of
Increased Probability (TIPs) for the occurrence of strong tectonic earthquakes, with
magnitude M > M,, within a region a priori delimited. Here the CN algorithm is applied,
for the first time, to the analysis of volcanic seismicity. The earthquakes recorded at Mt.
Vesuvius, during the period from February 1972 to June 2004, are considered and the
magnitude threshold My, selecting the events to be predicted, is varied within the range: 3.0
- 3.3. Satisfactory prediction results are obtained, by retrospective analysis, when a time
scaling is introduced. In particular, when the length of the time windows is reduced by a
factor 2.5 — 3, with respect to the standard version of CN algorithm, more than 90% of the
events with M > M, occur within the TIP intervals, with TIPs occupying about 30% of the
total time considered. The control experiment “Seismic History” demonstrates the stability
of the obtained results and indicates that the CN algorithm can be applied to monitor the

preparation of impending earthquakes with M = 3.0 at Mt. Vesuvius.



1. Introduction

Since the ancient Roman times, due to the catastrophic eruption of 79 a.d., Mt. Vesuvius is
probably the most known volcano all over the World. Actually, it is the volcano with the highest
associated risk, because of the high explosivity of potential eruptions and the very large urban
development of the area, which includes about 700,000 people living within 10 km from the main
crater and the city of Naples (2 million people) twice the distance. After the last eruption, which
occurred in 1944, the volcano is in a quiescent stage, with the most prominent signal of internal
dynamics represented by the occurrence of local volcano-tectonic seismicity. This seismicity
involves earthquakes with maximum magnitude M, = 3.6, occurring in a shallow depth range
between the top of volcano and 5 km b.s.1. (Vilardo et al., 1996; De Natale et al., 1998; De Natale
et al., 2000). De Natale et al. (2000) modeled the background level of seismicity as mainly due to
the local gravitational stress caused by the volcano edifice loading, with the concurrent effect of
regional stress changes. De Natale et al. (2004) recognized that, superimposed to a mean
background level, occasional intense peaks of seismicity and variations of seismic parameters as
the b value and the energy rate occurred, testifying the presence of evolutive trends in the seismic
catalogue. Earthquakes in this area are not particularly strong, but, due to their shallow depths and
to the high urbanization of the area, they can cause significant concern and damages. Based on
chronicles of historical eruptions, the maximum level of expected magnitude is around 4, large
enough to cause significant damages to the ancient Roman towns of Pompeii and Herculaneum,
and serious concern and problems also today. We have explored the possibility of intermediate-
term earthquake prediction at Mt. Vesuvius using the CN algorithm (Keilis-Borok and Rotwain,
1990). The algorithm has been applied to the OVO station earthquake catalogue of Mt. Vesuvius
seismicity (De Natale et al, 2002, 2004), available since 1972. The prediction CN algorithm

identifies the Time of Increased Probability (TIP) for the occurrence of earthquakes with



magnitude M > My, where My is a numerical threshold that is chosen, for each studied region,
according to its seismicity level.

The CN algorithm has been formulated for the California-Nevada region, considering My = 6.4,
while the Mt. Vesuvius zone is characterized by a low level of seismicity. Therefore the
application of CN for the prediction of so small-magnitude events may require the time and space
rescaling of the algorithm.

The rescaling of the precursor’s zone accordingly to My (Keilis-Borok and Kossobokov, 1990)
cannot be applied to the Mt. Vesuvius because OVO catalogue covers a well-defined volume of
about 6x6x8 km® (De Natale et al., 2000) around the volcano and does not report the space
coordinates of the events.

Keilis-Borok (1996) argues that the time scaling, depending on M), is not required by prediction
algorithms CN and M8 (Keilis-Borok and Kossobokov, 1990), on the base of the following
considerations. The earthquakes with smaller magnitudes occur more frequently, accordingly to
the Gutenberg-Richter (G-R) relation, and the average time between the earthquakes of magnitude
M is proportional to 10°™. On the other hand the G-R law refers to a given region, the same for all
magnitudes, while premonitory patterns are defined for an area with linear dimensions

0™ where a is about (0.5 — 1) times the characteristic length of its sources

proportional to 1
(Kanamori and Anderson, 1975; Bath, 1981). Therefore the average time between the earthquakes
in such an area (the precursor’s zone at the intermediate-term medium-range stage) would be

proportional to 10"

, where v is the fractal dimension of the cloud of the epicenters (Kagan
and Knopoff, 1980; Kagan, 1991; Kossobokov and Mazhkenov, 1994). The existing estimations of
the parameters b (= 1), a (0.5 — 1), and v (1.2 — 2) for tectonic earthquakes do not contradict the
hypothesis that the expression (b-aV) is close to 0, hence earthquakes with different magnitudes

have about the same recurrence time in their own preparation area (the intermediate-term medium-

range precursor’s zone). On the contrary, if (b-aV) # 0 then a time scaling is necessary.



In the case of the Mt. Vesuvius zone, we don’t know a priori whether a time scaling is required,
since a straightforward estimation of the coefficient (b-av) is impossible. In fact, the OVO
catalogue does not contain the hypocentral coordinates and this prevents the calculation of the
fractal dimension of the space distribution of the epicenters. In the well defined volume occupied
by the seismicity of the Mt. Vesuvius zone, the reocurrence time for the events with M = M, could
be calculated directly from the catalogue, without a and v estimation, if the length of the catalogue
is adequate, but OVO catalogue covers a too short period of time. Therefore, we have to solve
empirically the problem of time scaling, depending on My, directly by changing the time windows,
over which the functions and TIPs in CN are estimated, and by comparison of the different

prediction results.

2. CN algorithm

The intermediate-term earthquake prediction CN algorithm and its application to predict of
strong earthquakes in different regions wordwide have been described in several papers (e.g.
Keilis-Borok et al., 1988; De Becker et al., 1989; Keilis-Borok and Rotwain, 1989, Keilis-Borok
and Rotwain, 1990, Bhatia et al., 1990; Keilis-Borok et al., 1990; Arieh et al., 1992; Gahalaut et
al., 1992, Panza et al., 1993; Girardin and Rotwain, 1994; Costa et al., 1996, Novikova et al.,
1996; Herak et al., 1999, Peresan et al., 1999, Peresan et al., 2004). Hence only a brief
description of the algorithm is provided in this section.

The CN algorithm diagnoses the time of increased probability (TIP) of a strong earthquake in
considered region. A strong earthquake is defined by the condition M > My, where M, is a
numerical threshold. Mj is chosen in each region in such a way, that the events with M > M, have
an average return time of about 6-7 years. If this condition is satisfy we used also additional

condition that value M, should be correspondend a local minimum in the histogram of the number



of main shocks. The second condition provides the certain stabilities of the prediction results with
respect to the choice of the threshold M,

The diagnosis is based on the following premonitory phenomena, characterised the seismic
flow in the considered region: the level of the seismic activity, its variation in time, clustering of
earthquakes in space and time, and their concentration in space.

Each of these premonitory phenomena is represented by a set of empirical functions, which are
evaluated in a sliding time windows of length s. The list of these functions and their formal
definitions are represented in Table 1. In the computation of the functions the aftershocks are not
considered, but the number of aftershocks with M = M, is included as an one of the function,
Bmax, measuring the earthquake clustering. The value of M, should sutisfy the condition M, =
max{(My-3), 0}.

The functions are normalized, so that their definition can be applied uniformly to regions with
different size and level of seismicity. The normalization is achieved by the choice of the
magnitude range M < M < M for the events to be used in the computation of the functions. Here

M is defined by condition that the avarage annual number of earthquakes with M > M in the

considered region is equal to a constant n(M), which is a common for all region; M is defined as
(My— c), where ¢ = 0.1 is also the common for all regions.

Consequently earthquake flow within the considered region at the moment ¢ is represented by a
vector formed by the values of the different functions listed in Tablel. Accordingly to the pattern
recognition method “Cora”(Bongard, 1967; Gelfand et al., 1976; Keilis-Borok and Rotwain, 1990)
that was use in CN algorithm, such vector should be represented as binary vector. For that the
considered period is divided into intervals denoted as D, N and X. Intervals D occupy two years
before each strong event. After each strong event three years make up the X intervals. Intervals X
can become intervals D if a next strong earthquake occures within the two years. The remaining
time intervals are termed N. Functions are calculated for each moment with step one year during D

and N intervals. The range of values of each function is discretized into three intervals, ‘small’,



‘medium’ and ‘large’ or into two intervals, ‘small’ and ‘large’. The thresholds for the
discretization of the functions are automatically determined in such a way that each interval of the
function’s values contains approximately the same number of moments from both D and N
intervals. In other words, the discretization into three intervals is based on the quantile levels of
1/3 and 2/3; the discretization into two intervals based on the quantile level of 1/2.

The normalization and discretization of functions is made during the threshold-setting period
(TSP).

The analysis of California-Nevada seismicity by the pattern recognition method permitted to
define two sets of combinations of discretized functions (characteristic features). One set, D-
features (Keilis-Borok and Rotwain, 1990, table 5), is typical for the D intervals, while another, N-
features (Keilis-Borok and Rotwain, 1990, table 6), is typical for N intervals.

A TIP is announced by CN at the moment ¢ for 1 year if two conditions are fulfilled:

1. A(f) = np — ny 2A, where np and ny are the number of D and N features at the time 7,

respectively;

2. o) = £(10")/10™ <&, here M; is the magnitude of the i-th main shock, which
occurred in the time interval of 3 years before moment z. The function (10" is roughly
proportional to the total area of the relevant fault rupture.

Subsequent TIPs can overlap and thus extend the alarm time beyond one year. A TIP is named
as a false alarm if a strong earthquake does not occur during the TIP; if a strong earthquake does
not preceded by TIP, we name it as a failure-to-predict.

Numercal thresholds, A, & and parameters of definition of the functions listed in Table 1 are
the parameters of the CN algorithm. The values of them were defined by the analysis of

California-Nevada seismicity (A= 35, & = 4.9, values of other parameters are given in Table 2).
Following Molchan (1990), we will characterize the quality of the prediction results by the

value €= (1 - 77 - 7). Here 7= (1— n/N), where n is the number of predicted earthquakes, and N is

the total number of strong earthquakes; 7=ts/ T, where tris the total duration of TIPs, and 7 is the

6



total considered time. The result of the prediction is random if (77 + 7) = 1. An additional measure
of the prediction quality is the statistics of false alarm, x = k/K, where k is the number of false
alarms, and K is the total number of alarms.

CN algorithm has been tested in 22 regions of the World with different dimensions and level of
seismicity. Before CN application in each region we have to specify the following ‘region-
specific’ conditions: (1) the boundary of the region covered by prediction; (2) the catalog to be
used, and (3) the magnitude range M, of the earthquakes to be predicted. For each region we apply
the same D and N characteristic features which were defined in California Nevada and given in
Keilis-Borok and Rotwain (1990). For each region we repeat the procedure of discretization of
functions as described above, since these features are given in terms of discrete values of the
functions (i.e. “small”, “medium” and “large”). All other parameters of CN algorithm are fixed.
The results of this test show that TIPs cover about 30% of the total time and precede about 80% of
the strong earthquakes. For the applications of CN in different regions of the World the statistics

(1-7 -7) varies from 0.2 to 0.8, and xvaries from O to 0.67.

3. CN variant suitable for volcanic seismicity

We defined the region-specific condition for Mt. Vesuvius as follows:

1. Boundaries of the region. No formal boundaries are defined, because the earthquakes at
Mt. Vesuvius are localized within a very narrow space volume.

2. Catalog. Two catalogs of vesuvian earthquakes are considered: the OVO catalog revised
and described by De Natale et al. (2002, 2004), referred below as the “main” catalog, and the
ovo catalog retrieved from the web site:

www.ov.ingv.it/italiano/frm_ingv_ov.htm?../ufmonitoraggio/italiano/analisi/catalogo/ultimo.

3. Magnitude range My. As mentioned above the value of M, has to be defined accordingly



the condition that the events with M > M, have average return time of about 6-7 years. Therefore
the value of M, is depend from time scaling. So we can’t define this value a formally a’priory.
Note only, that a local minimum in the histogram of the number main shocks (Fig.3) correspond to
M = 3.1 therefore we define the possible range for My as 3.0 - 3.3.

The application of the CN algorithm to seismicity with a so small My (3.0 < M, < 3.3) requires
the following ajusting of the CN parameters.

- The condition for the identification of TIPs, o (t) £ o = 4.9 was introduced for tectonic
earthquakes, to reduce the number of false alarms, and it is based on the energy released in the 3
years preceding the time 7. For volcanic seismicity, where the strong earthquakes appear highly
clustered in time, this condition does not seem to be appropriate. Therefore we take g = .

- We introduce the time scaling for CN application. For that we make several prediction
experiments changing the durations of the time windows used in CN algorithm to reduce them by
a factor?} In other words, each function, described above, is calculated during the time window of
length s/7%, with respect to the standard value s, and a TIP is announced for 12/ months, instead of
the standard 1 year. Several values of ¢} are tested, varying from 1 to 3.5 with step 0.5, and, for
every value of ¢, the CN algorithm is applied considering My = 3.0, 3.1, 3.2, 3.3.

Thus, we have the following three adjusting parameters: My, o, and ¢ As in other regions
where CN was applied, all other parameters of the algorithm, including D and N features (see
Keilis-Borok and Rotwain, 1990, table 5 and 6), remain fixed. The influence of choices of these

three parameters on the prediction results will be considered in Section 5.



4. Data

The main OVO catalogue based on the records of the OVO station, installed in 1972 by the
Osservatorio Vesuviano. The version of this catalog considered for the retrospective analysis by
CN algorithm, covers the period from 23.02.1972 to 12.10.2002 and contains 9478 events. The last
updated version of the catalogue available for tests of prediction in advance extends up to June
2004. The general properties of the main OVO catalog are given below; detailed information about
this data set can be found in De Natale et al. (2002 and 2004).

The web site version of OVO catalogue covers the same period and contains 9203 events. The
principal differences between these two catalogues for events with M > 2.0 are the following. Web
site version contains 6 additional events and has a several discrepancies among aftershocks of
earthquake 9.10.1999 with M = 3.6. Specifically, 5 out of 6 additional events have the magnitude
M >3.0:29.09.1977, M = 3.0; 21.10.1977, M = 3.1; 19.11.1978, M = 3.3; 20.11.1978, M = 3.3 and
22.02.1979, M = 3.0. One additional earthquake, 7.31.1978, has M = 2.8.

The equipment of the OVO station is unchanged since its installation and the same magnitude
type (M,) is reported for all events. The number of earthquakes for the different ranges of
magnitude versus time is given in Fig. 1. The magnitude-frequency distribution for the seismicity
in Mt. Vesuvius zone is characterised by a large b-value (Fig.2), which is quite typical for volcanic
seismicity (e.g. De Natale et al., 2002; Zollo et al., 2002). Nevertheless a time dependent
estimation of the b-value evidences a well-defined pattern, with values of b progressively
decreasing, from about 1.8, at the beginning of the considered period, to about 1 at present (De
Natale et al., 2002; Zollo et al., 2002; De Natale et al., 2004). The b-values determined in volcanic
areas are generally higher than in tectonic ones (Minakami, 1974). Scholz (1968) explained the
high values of b as related to high stress intensity, typical for volcanic swarms. Recent studies and

laboratory experiments, however, indicate that b-values can significantly decrease in volcanic



areas, during continuous fracturing, as a consequence of the fracture coalescence generating
progressively larger faults (Meredith et al., 1990; Wyss et al., 1997). The most recent research,
actually, tends to interpret the occurrence of an eruption as the time at which the fractures
connecting the magma chamber and the surface are formed (Kilburn and Voight, 1998). In this
framework, an eruption could be forecasted by increasing seismicity, with increasing magnitude
and decreasing b-value.

A low level of seismicity characterises the zone of Mt. Vesuvius. The maximum magnitude of
the earthquakes since 1972 is 3.6. A histogram of the number of main shocks with magnitude M >
2.0, and AM = 0.1 given in Fig.3. The list of the main shocks with M > 3.0 is given in Table 3. The
distribution in time of these strong main shocks (Fig.4) demonstrates the abnormal clustering of
events in time. This problem was discussed by De Natale and Zollo (1986), Godano et al. (1997),

Zollo et al. (2002).

5. The prediction results using the main catalogue.

A set of experiments has been performed, applying CN algorithm for the diagnosis of TIPs at
Mt. Vesuvius during the period 1973 — 2002. The prediction of earthquakes, occurred in the past,
is indicated as “retrospective prediction”. The quality of retrospective prediction results versus }is
shown in Fig.5. One can see that ¢ = 2.5 and ¢ = 3 provide the best quality for all of the selected
values of My, while the results are nearly random ((77 + 7) > 0.83) when the time scaling is absent
(2 =1).

The best quality results of CN retrospective application (¢ = 3 and 2.5, My = 3.0 - 3.3) are
shown in Fig.6 and summarized in Table 4. All strong earthquakes are predicted, with the
exception of earthquake 5.11.1997, M = 3.0. The duration of TIPs varies from 31% to 33% of the

total time for different M,.



The number of false alarms is relatively large, about half of which are the continuation of
alarms after strong earthquakes occurrence. Some persistent false alarms appear during the period
from 1978 to 1986. Two reasons can be suggested as the explanation of that. The fist is the
imperfection of the OVO catalogue during this period. The second one is the imperfection of the
CN algorithm. A hight seismic activity, in any case, is not necessary associated with large
magnitudes. Nevertheless the quality of these prediction results is similar to the quality of CN
application in regions of tectonic seismic activity.

The lower level of magnitude for earthquake flow considered for calculation 7 out of 8 CN
functions (with one exception Bmax) is M = 2.2 (n (2.2) = 3) ); therefore M is fairly above the

completeness threshold estimated for the OVO catalog.

6. Control experiments.

In this section we will discuss the influence of the variation of some adjusted CN parameters M,
and o on the prediction results as well as the stability of predictions with respect to the choice of
the TSP and of the used catalog.

As we can see on Fig. 5 and 6 that the prediction results are quite stable with respect to
variations of M, for ¢ =2.5 and & =3.

These results depend on the variation of & , due to the second condition for TIP’s declaration:
o) = Zi(IOMi)/ 10 <& . This condition denote that the released energy o(t), is lower than a
quantity, o , corresponding to the energy of an earthquake with magnitude M* = My + AM. The
quality of prediction results, (77+7), as a function of the values (M* - My) and My, is given in Table
5. For the value ¢ =4.9 (i.e. M* - My = 0.69) the satisfactory quality of predictions appears when
My = 3.1. For My = 3.0 the quality of the result is satisfactory only if (M* - My) 20.9 (i.e. 0 =7.9).

This fact comes out of the high clustering of earthquakes with M > 3.0.



To verify the validity of stability results, retrospective test named “Seismic History”, (Gelfand
et al., 1976) has been applied. This experiment shows how the variation of the seismic regime in
the region affects to the prediction. For that the end of TSP is progressively shifted, step by step,
so that TSP duration is reduced. The normalisation and discretization of the functions are repeated
for each TSP. Other parameters of CN algorithm are keeped fixed. The quality of the prediction is
verified for period after end of TSP, called as “test period”. In other words this experiment is a
simulation of the prediction in advance when all CN parameters are defined and fixed a’priory to
prediction.

The results of the experiment “Seismic History” for My = 3.0 and ¢#=3 are given in Fig. 7 and
summarized in Table 6. One can see that the (77 + 7) value varies from 0.39 to 0.43 and slightly
increases with decreasing TSP duration. When the end of TSP is shifted to 1989.10.24, only 3
strong earthquakes occurred during this period. Nevertheless 9 out of 10 the strong earthquakes are
preceeded by TIP within the test period.

Two additional tests have been performed for the version of OVO catalog from the web site.
First test deals with the variant of catalogue where five events with M > 3 (see section 4) has been
deleted (1* version). Second test deals with the whole catalogue including five events with M > 3
(2nd version). The normalisation and discretization of the functions for both versions was repeated;
all another CN parameters were fixed. Results of CN application is shown in Table 7. One shows
that (77 + 7) value slightly increases for My from 3.1 to 3.3 in both tests, and becames significant
greater for My = 3.0 in the second test. Results of CN application for M= 3.2, and My = 3.3 shown
in Fig. 8.

The parameters for CN application to the prediction of earthquakes at Mt. Vesuvius have been
defined considering the catalog available up to October 21 2002 (Rotwain et al., 2003). The test in
advance predictions has been carried out since October 22 2002. The results obtained for different

My can be summarised as follows: during the period from 21.10. 2002 to 21.6.2004 no earthquakes



with M > 3.0 occurred and no TIP have been declared by CN algorithm. Consequently the value of

Tdecreased, while the statistics of 77 and xremain unchanged.

7. Conclusions and discussion

The experiments with seismicity of Mt. Vesuvius described above show that the CN algorithm
is appropriate for the prediction of strong earthquakes in volcanic areas.

The quality of the prediction for earthquakes with M = 3.0 at Mt. Vesuvius zone is similar to the
quality of the prediction of strong earthquakes in different tectonic regions worldwide.

The results of the experiment “Seismic History” allow us to assume a good quality for the
forward prediction, and CN could be applied for the monitoring of the volcano seismicity with the
continuously updated OVO catalogue.

The successful application of the CN algorithm for the prediction of earthquakes at the Mt.
Vesuvius zone shows that the difference in the preparation of strong earthquakes in volcanic areas
is not essential from the point of view of prediction results. Moreover the good quality of
predictions for such small earthquakes, obtained by simply decreasing the time windows of the
algorithm accordingly to the decrease of M, is an evidence of self-similarity in the process of
earthquakes preparation.

The introduction of the time scaling in the CN algorithm for the prediction of earthquakes with
My = 3.0 - 3.3 shows that the best prediction’s results for Mt. Vesuvius zone is obtained when the
duration of the time windows is reduced by a factor 2.5 - 3. Possibly the same rescaling approach
will be useful for the prediction of tectonic earthquakes in regions with the similar values of M.
Tests demonstrated that the web site catalog could be used for the routine monitoring.

Successful cases of eruptions predicted on the base of the b value changes, the stress release,

the power law exponent, and the fractal dimension variations are reported (Malone et al., 1983;



Gresta and Patane, 1983; Vinciguerra, 1999, 2002; Hill et al. 2002). The question arises whether
the forecast of the larger earthquakes is in some way related to the possibility to forecast eruptions,
i.e., whether the occurrence of the larger earthquakes can be considered as an eruption precursor.
Although the historical evidence points out the absence of very large magnitude earthquakes in
this area (with maximum magnitudes around 4), it is probable that the largest seismic rate and
earthquake magnitude occurred before the largest eruptions (Marturano and Rinaldis, 1996).
Moreover, Esposito et al. (2000) pointed out generally low b-values (around 1.0) before the major
historical eruptions. In this perspective, it is likely that periods of more intense seismicity with
larger magnitude are also periods with higher probability of eruption. If this is true, the forecast of
larger earthquakes is also an important tool to help in the forecast of eruptive events.

Nevetheless one may question whether a complex prediction algorithm like CN is necessary for
the prediction of volcanic earthquakes, since it is known that for volcanic earthquake-swarms, ,
like those associated to the Vesuvius strong events, the seismic activity starts with an increasing
number of earthquakes and then decreases after the largest one. Fig. 9 displays the number of
earthquakes with M > 2.0 vs. time. At least four earthquakes with M > 3.0 are not preceded by a
large number of small events; the same happens for two out of four earthquakes with M > 3.3,
including the strongest earthquake with M = 3.6. Therefore the predictive capability, based on the
increased number of small events only, seems quite unsatisfactory for Vesuvian earthquakes.
Moreover, the prediction of strong earthquakes based only on the function of the number of
earthquake (N(tl M, s)) would require to adjust several parameters (e.g. whether to use the whole
catalog or catalog of main shocks only; the threshold for declaration of alarm; be formulated based

on retrospective analysis sould be designed and tested in different regions and by in advance.
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Figure captions

Fig.1. Histogram of the number of earthquakes as functions of time (time grouping 1 year)  for

different magnitude ranges.

Fig.2. Discrete frequency-magnitude distribution for different time periods (magnitude grouping
0.2). Each point on the graph corresponds to the number of earthquakes for magnitude interval

shown on horizontal axis. Different symbols correspond to different periods.
Fig.3. Histogram of the number of main shocks for different magnitudes (magnitude grouping 0.1).

Fig. 4. Distribution of strong earthquakes in time, M; > 3.0, for period 1972 — 2002.10. The

vertical lines show the time of earthquake occurrence; its length shows the value of magnitude.

Fig.5. Dependence the quality of results on the time scaling factor ¢ for different My. Each point
on the graph corresponds to the value of (77 + 7) for some value of ¢ Different symbols

correspond to different M.

Fig.6. TIPs and strong earthquakes for &= 3 and 2.5 for different My: My = 3.0 (&= 3.0); Mp=3.1
(¥=12.5); My =32 (D=2.5); My =3.3 (¢=3.0). The TSP goes from 1972.2.23 to 2000.1.1.
The vertical lines show the time of earthquake occurrence of earthquakes with M >Mj; its
length shows the value of magnitude. The solid lines identify the earthquakes proceeded by
TIP, the dashed lines identify the failure to predict. TIPs are marked by rectangles: black

rectangle is a TIP preceded a strong earthquake, dashed rectangle is a false alarm.

Fig.7. TIPs and strong earthquakes in the “Seismic History” experiment for different endpoints of

TSP. Symbols as in Fig. 6.
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Fig.8. TIPs and strong earthquakes in test used the OVO web site catalogue for two values of My:
My = 3.2 (correspond to Table 7, #9)and My = 3.3 (correspond to Table 7, #12). Symbols as in

Fig.6.

Fig. 9. Number of earthquakes and strong shocks (M > 3.0) for the period from 1972 to 2004.6
accordingly main OVO catalog. Each point represents the value of function N(t/M, s) were M =
2.0, s =4 months. Vertical lines indicate the time of earthquake occurrence; its length shows the

value of magnitude.
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Table 1. List of CN functionals

Function Definition

Nl M, s) The number of main shocks with M > M

Kt M, s) = The difference between the number of main shocks at
NI M, s) - N(t-sl M, s) two successive time-intervals (z-s, 1) and (¢-2s, 1-5)
G(tl M;, M>)=1 - The ratio of the number of main shocks in two

- N(tIM>, s)/ N(1IM;, )

magnitude ranges (M;, M>) and M > M,

UMM, s, & B) =
Zloﬁ(Mi-tZ)

The number of main shocks weighted according to M; .

Summation is made on main shocks with M > M, > M.

Smax(t\M, M ,s,u, af) =
max[Z(1IM, M ,s, 0, 8/
(NI M, s)- Nt M , 5))]

Here =1, so that the expression in square brackets is
roughly proportional to the average area of rupture in
the source.

The maximum value is taken within time-interval (¢-u, t)

Zmax(t\M, M ,s,u, & ) =
max[X(t\M, M ,s, ¢ B)/
[N(tI M, s)- N(t| M , 5)]

Here = 0.5, so that the expression in square brackets is
roughly proportional to the average linear dimension of
the rupture in the source (Zhurkov et al., 1978).

The maximum value is taken within time-interval (¢-u, t)

q(tl M, s, u) = 2 POS
[Now (M) s - N(tl M, )]

The ‘deficiency’ of activity. Here “POS” indicates that
the summa is taken only over positive value. Summation
is made on main shocks with M;> M within time-
intervals (¢-s-u, t-s). N, is the annual average number of

main shocks.

Bmax(tiM, s, M,, e) =
max b{(M,, e)

Here b;(M,, e) is the number of aftershocks with M > M,
within the period e after the main shock; The maximum
value of b; is taken for the main shocks with M > M

from the time interval (z-s, 1)
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Table 2. Parameters of the definition of CN functions

# | Functions used nM) |s, Other parameters
years
1 | N2=N(tl M, s) 036 |3
2 | N3=N@El M, s) 1.4 3
3 | K=K M, s) 1.4 2
4 | G=G(tl M;, M>) 3;14 (3
5|1 Z=31MM,s o P 3 3 M =My-0.1; @=4.5; f=1
6 | Smax=Smax(tl M, M ,s,u, 5 | 3 1 M =My-0.1; a=45; B=1
7 | Zmax=Zmax(t!! M, M ,s,u, 0,3 | 3 1 M =My-0.1; a=4.5; f=0.5
8 | g=qtI M, s, u) 1.4 6 u=3yrs
9 | Bmax =Bmax(t| M, s, M,, e) - - M, =max{My-3,0};e=48h

Table 3. List of main shocks with M, 2 3.0, for the period 1972. 2. 23 — 2002. 10. 12

# Date Time Magnitude
1 29.01.1989 20:00 3.0
2 19.03.1989 19:22 33
3 21.10.1989 4:04 3.0
4 4.03.1990 23:39 3.0
5 8.07.1990 3:49 3.1
6 10.09.1990 23:58 33
7 2.08.1995 4:07 3.2
8 16.09.1995 11:03 32
9 25.04.1996 22:55 33
10 5.11.1997 11:28 3.0
11 9.10.1999 5:41 3.6
12 | 22.01.2000 3:34 3.0
13 27.09.2000 7:01 3.0
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Table 4. The results of the best quality prediction of strong earthquakes with M > M,.

M, ¢ n/N n T k/IK K mz
3.0 3 12/13 | 0.08 | 0.31 | 7/19 | 0.37 0.39
3.1 2.5 717 | 0.0 | 031 | 7/14 | 0.50 0.31
3.2 2.5 6/6 | 00 | 032 7/13 | 0.53 0.32
3.3 3 4/4 | 0.0 [ 033 | 7/11 | 0.64 0.33

Notes: n is the number of predicted earthquakes with M > My; N is the total number of
main shocks with M > My; = n/N is the statistic of failure to predict; 7= 7x/T is the
statistic of alarm time; k is the number of false alarms; K is the total number of alarms;

k= k/K is the statistic of false alarm.

Table S. Dependence of the prediction results quality (7+7) on the variation of the

quantity (M* - M) = 10°

M, M*-M,

0.69 | 0.8 0.9 1.0 oo
3.0 (073 0.77 0.32 0.4 0.39
3.1 0.58 | 0.45 0.37 0.31 0.31
32 1035 | 043 032 | 032 | 0.32
33 1051 033 0.33 0.33 0.33

Notes: The values of ¢ for each My correspond to the result with the best quality:

Uv=3forMy=3.0and My =3.3; $=25forMy=3.1and My =3.2
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Table 6. Results of “Seismic History”” experiment for M, = 3.0, &= 3.

End of TSP n/N n T k/IK K T ny/ Ny
2000.1.1 12/13 | 0.08 | 0.31 | 7/19 | 0.37 0.39 2/2
1998.2.22 12/13 | 0.08 | 0.31 | 9/21 | 0.43 0.39 3/3
1996.6.24 11/13 | 0.15 | 0.24 | 6/17 | 0.35 0.4 3/4

1995.10.24 11/13 | 0.15 | 0.26 | 5/16 | 0.31 0.41 3/5

1990.10.24 11/13 | 0.15 | 0.27 | 6/17 | 0.35 0.43 517

1989.10.24 12/13 | 0.08 | 0.35 | 7/19 | 0.37 0.43 9/10

Notes: n is the number of predicted earthquakes with M > 3; N is the total number of main
shocks with M > 3; 7= n/N is the statistic of failure to predict; 7= 7z/T is the statistic of
alarm time; k is the number of false alarms; K is the total number of alarms; x= k/K is the
statistic of false alarm; n; is the number of predicted earthquakes which occurred during

the test period; Nyis the total number of main shocks which occurred during the test period.
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Table 7. The results of the prediction of strong earthquakes with M > M, for three

versions of the OVO catalogue.

# | My Versions of ) n/N n T k/K K n+t
the catalogue
1 main 12/13 | 0.08 | 031 | 7/19 | 0.37 | 0.39
2 |3.0 1 30 | 11/13 | 0.16 | 0.28 | 7/18 0.4 0.44
3 2 13/17 | 023 | 039 | 1124 | 0.4 0.62
4 | 3.1 main 717 0 0.31 7/14 0.5 0.31
5 1 2.5 717 0 031 | 6/13 | 0.46 | 0.31
6 2 8/9 0.11 0.3 6/14 | 043 | 041
7 132 main 6/6 0 032 | 7713 | 0.54 | 0.32
8 1 2.5 6/6 0 032 | 6/12 0.5 0.32
9 2 717 0 033 | 7/14 0.5 0.33
10 | 3.3 main 4/4 0 033 | 7/11 | 0.64 | 0.33
11 1 3.0 4/4 0 031 | 7/11 | 0.64 | 0.31
12 2 5/5 0 034 | 6/11 | 0.54 | 0.34

Note: Main — main version;

1 — web site version, 5 earthquakes occurred during the period 1977 — 1979 were removed;

2 — web site version, including 5 strong events during the period 1977 - 1979.

All symbols are the same as in Table 4.
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