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Abstract

Gasperini, P., Gresta, S, and Mulargia, F., 1990. Statistical analysis of seismic and eruptive
activities at Mount Etna during 1978'-1987. J. Volcanol. Geotherm. Res., 40: 317 -325.

Seismic and eruptive activities that occurred at Etna volcano during the decade 1978-1987 have been
analyzed statistically. The seismic activity consists of about 7500 events. This catalog has been found
complete above the magnitude threshold 2.8. On the basis ofthe complete catalog (1458 earthquakes), the
clustering features of seismicity have been investigated. The hypothesis of a Simple Poisson process is
rejected. Applying a Generalized Poisson process ofthe Shlien and Toksoz (1970) type, the "E" parameter
of cluster size appears to be strongly dependent on the chosen time interval. The application of Gasperini
and Mulargia (1989) algorithm for identifying the single earthquake sequences indicates that the whole
period is composed of only three sequences. Etnean seismicity appears therefore characterized by a
"diffuse" low-magnitude (less than about 3.0) earthquake occurrence. From the volcanological point of
view, two time series of eruptions (flank and flank + summit) have been analyzed in order to identify
different regimes in both magma output and inter-event time. No change-points are apparent in the
magma output series, while both inter-event time series of flank and flank + summit eruptions are
characterized by one change-point each. No evident relation between the series of eruptions and the
identified earthquake sequences is apparent.
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Introduction

The combined statistical analysis of seismic
and eruptive activity of a volcano is one of the
most promising tools for a better knowledge of
its dynamics. GeneralIy speaking, while vol
cano physics is very complex, it is not difficult
to characterize empirically the phenomenology
of eruptions. Obviously, large sets of reliable
data are necessary and these are very rarely'
available.

Some catalogs of the eruptive activity of Etna
volcano are available (Wadge, 1977; Tanguy,

1981; Romano and Sturiale, 1982; Cristofolini
and Puglisi, 1987); they have been statisticalIy
analyzed by several authors (e.g., Casetti et al.,
1981; Mulargia et al., 1985). Correlations be
tween eruptions and regional (Sharp et al.,
1981) or local (Mulargia et al., 1987) earth
quakes have been tested as well. Conversely,
only a few attempts have been made to analyze
statistically the Etnean seismicity, mainly
because of the incompleteness of the catalogs.
The present paper tries to filI this gap by
analyzing the seismic and eruptive activity at
Mt. Etna during the time intervaI1978-1987.
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Although a ten-year period is very short to
understand the generaI behaviour of a volcano,
the large number of recorded seismic events
and the simultaneous relatively high level of
eruptive activity allow to characterize the pre
sent short-term features of Etna volcano.

GeneraI features of seismic and volcanic
activity of Mount Etna

Mount Etna is a typical strato-volcano with
the present edifice resulting from a succession
of strongly explosive episodes and effusive
eruptions (Romano, 1982). It is located at the
crossing of several structural lineaments (Lo
Giudice et al., 1982), and the seismic activity
seems to depend more on this complex struc
turaI framework than on magma transport
mechanisms (Cristofolini et al., 1987a).

Earthquakes are mainly characterized by
small stress drops (2-20 bar) and small source
dimensions (20-500 m) (Gresta and Patané,

P. GASPERINI ET AL.

1987). This agrees with the observed low
magnitude values « 4.6), and allows to
hypothesize a heterogeneous crust hindering
the storage of large amounts of strain energy.

Mount Etna volcanic activity is characterized
by persistent activity at the summit craters as
well as episodic flank eruptions. The former can
be of different types: degassing, strombolian
and hydromagmatic explosions, lava filling,
low-rate « 1 m3/s) lava emissions; the latter
are linked to the opening of magma filled frac
tures on the slopes of the volcano. It is in
teresting to observe that immediately before
flank eruptions, only smaller earthquakes are
concentrated on the eruptive site, while the
largest ones are distributed on a very extended
area (Gresta and Patané, 1987).

Seismological and voIcanoIogical data

The systematic monitoring of seismic activity
at Mount Etna started in 1967 with a single
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Fig. 1. Sketch map of Mount Etna with location of the three seismic stations considered in this papero
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TABLE 2

TABLE 1

Analysis of data and discussion
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End

19780102
197801 05
19780107
19780328
19780605
19780830
19781130
19790809
19800901
19800906
19810207
19810323
19830806
1984 10 16
1985 07 13
1985 12 31
19860924
19870228

In order to assess its completeness over the
whole time interval, the seismic catalog has
been divided into magnitude classes, and the
relative cumulative curves (Fig. 2a,b,c) have

Start EndOutput
(106 m3)

19780429

19780605lO
19780823

197808303
19781123

197811305
19790803

1979080912
198103 17

1981032330
19830328

1983080675
198503 lO

198507 1330
1985 1225

1985 12311
1986 lO 30

1987022860

Listing of flank + summit eruptions at Mount Etna
during 1978-1987

Start

19780102
19780105
19780107
19780325
19780429
19780823
19781123
19790803
19800901
19800906
19810205
198103 17
19830328
19840427
198503 10
1985 1225
198609 13
19861030

Listing of flank eruptions at Mount Etna during
1978-1987

M(MVT) = 2.2IogT(s) + 0.3IogD(km) - 1.5
M(SLN) = 2.2IogT(s) + 0.3IogD(km) - 1.5
M(ESP) = 2.llogT(s) + 0.2IogD(km) - 1.4

where T(s) is the duration ofthe earthquake ex
pressed in seconds and D(km) is the hypocen
traI distance from the station calculated as

5.5 x (Ts-Tp)' Several authors studied the
eruptive activity during the same period and
the related seismicity (e.g., Scarpa et a1., 1983;
Glot et a1., 1984; Patané et a1., 1984, 1987;
Gresta et a1., 1986, 1987; Cristofolini et a1.,
1987a,b).

Quite often, different studies have given very
different estimates of parameters (e.g. magma
output) for the same eruption. In order to obtain
homogeneous data sets for the two time series
of eruptions (flank and flank + summit), we
refer to Cristofolini et a1. (1987a,b) and
Cristofolini and Puglisi (1987); these series are
reported in Tables 1 and 2.

seismic station and was implemented to a per
manent network (for details see e.g. Gresta and
Patané, 1987). Continuous recordings are
available only since 1978.

The catalog used in the present study con
siders data relative to three seismic stations
located on the southern flank of the volcano at
a distance of 6-7 km from the centraI craters
(see Fig. 1). The MVT (Monte Vetore, 1665 m
a.s.1.)station operated since 1978 to September
1983; data from SLN (Serra la Nave, 1735 m)
are available to November 1985, while data
from ESP (Serra Pizzuta, 1600 m) to December
1987. All these stations were equipped with
vertical short peri od seismometers, and signals
were telemetered to Catania and recorded on
papero

Only local events characterized by (Ts - Tp) <
6 s (corresponding to a distance from the station
of about 33 km) have been considered in the
present study. The resulting catalog reports
about 7500 events. Magnitudes of the events
have been calculated through the following em
pirica l relations (Caltabiano et a1., 1986):
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Fig. 2. Cumulative curves ofthe earthquake number
for different magnitude thresholds: (a) 2.0; (b) 2.4 and
(c) 2.8.

(2)

(3)

(1)

with

q(n- j + l)Pq(j, dt)

n
K'dt

Pq(n + l,dt) = -- E (n- j + 1)
n+lj=O

Pq(O,dt) = exp (- K'dt)

q(n) = n-E/Z(E)

quakes with magnitude larger than 2.8 (Fig.
2c). The resulting data set consists of 1458
events.

The time series of the complete set of events
has been first of alI analyzed to verify the ap
plicability of a Simple Poisson process through
a Kolmogorov-Smirnov (KS) one-sample test.
The value of KS statistic KS - Max
IF*(X)-SN(X)I resulted in 0.38, corresponding
to a significance level ofp < 0.01%. This led to
reject the hypothesis of a Simple Poisson pro
cesso

Second, the applicability of the Generalized
Poisson model of Shlien and Toksoz (1970) has
been analyzed. The Generalized Poisson pro
cess assigns a probability different from zero to
the occurrence of more than one events in a
time unito In this way the probability Pq(n +
l,dt) to have n + 1 events in the time interval
dt is:

where K' is the occurrence rate of the clusters,
and q(n) the probability function of the number
of events in each cluster. In this case an ap
propriate choice is the discrete Pareto distribu
tion (Shlien and Toksoz, 1970; Savage, 1972):

where Z(E) is the Riemann function. The E
parameter indicates the degree of clustering of
the sequence; low E values indicate a high
average number of events in each cluster.

Previous research (e.g. Shlien and Toksoz,
1970; Savage, 1972; Udias and Rice, 1975; Bot
tari and Neri, 1983; De Natale and ZolIo, 1986)
found E values usualIy ranging from 2 to 4,

1988

1988198619841982

(b)

500

o
1978 1980 1982 1984 1986 1988

1600

1400 I (c)

1200

1000

800

600

400

200

O

1978 1980

1000

1000

1500

2000

3500

3000

(a)
4000

5000

cn

~ 3000>
(l)

~ 2000
(l).o
E
::J
Z

cn

C
(l)>
(l)

Q
Ci;.o
E
::J
Z

cn 2500c
(l)>
(l)

Q
Ci;.o
E
::J
Z

been analyzed through the procedure of
Mulargia and Tinti (1985). Probably smaller
events (Fig. 2a,b) have been often masked both
by larger ones and by strong increases in the
tremor amplitude. The completeness analysis
shows that the catalog is complete for earth-
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with lower values in volcanic areas. As regards
Mount Etna, a microearthquake sequence that
preceded and accompanied the eruption of
March 1981 gave E values ranging from 1.7 to
2.1 (De Natale et al., 1985). On the other hand,
Gasperini and Mulargia (1989) showed that in
generaI these values strongly depend on the
choice of the time sampling interval.

In order to test the stability of the E and K'
parameters we varied the sampling interval
from 0.001 to 0.1 years; the results are reported
in Table 3. Although the best fit was obtained
for time sampling intervals ofO.05 and 0.1 year
(18 and 36 days, respectively), the E and K'
parameters strongly depend on the sampling
interval. This suggests that a Generalized
Poisson process of Shlien and Toksoz type
(1970)cannot univocally represent the seismici
ty of Mount Etna during the time interval
1978-1987.

In order to identify possible significative
earthquake sequences we analyzed the catalog
using the method recently developed by
Gasperini and Mulargia (1989). This new
technique makes use of the same set of assump
tions of the Shlien and Toksoz Generalized
Poisson Model but improves the efficiency and
reliability of the clustering detection disposing
of the need to an "a priori" choice of the time
sampling interval. Moreover, this method
detects not only the average clustering proper
ties but also the single events belonging to each

TABLE 3

Values ofthe E and K' parameters at Mount Etna for
different time sampling intervals (see text for ex
planation)

T EKX2D.F.s.l.
(year)

0.001

2.579537.0230.035
0.0027

2.377955.7380.032
0.01

2.196560.0460.080
0.05

2.004572.01181.000
0.1

1.953980.21241.000

cluster. The procedure consists of two separate
parts, (1) a cluster identification algorithm,
which sorts the single events classifying them
as either independent or members of a given
cluster, and (2) a test of a applicability of the
Simple Poisson distribution to the sets of in
dependent events, and of a Pareto Distribution
to the set of clustered events. The algorithm for
identifying "independent" and "related"
events is based on the "influence region" prin
ciple (Keilis-Borok et al., 1972), stating that the
lithospheric loads are modified by the occur
rence of an earthquake within a certain time
and distance from its origino Several different
algorithms of this type can be constructed hav
ing in mind different alternative mechanisms
of propagation of lithospheric loads but the
most natural one is to assume the first event of
each cluster as independent (cf. Gasperini and
Mulargia, 1989). The condition to associate the
j-th event to the cluster in which j-1 is a
member is given by:

o < T = t· - t· 1 < TJ J- o

where To is the ti me influence region
parameter. In each case starting from the first
event (in time) in our catalog, the related
events found to belong to the first cluster are
removed, the scan is repeated for the second
cluster, etc. unti! the whole initial catalog is
sorted into "independent" and "related"
events. In the second step of the procedure the
properties of clustering are analysed by testing
the applicability of the generalized Poisson pro
cess model as a function ofthe influence region
parameters To' The two distributions are fitted
separately. The goodness of the fit is evaluated
for both sets using the Kolmogorov-Smirnov
test (together the standard asymptotic tables;
e.g. Ledermann, 1984). Repeating the pro
cedure for different values of parameter To the
value or range of value defining the clustering
properties of the data set are found.

In this procedure, the occurrence time of the
first event is chosen to identify each sequence
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TABLE 4

The same as Table 4 with a threshold magnitude of
3.3

The same as Table 4 with a threshold magnitude of
3.5

Identified earthquake sequences at Mount Etna
volcano in the period 1978-1987 with a threshold
magnitude of 2.8

End

End

19840130
1986 1207
19871128

19800607
19820701
1982 lO 21
19831130
19840804
19841124
198503 10
19860409
1986 lO 29
19870227
198708 12

End

19800607
198110 lO
19820321
1983 lO 30
198406 19
19841124
198503 lO
19860129
1986 lO 29
19870227
19870606

197801 13
198404 15
19870128

Start

TABLE 5

Start

197801 13
19801106
1982 lO 21
19830103
198404 15
19841017
19850301
198506 13
19860705
19870202
19870606

Start

TABLE 6

197801 13
1980 11 06
198201 18
19830103
198404 15
1984 lO 18
19850301
19850831
19860913
19870202
19870606

according to the fact that Etna seismic se
quences are rarely characterized by a well
defined main shock (Gresta and Patané, 1987).
The results are shown in Table 4. Only three se
quences have been recognized in the whole ten
year peri od for the magnitude class M ~ 2.8.
This suggests that Mount Etna seismicity is
characterized by a diffuse activity of low
magnitude events (M < 3.0).

Using a higher magnitude threshold (3.3), 11
sequences have been identified (see Table 5).
Magnitude thresholds up to 3.5 give essentially
the same result with only slight differences in
the initial events of some sequences. Some of
these sequences have been previously iden
tified on empirical terms (e.g. Gresta et al.,
1987 for the sequence starting on October
1984). These sequences (as well as the related
"quiescence" intervals which separate them)
differ both in duration (see Tables 5 and 6) and
number of events, suggesting a complex
mechanism for Etnean earthquakes. Is there a
link with the eruptive activity in this same
period?

In order to test this hypothesis, the two time
series of eruptions reported in Tables 1 and 2
were first1y studied to identify possible varia
tions in both magma output and the rate of oc
currence. To find the change-points we used the
CHPT method, which has already been
employed (Mulargia et al., 1987) to study the
eruptive activity of Mount Etna in the period
1600-1981; (for details on the CHPT method
see the appendix of Mulargia et al., 1987). We
considered two separate sets of data: flank
eruptions only and flank + summit eruptions.
The analysis gives that no variation occurred in
the magma output for either series (see Fig. 3a
and 3b), confirming that on a short time-scale
(years) the average magma output at Etna is
constant (cf.Mulargia et al., 1987).Conversely,
significant change-points have been identified
in both the time series of the inter-eruption
times. These two change-points are not coinci
dent; considering only flank eruptions the
change-point occurs at the November 1978
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Fig. 3. Cumulative curves of the magma output for
flank (a), and flank + summit (b)eruptions at Mount
Etna during 1978-1987.

eruption, while for alI (flank + summit) erup
tions it occurs at the March 1981 eruption.

At present, an interpretation of this fact in
terms of volcano dynamics cannot be given.
Furthermore, there seems to be no evident cor
relation between the seismic sequences and the
two above change-points, as it appears by com
paring the data.of Tables 1(and 2) and 5 (or 6).

While the data are not sufficient1y numerous
to alIow a statistical analysis of correlation, it
seems possible to tentatively propose a
qualitative relation between start (and end) of
earthquake sequences and the start (and end) of
both flank (Table 7) and flank + summit erup
tions (Table 8). Eruptions appel'lr to start and
stop during the occurrence of a seismic se
quence. The onset of eruptions and seismic se
quences coincide only once at the summit erup-

tion of September 1986. Conversely, seismic se
quences in most cases started and stopped dur
ing eruptive quiescence, and only in October
1984 a seismic sequence started just at the end
of an eruption.

TABLE 8

The same as Table 7 for all (flank + summit) erup
tions

Earthquake sequences (M ~ 3.5) (flank only)

. ,

Start During! End j Quiescence

~ ----1--2-1-----
--------------------~--------.----~~--------.!.-=---------i ----~-------------------

~~~_~~: nnn~_n n __n! nn---~n__i 0000000000 _

End 1 j 1 i

1 IO! 1 i 3

Q~i~~~~~~;r---n8----00--------00-001------7----1---0000000000-----------

Earthquake sequences (M ~ 3.5) (flank + summit)

Combined cross-association table for start and stop of
earthquake sequences (M ~ 3.5) vs. eruptive state
(for flank eruptions only) and start and stop of flank
eruptions vs. seismic state. The first line in each box
regards seismic sequences and the lower line the
eruptions, and respectively: for each couple of states
the upper-right value indicates the number of se
quences and the lower-Ieft value the number offlank
eruptions occurred. For coincidences of starts and
stops a time lag of 2 days is assumed.

TABLE 7
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Conclusions

The combined statistical analysis of seismic
and eruptive activity at Mount Etna during the
ten-year period 1978-1987 yields that:
- The seismic monitoring of an active volcano
as Mount Etna has to cope with occasionaI
strong increases of the volcanic tremor
amplitude. This makes a continuous detection
of low-magnitude earthquakes difficult. We
found that the catalog we analyzed is complete
above a magnitude threshold of 2.8.
- A Generalized Poisson process of Shlien and
Toksoz (1970) type is in good agreement with
the seismic data but the results were non
univocal: the values of clustering parameters
resulted strongly dependent on the choice ofthe
time sampling interval. This problem was solv
ed utilizing the Gasperini and Mulargia (1989)
method for cluster analysis. This method iden
tified only three sequences when applied to all
the events above the completeness threshold of
2.8. Raising the magnitude threshold to
3.3-3.5 led to identify 11 independent se
quences.
- The magma output followed a single regime
in the ten-year peri od considered while a
change-point in the inter-event time series has
been identified in both (flank and flank + sum
mit) series of eruptions.
- The correlation between eruptions and earth
quake sequences cannot be analyzed statistical
ly because of an insufficient number of data. A
qualitative analysis suggests that eruptive
mechanisms are not correlated to the occur
rence of the earthquake sequences. This agrees
with the fact that only smaller shocks seem to
be direct1y linked to the eruptive processes
(Patané et al., 1984; Cristofolini et al., 1987a;
Gresta and Patané, 1987).
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