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Time Correlation Analysis of the Microseismicity of the Low
Eastern Flank of Mt. Etna Volcano (Italy)

S. VINCIGUERRA,' V. LATORA? and D. VINCIGUERRA?

Abstract—An analysis in terms of time correlation functions has been applied to the time
distribution of microseismicity. We considered the single station detections (M < 2) recorded by each one
of the four working stations of the network of the Osservatorio Sismologico di Protezione Civile,
Acireale (Catania), located on the active faults systems (7impe) of the low eastern flank of Mt. Etna.
Information obtained on the time regularity of seismic crisis and on the time correlation between the
activities recorded by different stations allowed a better understanding of the role of the two main
structures. The Timpa di Santa Tecla is the most seismogenic structure in the area and probably played
a role in the magma transfer process for the 1989 eruption. Modifications of the local stress field by
actions of this feature may have produced gravitational instability along a second structural system (the
Timpa di S. Leonardello) with a time delay of about 100 days. By contrast, magma penetration
associated with the larger eruption of 1991-1993 had a deeper rise system and had no effect on local
stress conditions, consequently there was no correlation between volcanism and seismicity.
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Introduction

The seismic activity of a region has a dependence on space and time which does
not have a purely statistical nature, since it is in general the consequence of the
evolution of a complex geodynamic pattern. If one takes into account only the
microseismicity, i.e. low magnitude and very shallow earthquakes detected by only
one station, it is of interest to study the regularities in the time series and to search
for possible connections between the time evolution of the microseismic activities
recorded at two different stations located within a distance of the order of some
kilometres. We shall discuss in the following the seismic information obtained from
the four stations of the Osservatorio Sismologico di Protezione Civile, Acireale
(Catania). The stations are located on active fault systems (7impe) of the low
eastern flank of Mt. Etna Volcano. This area is affected both by earthquakes
recorded at all the stations (2 < M <4) and by microevents (M < 2) recorded only
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by the station near the relevant single fault system. In this work we shall study the
single station detections recorded by the network. This analysis may yield informa-
tion on the evolution of the local stress field and geodynamics. On the other hand
one does not expect that possible regularities and correlations will be easily brought
into evidence, due to the influence of statistical fluctuations. We shall undertake this
problem by using the time correlation method (LEvITCH, 1971; KENDALL and
STUART, 1966), which will be outlined in the next section.

The Time Correlation Method

Let us call n;(d) the number of local earthquakes recorded by the station i
during the d—th time interval belonging to a series of D intervals of an observation
period. The total number of earthquakes recorded by the station and the corre-
sponding average value will be N;= X n;(d) and m;= N,/D, respectively. In the
following we shall consider one-day long intervals, and an observation period of D
days.

If one takes into account the activities recorded by the same station at the day
d and at the day d+ ¢, a time correlation function can be defined as (LEVITCH,
1971; KENDALL and STUART, 1966)

{[n,(d+ o) —m;][n,(d) —m,]>
{[n;(d) — mi]2>

where the angular brackets indicate the average over all possible values of d. For
symmetry reasons it is enough to consider ¢ > 0. With the normalization in eq. (1)
we have —1 < C;(J) <1; the quantity at the denominator represents essentially
the mean-square deviation of n;,(d) from the average value m,. In fact the
root-mean-square deviation is defined as o = \/ 1/(D— DX, [n,(d) —m,]* =
\/D/(D — 1){[n;(d) — m,]*>. For ¢ > 0 and the contingency of no correlation in time
between the seismic activities recorded at the days d and d + 6, the function C;(d)
will be zero, or rather fluctuate around zero, for all values of ¢, since it is obtained
as an average over products of uncorrelated positive and negative deviations from
the mean value m;,. If instead the deviations are correlated for, say, A days, being
mostly both positive (as in earthquake swarms) or both negative (as in long quiet
periods), then C;(J) will receive only positive contributions for values of J of the order
of A days or less.

More quantitatively, assume #,;(d) has a well-defined increase around the day d,
which can be described by a Gaussian shape exp[—(d —d,)?/2¢;], with the half
width at half maximum I, of the peak given by I',=1.677¢,. It can be verified
analytically that the correlation function C;(J) also has a Gaussian contribution
proportional to exp[—d2/2¢3], with a5 given by g5= \/%Td. One can then extract
the half width at half maximum I'; of the Gaussian contribution from the

G(0)= (M
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experimental correlation function, and use it to evaluate the correlation time of the
seismic activity under the only assumption that the swarm has a Gaussian-like
behavior in time. It eventuates in fact that I';=T /ﬁ. Care must however be
taken to ensure the validity of any interpretation of C;(J). In fact, if the range D
of data is not much larger than the correlation width I', of the structures, then
unphysical oscillations appear in the correlation function, giving rise to the so-
called (HALL, 1964; HOGG and CRAIG, 1965) finite range of data (FRD) error. In
practice, to minimize FRD errors, D has to be larger than a few tens of I', (HALL,
1964).

If we want to analyze structures of the size of I',, the relative FRD error
AC;(0)/C;(0) we commit in solving structures of length I', with an observation
period of D days can be shown to be proportional to /2I",/(D — ¢) (HALL, 1964;
KENDALL and STUART, 1966).

The method can also be applied to the study of the time correlation between the
activities detected by two different seismic stations. Let us consider two stations i
and j, whose activities are given by the two distributions n,(d) and n;(d), with mean
values m; and m;, respectively. If one compares the activities at the two stations
with a constant time difference of 0 days (now positive or negative values of ¢ have
to be considered), a cross-correlation function can be defined for each value of ¢ as:

<[nj(d+ o) — mj][ni(d) —m;]>

<[nj(d) - mj]2>l/2<[ni (d)— mi]2>”2
where the angular brackets indicate the average over all possible values of d. The
normalization constant {[n,(d) —m,]*>"*¢[n,(d) —m;J*>"* is such that —1 < X, <1
for each value of J. In case of no correlation in time between the seismic activities
recorded independently at the two stations, X;;(d) will oscillate around zero for all
values of o, as is the case for C(0) with ¢ > 0. If instead the two distributions are
positively correlated, i.e. the deviations from the averages are mostly both positive
or both negative for the two stations with a delay time of about J4,, days, then
X;(6) will be constantly positive for values for ¢ near t0 dgeyy-

X;(0) =

()

Area of Investigation

The eastern flank of Mount Etna Volcano (Fig. 1) is affected by a seismic
activity often consisting of earthquake swarms, originated by a rather complex
stress field. This field has different origins, such as the regional tectonics (MCKEN-
ZIE, 1970; BARBERI et al., 1973; LENTINI, 1982), the uprising of the volcano magma
(MURRAY and GUEST, 1980; COSENTINO et al., 1982; MURRAY and GUEST, 1982;
MCGUIRE et al., 1990; BONACCORSO and DAVIs, 1993; PATANE et al., 1994) and
the instability of shallow crustal blocks, whose mobility is associated with gravita-
tional effects (BORGIA et al., 1990; PATANE et al., 1994).
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The structural framework of this area is given by faults evincing morphological
evidence (Timpe) associated with the master regional trends and by fractures which,
on the contrary, can be detected only from low magnitude earthquakes, due to their
shallow focal volume. The accumulated stress is relatively low since it is released
essentially through low magnitude (1 < M <4) earthquakes. The four stations we
will consider in this paper are located near the two main structural systems of the
low eastern flank of Mt. Etna Volcano: Santa Tecla fault (Timpa di Santa Tecla)
and the San Leonardello fault systems (7impa di San Leonardello) (Fig. 2). These
structural systems are affected by events characterized by distensive and compres-
sive (MONTALTO et al., 1995) focal mechanisms. In particular the Timpa di S. Tecla
is affected by both deep and shallow foci which show a link with the tectonic forces
interesting this area, while the Timpa di S. Leonardello is interested only by
gravitational processes as indicated by the shallow foci location.

Within the above scenario, to better understand the stress evolution around
eruptive episodes, it is of interest to study the time correlation of microseismicity

(M <2).
Mt. Etha Volcano
y,
/

Figure 1
Map of Mount Etna Volcano. The box marks the region enlarged in Figure 2.
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Figure 2
Map of the low eastern flank of Mount Etna Volcano. The principal faults and fractures of the region
are indicated. The triangles refer to the location of the recording stations.

Data Analysis

The time correlation analysis was applied to microearthquakes recorded by the
four stations located in the south-eastern flank of Mt. Etna (Fig. 2), named Pennisi
(PNS), San Leonardello (SND), Santa Venerina (SVN) and Acireale (ACR). The
network is operated by the Osservatorio Sismologico di Protezione Civile, Acireale.
The data were taken between April, 22, 1989 and December, 31, 1994 (D = 2081 d).
and they comprise both earthquakes with 2 < M <4 recorded at all the stations,
and single station detection (M < 2), i.e. microevents recorded only by the station
near the relevant fault; we analysed the single station detections.

The number N,(i=1 to 4) of single station detections recorded by the four
stations is reported in Table 1.

Table 1 also reports quantities relevant to the distribution in time of single
station earthquakes. Here m; is the average number of earthquakes per day,
o= \/nj, is the root-mean-square deviation calculated for a Poisson distribution,
g is the same quantity deduced from the data.
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Table 1

Quantities relevant to the distribution in time of local earthquakes detected by only one station (see text)

i Station N; m; all &P
1 PNS 263 0.267 0.516 0.837
2 SND 204 0.207 0.455 0.592
3 SVN 72 0.073 0.270 0.349
4 ACR 55 0.056 0.237 0.255

Figure 3 shows the number of single station earthquakes recorded daily at
stations 1 (PNS), 2 (SND), 3 (SVN) to 4 (ACR). There is an evident clustering in
time of the seismic activity for each station. This is supported by the fact that for
all stations the standard deviation ¢¢* of the activity turns out to be larger than
a!, i.e. the one predicted for a Poisson distribution (Table 1).

We calculated the autocorrelation coefficients C;(J) for each of the four sta-
tions and the cross-correlation coefficients X;;(d) for all the possible pairs of
stations and the entire period considered (1989-1994). During this time two main
eruptions occurred, starting respectively on September, 11, 1989 and December, 14,
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Figure 3

Number #,(d) of earthquakes per day detected by only one station. The labels 1 to 4 refer to the four
stations mentioned in the text and reported in Figure 2. The limits of the 2081-day observation period
are also reported. The vertical dotted lines mark the beginning of an eruption.
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Figure 4
Auto correlation coefficients C,(J) and cross-correlation coefficients X,,(J). a) and b) refer to the whole
period 0-2081 d c) and d) to the period 201-2081 d (see text).

1991. Actually all stations show a value of C;(J) consistent with zero for sufficiently
large J, and positive for small values of ¢, but only station 1 has a peculiarly high
value of correlation coefficients with a T,x25 d as reported in Figure 4a. This
behavior is substantially different from the background oscillations which are due
to the finiteness of the observation period D (see the error bars). Note that
D/T,; =~ 40 so that the condition D > I', (see previous section) required to minimize
the FRD effects is satisfied here.

The calculated values of the cross-correlation coefficients X5(d), X14(9), X55(9),
X,54(0) and X5,(0) are basically consistent with zero, thus indicating the absence of
any significant time correlation between the activities recorded at the two involved
stations. In Figure 4b we report the values of X,,(d) for —300 d <9 <300 d. In
this case the situation is completely different; X,,(0) shows a constantly positive
behavior around ¢ ~ 100 4. This indicates that a positive (negative) deviation from
the average seismic activity at station 1 is followed by a positive (negative)
deviation at station 2 with a delay dy,, =100 d. Significance tests have been
performed to check the validity of the 100 d lag correlations: the probability of
obtaining a peak in the cross-correlation function higher than 0.15 with two
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uncorrelated signals is 14%, while the probability of obtaining a peak higher
than 0.2 is only 4% (TAYLOR, 1990 and references therein).

To verify a possible connection between the time evolution of the microseis-
micity and the volcanic activity, we recalculated the autocorrelation coefficients
C,(0) and the cross-correlation coefficients X;,(d) starting at d =200, i.e. shortly
following the first eruption. The results are shown in Figures 4c and 4d, respec-
tively. The disappearance of the two effects present in Figures 4a and 4b namely
the constantly positive value of the C,(J) and the peak at 6 ~ 100 d in X,,(J), is
striking. Hence one is led to deduce that the time correlation indicated by the
behavior of X,(6 ~ 100 d) is not a systematic effect rather it must be related to
the first main eruptive episode, which took place on September 11, 1989 (d=
125) and continued until Oct. 9, 1989 (d = 153). Actually it is remarkable that
X,(0) is determined by the contribution in the time distributions (Figure 3)
given by the strong peaks at d, =~ 80 d for station 1 and at d, ~ 180 d for station
2 with a delay of about 100 days. The second main eruption which took place
on d=968 d (Dec. 14, 1991) and continued until d = 1441 (Mar. 31, 1993) does
not seem to be accompanied by a significant microearthquake arise occurrence.

Discussions and Conclusions

We analyzed by means of correlation function the microearthquake time
distribution affecting the low eastern flank of Mt. Etna during 1989-1994 when
two main eruptions occurred (Sep. 11, 1989—Oct. 9, 1989 and Dec. 14, 1991—
Mar. 31, 1993). We suggest that the inflation process affecting the volcano
before the eruption onsets can induce on its surroundings detouchments along
the structural lineaments originating microseismicity. In particular:

1) the main structure crossing the investigated region, i.e. the Timpa di Santa
Tecla, is the most seismogenetic structure of the area, as the high number of
earthquakes detected by station 1 shows. This is in line with the findings of
previous papers (PATANE et al., 1994; MONTALTO et al., 1995). The value of the
autocorrelation coefficients and 7,~ 25 d for station 1 suggest that Timpa di
Santa Tecla plays an active role in the magma transfer processes.
i1) The action of the Timpa di Santa Tecla could give rise to significant modifica-
tions of the local stress field. The cross-correlation analysis points out that this
modification of the stress would favour shallow gravitational instability, eventu-
ally involving with a time delay of about 100 days the Timpa di San Leonardello
(downhill and northward with respect to Timpa di Santa Tecla), where station 2
is located. Such a movement would constitute sideward eastbound shift of un-
supported rigid blocks upon shallow independent décollements (MONTALTO et
al., 1995).
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iii) The disappearance of the correlations in C,(J) and X,(d) after d =200 implies
that the microseismicity distribution connected with the second eruption has a
different time evolution. This difference is in agreement with previous findings. In
fact the 1989 eruption was characterized by the transfer of a relatively small volume
of magma within the volcano edifice, which arose by means of lateral injections
controlled by the local conditions of stress (MCGUIRE and PULLEN, 1989). This
fact implies that the local structural systems play a key role in the magma arise,
inducing the occurrence of microseismic swarms. The evolution of the local stress
field may well propagate along the local structural systems according to the findings
of the present work.

The 1991-1993 eruption was the third largest since the 17th century. In such a
case it is instead the deep arise system which is believed to control the magma
penetration within the volcano edifice (FERRUCCI et al., 1992). The latter would
have no significant relationships with the local stress conditions, explaining the
observed absence of time correlation in the detected microseismicity.

The above considerations connected to models of the area under consideration
illustrate the relevance of our findings. At the same time we think it is important to
stress the possibilities offered by the time correlation method, in particular if it is
applied to the data of a more extended recording network.

The authors are indebted to the Osservatorio Sismologico di Protezione Civile
di Acireale (Catania) and particularly to S. Menza for the kind and skillful
collaboration in data analysis. They also warmly thank G. Patané for useful
suggestions in the geodynamical interpretation and A. Bonasera, M. Di Toro, M.
Papa and A. Rapisarda for their fruitful discussions.
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