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Abstract. Seismic data from the MVT-SLN seismic sta
tion located 7 km from the summit area of Mt Etna
volcano, which has been operating steadily for the last
two decades, have been analysed together with the vol
canic activity during the same periodo Cross-correla
tion techniques are used to investigate possible rela
tionships between seismic and volcanic data and to
evaluate the statistical significance of the results. A
number of significant correlations have been identif
ied, showing that there is an evident relation between
seismic events and flank eruptions, and a less clear re
lation with summit activity, which appears more linked
to tremor rather than to the low-frequency events. Par
ticularly interesting are the low-frequency events
whose rate of occurrence increases, starting from 17 to
108 days, prior to the onset of the flank activity and are
candidates for a useful precursor. On the other hand, a
tendency towards the increase in both the duration and
the occurrence rate of transients in the volcanic tremor
was observed before the onset of summit eruptions. As
a result of this study different stages in the volcanic ac
tivity of Mt Etna, represented by changes in the char
acteristics of the recorded seismic phenomena, are
identified.
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Introduction

Mt Etna volcano has erupted very often in the past de
cade s, providing an excellent opportunity to study vol
canic processes and related seismic activity. In the
present work we analyse two large data sets covering
the interval 1975-1987 and concerning, respectively,
the seismic and volcanic activities. Our goal is to iden
tify statistically the significant relationships between
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the two phenomena, in order to look for precursors of
eruptive activity of this volcano.

Our seismic data set consists of recordings from the
MVT-SLN station, which is located at a distance of
about 7 km from the summit craters. This station has
been operating steadily since 1968 and provides an ex
cellent and continuous record of the seismic activity
around the summit craters. The data concerning the
eruptive activity are taken from the annual reports of
the world volcanic eruptions in the Bulletin of Volca
nology, as well as from our personal observations.

Prior to any processing of the data, some classifica
tion is necessary. A classification scheme for the seis
mic signals has been proposed by Falsaperla and Lom
bardo (1989) who discriminated several seismic signals
among volcanic tremor and shocks, on the basis of
both waveform and duration. Among shocks, 'high-fre
quency' and 'low-frequency' events can be distin
guished. The former have a broad-band frequency con
tent generally extending above 5 Hz and show a clear S
phase (Fig. 1). They are usually associated with brittle
failure of competent rock. The latter are characterized
by dominant frequencies in the range 1-5 Hz as well as
a generally low magnitude (usually less than 1) and no
clear S phase (Fehler and Chouet 1982; Crosson and
Bame 1985). The low-frequency events (lfe) are
thought to result from pressure transient in the fluid
filled conduits (St. Lawrence and Qamar 1979; Ferrick
et al. 1982; Chouet 1988; Schick et al. 1982).

Different criteria have been used to classify lfe ob
served in many volcanoes. Koyanagi et al. (1987) dis
tinguish several classes of shocks related to the mag
matic activity of Kilauea volcano on the basis of hypo
center parameters. Malone (1983) and McNutt (1986)
identify from spectral analysis different families of lfe
on Mount St Helens and Pavlof volcano, respectively.

As regards Mt Etna, the lfe classification scheme
proposed by Falsaperla and Lombardo (1989) roughly
discriminates seven classes (Fig. 1) describing their am
plitude, envelope, frequency content and duration.

The type 1 lfe, is characterized by a series of wave
trains having an emergent onset and a duration of
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Type 2

Fig. 1. Preliminary classification scheme of
Etnean seismic events, after Falsaperla and
Lombardo (1989). 'hFe' depicts a 'high Fre
quency' evento Types 1 to 7 show different
'low Frequency' events

about 1-2 min. In type 2, two main waveforms can be
identified: the mai n body of the shock which is charac
terized by wave trains at 'low' frequency and the first
part of the shock which may or may not show an emer
gent onset at higher frequency. Type 3 has an onset
less emergent than type 2 and shows the lack of evi
dent 'low' frequencies in the seismogram. Type 4 is
similar to type 1except for the existence of a phase, at
the end of the shock, showing a greater amplitude than
in the first parì. Type 5 is characterized by a very short
duration (about 4 s) and the presence of relatively
'high' frequencies. Type 6 depicts a first phase with
maximum amplitude and 'high' frequency content fol
lowed by a phase with smaller amplitude and 'low' fre
quencies. The duration is generalIy longer than 40 s.
FinalIy, type 7 has an emergent onset with a sharp am
plitude increase after a few seconds. These events
show a series of tendentially monocromatic wave trains
and they have a duration of about 45-60 s.

Although this scheme is very preliminary as, for in
stance, it does not discriminate among path, source,
and site effects, it defines some features which are use
fuI for the purpose of the present work.

Apart from seismic shocks, volcanic tremor is con
tinuously recorded on Mt Etna. It has a frequency con
tent in the range 1-3 Hz (Schick and Riuscetti 1973)

and variable amplitude according to the state of activi
ty of the volcano. Moreover, transients have been re
cognized in the volcanic tremor, showing a graduaI am
plitude increase at the beginning and a more rapid de
crease at the end. Their frequency content is not signif
icantly different from that of normal tremor (Lombar
do et al. 1987). Similar signals have been recorded at
Karkar volcano, Papua-New Guinea (McKee et al.
1984), Nevado del Ruiz (Martinelli 1990), Mount St
Helens (Brantley 1986), and Stromboli (Falsaperla
1991), and are interpreted as due to either magmatic or
hydrothermal activity (Kiefer 1984). On Mt Etna these
episodes show a rhythmic occurrence and a variable
duration. In our study we define 'short' transients with
a duration ranging between 5 and 30 min 'medium'
transients with a duration between 30 min and 2 h, and
'long' transients with a duration longer than 2 h.

Eruptive activity is c1assified into eruptions from the
summit craters and eruptions from flank fissures; activ
ity at the summit craters inc1udes virtualIy alI eruptive
phenomena taking pIace within the four main craters
in the summit area of the volcano: the CentraI, South
East, and North-East craters, and the West Chasm.

Three levels of activity are also distinguished: nor
mal, strong, and paroxysmal. As the weather condi
tions c10se to the summit in the winter time are such



Fig.2a-c. Cumulative number af events as a functian af time:
a law-frequency events, b high-frequency events, c tremar tran
sients

Days af activityDate

Summit eruptians

27 03 1976 1
18 05 1976 59
05 08 1977 2
14 08 1977 1
02 11 1977 3
02 11 1977 1
06 12 1977 1
18 12 1977 1
29 12 1977 1
07 01 1978 1
25 03 1978 3
29 03 1978 1
29 04 1978 38
25 08 1978 6
18 11 1978 13
03 08 1979 3
12 09 1979 1
28 02 1980 2
14 04 1980 4
28 04 1980 2
01 05 1980 21
26 05 1980 27
27 06 1980 54
31 08 1980 3
21 09 1980 3
05 02 1981 3
03 03 1981 2
17 03 1981 1
26 07 1981 1
26 05 1982 2
26 12 1982 1
28 04 1984 12
25 05 1984 1
04 06 1984 1
19 07 1984 1
16 lO 1984 1
lO 03 1985 1
13 lO 1986 11
02 11 1986 1
08 04 1987 1

Days af activity

Flank eruptians

Date

Table 1. Beginning date and duratian af flank eruptians and sum
mit eruptians at Mt Etna in the periad 1975-1987

06 08 1979 1
17 03 1981 2
28 03 1983 126
12 03 1985 44
27 04 1985 44
12 06 1985 30
25 12 1985 1
01 11 1986 7

198719841981
Year

///

Low-frequency events

High-frequencyevents

1978
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that only the record of paroxysmal summit activity is
likely to be complete during those months, we restrict
our analysis to this level of activity. Eruptions from
flank fissure have a character that eliminates all doubts
concerning the completeness of the record. Thus all
the record ed events of this kind will be used in the
analysis.

Correlations

Following the above scheme, we c1assified and ana
lysed over 22000 lfe (Fig. 2a), 1700 high-frequency
events (Fig. 2b), and a total of 2900 episodes of tremor
transients with different duration (Fig. 2c). Volcanic
activity consists of seven flank eruptions and 40 parox
ysmal summit events (Table 1). Prior to analysis, the
data in each set were averaged over seven-day win-

dows with no overlaps. Cross-correlation functions
were then calculated for all possible pairs of seismic
and volcanic data using the correlogram technique de
scribed in the appendix. Positive time lags indicate that
eruptive activity follows seismic activity. Different time
windows of 3, 5, and 13 days were used to verify the
stability of the resu1ts. Two levels of significance were
calculated (0.01 and 0.05) for the performed correla
tions. However, our analysis concerns only the leve l
0.01 which provides us with the most statistical signifi
cance.

Figures 3-5 show the statistically significant correla
tions that were found. The highest significance was be
tween flank eruptions and the number of seismic
shocks of both 'high' and 'low' frequency types. An in
crease in the daily number of high-frequency events
takes pIace during a long time interval ranging from a
few hours to as much as 240 days before the onset of
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Fig. 3a-c. Cross-correlation diagrams of flank eruptions and
a high-frequency events, b average tremor amplitude, c low-fre
quency events. Dotted and dashed lines indicate the 95 and 99%
confidence limits, respectively

flank activity (Fig. 3a). A similar result is obtained in
the correlation with the average tremor amplitude
(Fig. 3b). Lfe precede flank activity by a more con
strained lag of 17-108 days (Fig. 3c).

The statistically significant cross-correlation of pa
roxysmal summit events with various seismic signals,
shown in Fig. 4-5, are both slightly less marked and
more compI ex. Figure 4a, which depicts the correlation
with the lfe, shows two small significant peaks with a
lag of 11 and 35 days before the occurrence of summit
eruptions. The cross-correlation with the different
types of lfe, as displayed in Fig. 1, shows significant re
sults only when type 7 is taken into account (Fig. 4b).
A statistically significant peak at lag zero is obtained
cross-correlating summit eruptions with the average
tremor amplitude (Fig. 4c). This means that, in generaI,

- 0.6
- 400 - 300 - 200 -100 O 100 200 300 400

Fig. 4a-c. Cross-correlation diagrams of summit eruptions and
a low-frequency events, b type 7 low-frequency events, c average
tremor amplitude

the two phenomena occur together. A peak at lag O is
also present in the cross-correlation of summit activity
with all tremor transients of different duration (Fig.
Sa). Calculations with the transients discriminated in
the three different classes of duration previously de
fined show that the number of short transients in
creases 120 days after the occurrence of summit erup
tions (Fig. Sb), while the number of medium transients
increases in the time interval immediately preceding
the occurrence of such paroxysmal activity (Fig. Se).
On the contrary, long transients show significant peaks
during the occurrence of summit eruptions as well as
before and after them (Fig. Sd).
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Fig.Sa-d. Cross-correlation diagrams of summit eruptions and tremor transients considering a their cumulative duration, and discrimi
nating them in: b short, c medium and d long-duration transients

Discussion and conclusions

Much literature is presently available which deals with
the identification of different stages of seismic activity
leading to the occurrence of eruptive phenomena. An
analysis of this kind has been performed on several
volcanoes having different eruptive features.

In Hawaii, the plot of well-Iocated long-period
events is used to outline the source region of tremor
and to monitor the state of activity and readiness for
eruptions at Kilauea volcano. Accoring to Koyanagi et
al. (1987, 1988), the indicators that outline the occur
rence of eruptive activity at Kilauea can be distin
guished in long-term (weeks/months) and short-term
(hours/days) precursors represented by summit infla
tion, tremor episodes and increases in the number of
earthquakes of small magnitude with decreasing focal
depths. Both tremor episodes and shocks have a varia
ble intensity according to the magnitude of the fore
coming eruptive event. The eruptive state is marked by
a sustained summit deflation, a tremor increment until
ten times in amplitude at eruptive events, and
hundreds of shallow earthquakes of small magnitude.

Another example of seismic pattern has been ob
served at Mount St Helens before, during and after the
eruptions of 1980. Although two months of intense
earthquake activity preceded the onset of the cataclys
mie eruption of 18 May 1980, no short-term precursor

was observed before it (Malone et al. 1981). On the
other hand, the authors observed five subsequent ma
jor eruptions having recognizable seismic precursors.
They were preceded either by increases in the level of
harmonic tremor or by an increase in the number of
shallow volcanic earthquakes.

Significant precursors of volcanic activity have also
been found in Japanese volcanoes. Okada et al. (1990),
have studied several explosive eruptions that occurred
at Mt Tokachi in centraI Hokkaido, during 1988 and
1989. This eruptive activity was preceded by six years
of long-term but sporadic precursors and three months
of irreversible precursors. One-third of the 23 explo
sive eruptions were preceded by common immediate
precursors, i.e. an increase in the number of smalllfe.
Anyway, various visible evidence, including extensive
low-frequency tremar, pointed out the activation of the
system before the main magmatic eruptions.

Another case of interesting seismic activity, which
occurred before, during and after an eruptive episode,
is that concerning the 1982 paroxysmal explosions of
EI Chichon volcano in south-eastern Mexico, described
by Medina et al. (1992). The analysis of four principal
types of seismic events was used by the authors in or
der to show the different occurrence rate of the seismie
phenomena before, during, and after the volcanie ac
tivity. Continuous intermediate to superficial (8-2 km)
tectonic earthquakes started four weeks before the
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eruptions. During the 48 h preceding the beginning of
the eruption and the peri od between the subsequent
eruptions, lfe appeared as a consequence of shallow
explosions. After the eruptions, most of the observed
events were again typical tectonic earthquakes.

On Mt Etna these studies have been carried out us
ing information that concerns tectonic earthquakes,
volcanic tremor and lfe.

A characterization of seismicity and its relations to
eruptive activity on Mt Etna was proposed by Lombar
do and Cardaci (in press) using a ten-year record. Et
nean seismicity generally appears randomly distributed
both in time and space, with earthquakes generally
having a small magnitude (2.5-3.0). However, episodic
increases in the number of shocks show particular
characteristics in the time-space distribution, according
to the type of volcanic activity. The flank eruptions ap
peared to be characterized by very shallow earth
quakes which are linked to the opening of eruptive
fractures. Tectonic activity does not immediately pre
cede summit eruptions, while seismic sequences taking
pIace at intermediate depth (10 km) occur during the
eruptive phenomenon.

The combined analysis of both the earthquake ac
tivity and changes in the spectral features of volcanic
tremor led Lombardo et al. (1987) and Cosentino et al.
(1989) to propose a preliminary model of volcano dy
namics, highlighting the existence of some parameters
whose changes in time appeared as interesting precur
sors for the eruptive activity. The authors observed
that the spectra obtained during quiet periods and
those obtained during summit eruptions show a similar
distribution of frequencies, and only a sharp amplitude
enhancement indicates the eruptive stage. On the con
trary, dominant frequencies, which are usually in the
range 1.0-2.3 Hz, move towards higher values in the
pre-eruptive periods of flank eruptions, and shift again
towards the normal values shortly before the eruption
onset.

According to these results, no particular anomalous
change could be used as a premonitory sign of summit
eruptions, while short-term precursors (24--48 h) of
flank activity were identified. Further studies (Lom
bardo 1988; Falsaperla and Lombardo 1989), concern-

ing the characteristics of the Etnean lfe and the period
ic tremor transients, have shown that changes in the
occurrence rate and in the features of these signals
might give a due to the identification of seismic pat
terns leading to a summit eruption. The authors have
observed a tendency towards an increase in the num
ber of lfe and an increase in both duration and occur
rence rate of tremor transients before summit erup
tions. Our present study statistically investigates some
features of the aforementioned seismic signals re
corded on Mt Etna and looks for the time relationships
between them and the different kinds of volcanic activ
ities.

The significant cross-correlations we have found in
dicate that:
1. Flank eruptions are preceded by an increase in the
average tremor amplitude as well as in the daily num
ber of both high-frequency and low-frequency events.
In particular lfe precede the onset of eruptions from 17
to 108 days.
2. Summit eruptions are accompanied by an increase
in the daily average tremor amplitude and are pre
ceded by an increment in the number of lfe. Type 7
(Fig. 1) is in particular the one preceding, in a statisti
cally significant way, the occurrence of these erup
tions.
3. Tremor transients are linked in a more complex way
to the occurrence of summit eruptions preceding, ac
companying, and following them. Their duration is
longer before the onset of the eruptions and shorter
afterwards. Furthermore, it is interesting to observe
that each paroxysmal summit activity is seismically
highlighted by a pronounced increment in the tremor
amplitude, which is, in practice, equivalent to a tran
sient of very long duration. A tendency towards a pro
gressive increment in the tremor transient duration is
therefore evident when the onset of a summit eruption
is approaching.

The present analysis confirms the dose relation
ships between seismic and volcanic activity (Mulargia
et al. 1991) and the results of the above-mentioned
studies (Falsaperla and Lombardo 1989). Besides the
increase in the number of lfe, occurring before the on
set of a flank eruption, the increment of both duration

tremor amplitude- Increase in the number of IFe

and/or in the tremor amplitude
•. I - Tremor spectra with high frequency

values

t

STAGE 2
Increase of both the duration

STAGE 3

Enhancement of the activity
and the occurrence rate of the

Summit eruption

!
- Increase in number of IFe (type 7)tremar transients- High values of

and changes in the tremor amplitude
tremor amplitude
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- Occurrence of tremor transients

Quiet Period - Low tremor amplitude

I I I~!
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Fig. 6. Flow diagram of seismic signa! patterns !eading to the occurrence of either summit or flank eruptions
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Appendix

The cross-correlation function pxy(k) of two stationary time se
ries constituted of n observations X t and Y t for t = 1, ... , n, is es
timated by

pxy(k) =O'xy (k)/[O'x(O) O'Y(O)]1/2, k=O, ±1, ... , ±K

where O'X y (k) is the cross-covariance function:

and occurrence rate of the tremor transients before
summit activities appears particularly interesting.

The overall findings, described so far, could poten
tially be used as useful precursors of the eruptive activ
ities, also suggesting a number of possible preeruptive
stages which are reported in Fig. 6. Three different
stages can be identified in the dynamics of the volcano:
a quiet period, an intermediate stage, which is different
if it precedes the occurrence of either summit or flank
eruptions, and a stage of paroxysmal activity.

Time intervals of 'quietness' of the volcano (stage
1), are characterized by a low level of tremor ampli
tude, a small number of lfe and/or rare low magnitude
(M:5 2) high-frequency events, as well as spectra of
volcanic tremor having the usual dominant peaks (1.0
2.5 Hz). Such time intervals appear to be followed by
periods of increase of the activity (stage 2). These are
characterized by the occurrence of seismic phenomena
whose pattern is different when it leads either to sum
mit or flank eruptions. Indeed, if quiet periods are fol
lowed by an increase in the number of lfe (type 7 in
particular) and in both number and duration of tremor
transients, this stage may lead to summit eruptions.
The paroxysmal activity (stage 3) is marked by an in
crease in tremor amplitude.

Otherwise, a 'quiet phase' may evolve to periods
characterized by the occurrence of some earthquake
swarms, a tendency towards the increase in the number
of lfe and/or in the tremor amplitude (stage 2). More
over, higher-frequency values become dominant in the
spectra of volcanic tremor. This stage generally leads
to the beginning of a flank eruption (stage 3) whenever
the presence of earthquake swarms and of the return
to the usual dominant spectral frequencies of tremor is
observed. In such cases, the opening of lateral eruptive
fractures takes pIace from a fews hours to two days aft
er and a flank eruption starts with an increase in the
tremor amplitude.

The described results, based on the analysis of a
large set of data, appear quite promising in terms of
the identification of seismological precursors for erup
tive activities of Mt Etna. The proposed seismic pat
terns do not seem to occur randomly in time and mark
the existence of different steps in the evolution of the
dynamics of the volcano leading to various eruptive ac
tivities.

n-k

{1/n t~l (Xt-ILX) (Yt+k-ILY),

O'xy(k) =
n

1/n ~ (Xt-ILX) (Yt+k-ILY),
t=l-k

k=O,l, ... ,K

k= -1, ..., -K

and O'x(k) and O'y(k) are the variances of the two time series:
n-k

O'x=1/n ~ (Xt-ILX) (Xt+k-ILX), k=O, 1, ... , K
t=l

n-k

O'y=lIn ~ (Yt-/LY) (Yt+k-ILY), k=O, 1, ... , K
t=l

in which K is the maximum time lag at which we compare the two
series.

The significance of cross-correlation coefficients can be as
sessed through the approximate test:

t= pxy (k) [(n* - 2)/(1- pxy (k»]1/2

where n* is the number of overlapped positions between the two
series. This test, which has (n* - 2) degrees of freedom, is derived
from a test for the significance of the correlation between two
samples drawn from normal populations (student t-test). The null
hypothesis is that the correlation is zero.
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