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ABSTRACT

Mulargia, F., Marzocchi, W. and Gasperini, P., 1992. Statistical identification ofphysical patterns which accompany erup
tive activity on Mount Etna, Sicily. J. Volcanol. Geotherm. Res., 53: 289-296.

A new statistical nonparametric pattern recognition algorithm is used to identify the phenomenology which accompan
ies summit and flank eruptions on Mount Etna, Sicily. This algorithm aHows us to solve some ofthe operational problems
typical of logic-type pattern recognition algorithms. Volcanic activity is parametrized through 12 variables concerning
seismicity, past eruptive history, and precipitation, which practicaHy exhaust the presently available data. In the 40 days
which precede and foHow the onset of each eruption, we identified no pattern whatsoever for summit eruptions, and a
single significant pattern for flank activity. This indicates different eruptive mechanisms for flank and summit events. The
latter appear to be independent of aHthe phenomena considered, and should therefore be ascribed either to magma feeding
processes, a variable which we were not able to consider in our analysis due to the lack of data, or to random behaviour,
without any repetitive scheme. Flank activity appears to be linked to the state of regional tectonic stress, but is independent
of past eruptive history and groundwater leve!. This means that eruptions of the size Etna recently experienced, do not
perturb the system, which must have a much larger capacity, at least ofthe order of 109 m 3.

Introduction

In spite of quite extensive monitoring, the
internaI structure and the driving mechanisms
of Mount Etna volcano are still largely un
known. Just naming a few: are there magma
chambers beneath it (Tanguy and Kieffer,
1976/1977; Sharp et al., 1980; Mulargia et al.,
1987)? What is its plumbing system like
(Wadge, 1977; Guest and Duncan, 1981)?
Does tectonics play a direct role in ruling erup
tive activity (Rittman, 1973; Sharp et al.,
1981)? Are its flank eruptions, which every few
years cause major damage on its slopes, pre-
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dictable (Gresta and Longo, 1988; Mulargia et
al., 1991)? Is eruptive activity related to at
mospheric variables (Casetti et al., 1981)? Is
the present eruptive style temporary (Wadge
and Guest, 1981 )?

The difficulty in answering such questions is
that geophysical phenomena have in generaI a
very complex nature, which is hardly amena
ble to simple intuitive schemes. In such cases a
substantial help may come from some new
techniques of data analysis which have be
come viable thanks to modern electronic com
puters. Of these techniques, computational
pattern recognition (from now on CPR) has
probably the greatest potential, since it is in
principle the most complete means of deci
phering the data globally available relative to a
given process, since it does not consider the
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Fig. l. The five tectonic regions around Etna: 1=northem
Sicily-Gulf of Patti; 2=southem Calabria; 3=Messina
Straits; 4= Etna; 5 = southeastem Sicily. The epicentres of
the seismic events (M ~ 3.0) which occurred in the pe
riod l January 1974-6 November 1990 are also shown.
Events with coincident epicentre are shown as a single doto

which a Gaussian parent distribution of data
can never be taken for granted (cf. Mulargia
and Tinti, 1985).

Note that since irrelevant andjor redundant
parameters are automatically exc1uded by
CPR, alI parameters which are "suspected" to
have an influence on the phenomenon should
be analyzed. Here we use 12 parameters, which
exhaust the global set we found available: (1)
the number or events in alI the five tectonic re
gions around Etna considered together (see
Fig. 1); (2) the maximum magnitude in alI the
regions considered together; (3) the number of
events in each or the tectonic regions; (4) the
maximum magnitude in each region; (5) the
time elapsed from last flank eruption; (6) its
volume output; (7) its mean effusion rate; (8)
the time elapsed from last summit eruption;
(9) its volume output; (lO) its mean effusion
rate; (11 ) the season of the year; (12) the dai1y
precipitation in the city or Catania.

different kind of data one at a time, but also alI
their possible combinations, Le. the patterns.
Underthe sole assumption that the process un
der study occurs according to a number of re
petitive schemes, it provides a phenomenolog
ical picture as c1ear as possible which can be
either direct1y used for practical purposes or
taken as a basis for deriving a reliable model.

We applied it to volcanology exploring the
former option and identified the precursory
patterns to Etna flank eruptions (Mulargia et
al., 1991). The present paper applies CPR to
the latter goal, and attempts to globally char
acterize the physical phenomena which ac
company the occurrence of flank and summit
eruptions. The generaI features of CPR have
been discussed in detail in our first application
(Mulargia et al., 1991) and wilI not be re
peated here. Wejust recall that CPR is realized
along two main paths, which make use of either
logic or statistics. The (stilI very few) applica
tions of CPR to geophysics (Bongard et al.,
1966; Keilis-Borok et al., 1988; Keilis-Borok
and Kossobokov, 1990) made alI use or a logic
type approach, and also our application to vol
canology (Mulargia et al., 1991) was along this
line. However, the extensive research and use
of pattern recognition in other fields, ranging
from satellite image interpretation to artifici al
intelligence, have led to the development of a
variety of statistical approaches (see e.g. Gel
sema and Kanal, 1986) which are superior to
logic-type approaches in several respects. These
are: the possibility of a direct control on pa
rameter partitions; an immediate quantitative
measure of the reliability of the results, avoid
ing ab initio any overfit to the data; a straight
forward stability check; and, finally, the possi
bility to fully automate the recognition.

We apply here a statistical CPR algorithm of
the type proposed by Rounds (1980). This al
gorithm has its main advantage in the reliabil
ity of the results. In fact: (1) it is intrinsically
and computationally very stable; (2) it is based
on non-parametric statistics, which makes it
particular1y suited to geophysics, a field in
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The statistical pattern recognition algorithm

The algorithm we use integrates feature se
lection and binary decision tree according to
the following steps (cf. Rounds, 1980).

( l ) Collection ofthe totality ofthe available
data relative to parameters which may be po
tentially relevant to the phenomenon under
study.

(2) Definition of the object of the recogni
tion. In the present case, since the goal is to
recognize the patterns which characterize the
evolution of eruptive activity, we consider the
40-day time intervals which precede and fol
low the onset of each eruptive episode, and at
tempt to recognize the patterns of physical

TABLE l

phenomena which occur in them and that do
not occur away from eruptions. The choice of
80 days for the intervallength is dictated by a
compromise: longer intervals make larger unit
sets, but in smaller number. The determining
factor is that the intervals should not overlap.
The shortest inter-eruption time in our data set
is 45 days (Table l), and so we have chosen
40 days as a suitable interval.

(3) Fix a significance level for decision. This
represents the risk of a wrong attribution at
each step. We use the standard choice of a 0.05
significance level (e.g. Kalbfleisch, 1979).

(4) Analysis of the time series of each pa
rameter taken one at a time and identification
of the parameter and related threshold value

Etna eruptions in the period January l, 1974-November 6, 1990 from Wadge and Guest (1981), Tanguy (1983), Cristofolini et
al. (1987), Gasperini et al. (1990), and S. Gresta (pers. commun., 1991)
Starting

EruptionVolumeMeanTime from previousTime from previous
date

type(106 m3)effusion rateflank eruptionsummit eruption
(106 m3 day-l )

(days)(days)

15- 6-1971

L7 0.1
1 -10-1973

SlO 0.7
31- 1-1974

L6 0.1 961122
29- 9-1974

S37 0.1 241363
20- 8-1976

S6 0.1 932691
16- 7-1977

S7 0.2 1262330
2-11-1977

S15 0.2 1371109
25- 3-1978

S3 l.0 1514143
29- 4-1978

LlO 0.3 154935
23- 8-1978

L3 0.4 116151
23-11-1978

L5 0.6 92243
3- 8-1979

L12 1.7 253496
1- 9-1980

SlO 2.0 395891
5- 2-1981

S4 1.3 552157
17- 3-1981

L30 4.3 592540
28- 3-1983

L75 0.6 741781
28- 4-1984

SlO 0.1 3971178
10- 3-1985

L30 0.2 713316
25-12-1985

Ll 0.1 290606
13- 9-1986

Sl 0.8 262868
30-10-1986

L60 0.5 30947
7- 9-1987

Sl 0.1 332359
28- 9-1989

L60 6.0 1064752

Flank eruptions are indicated by L and summit by S. The table lists the volcanologic parameters used in learning (volume output,
mean effusion rate, time elapsed since previous summit eruption, and time elapsed since previous flank eruption). The two flankand summit eruptions immediately preceding the period under analysis are also included (and shown in italic) to calculate theparameters relative to the first eruption in the learning set.
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for which the objects "dose", Le. comprised in
the 40-days before and after each eruption, and
those "away" have the largest statistical differ
ence, i.e. for which the significance level (a)
exceeds the chosen confidence level, and (b)
is maximum. In other words, let the parame
ters be i, j, k, I, m, ..., which have measured
values in the range [ai> b;], [aj, bj], [ak,bk] ...
For values of, say, k above (or below) a
threshold kl, the subsets of objects "dose" to
the eruptions and those "away" from them can
be taken as different at the lowest risk. For ex
ampIe, let us take the parameter m as the daily
averaged temperature at the top of a given vol
cano; let the measured range [am, bm] be com
prised between - 20 and 20 o C and most erup
tions occur with m~O°C (i.e. in the cold
season). Taking the threshold mI around the
latter value (an exact evaluation of m 1is found
through an appropriate statistical test) we can
sort the 40-day intervals "dose" and those
"away" from eruptions on the basis of the daily
averaged atmospheric temperature at the top
of the volcano. The parameter for which both
the above (a) and (b) conditions are satisfied
is the first-order parameter and the root of the
pattern (Fig. 2 ) .

(5) Identification of the second-order pa
rameters and their threshold for which this sta
tistical difference exceeds the given confidence
level and is maximum, Le. the most signijìcant
ones. These parameters are at most two and are
found taking the root parameter below and
above its threshold value and reanalyzing aH
parameters as in (4). This step identifies the
first two branches of the tre e (Fig. 2).

(6) Repetition of step (5) from each sec
ond-order parameter, identifying parameters of
progressively higher order as long as the given
confidence level is exceeded. The progressive
branching ofthe tree gives aHthe possible pat
terns (Fig. 2). Note that each pattern is read
starting from the bottom. The procedure au
tomaticaHy terminates when no further
branching is possible at the given significance
level.

F. MULARGIA ET AL.

Fig. 2. Top: example of a binary decision tree scheme
showing the recognized patterns. The round boxes show
the recognized parameter, the threshold value and the re
lated significance level (s.I.), determined through a 2
sample Kolmogorov-Smirnov test (see text). Each pat
tern must be read from a shaded block upwards. Bottom:
the only pattern identified in the present analysis, which
is related to Etna's flank eruptions (see text).

(7) Use the recognized patterns with the
available data to check in how many cases over
the total they aHow a correct dassification of
the intervals, i.e. when, solely examining the
measured parameter values, an interval is cor
rectly identified as "dose" to an eruption or
"away" from it. Note that this operation per
formed on the learning set, i.e. the same set on
which the patterns are recognized, indicates to
what extent the phenomenon occurs according
to repetitive patterns. The same operation per
formed on sets which are not used for learning
is identical, but aHows to verify this behaviour
with time.

Steps (4 )-( 6) are treated through nonpar
ametric Kolmogorov-Smirnov two-sample
statistics, which yields an optimal decision at
each node even in the presence of strong1ynon
norma! distributions (see e.g. HoHander and
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Fig. 3. The cumulative number of events in each of the
five tectonic regions.

Etna. Due to the specific geometry of the se
ismic network and its changes in time, the ING
earthquake catalogue is affected, as any other
catalogues, by problems of completeness, which
may seriously bias any analysis. The statistical
analysis of completeness (Mulargia and Tinti,
1985) showed that our set is complete above
the magnitude threshold M~ 3.0, resulting in a
total of 369 events (see Figs. 1and 3). We con
sider four parameters related to seismicity: (1)
the number of events in alI the regions consid
ered together; (2) the maximum magnitude in
alI the regions considered together; (3) the
number of events in each of the five tectonic
regions; (4) the maximum magnitude in each
region.

(b) Past eruptive history; contradictory evi
dence has been presented regarding the pres
ence of one or more magma chambers at dif
ferent depths beneath Etna (Sharp et al., 1980;
Guest and Duncan, 1981; Mulargiaetal., 1987;
Hirn et al., 1991) and so far the issue appears
still open. At the same time, the internaI
plumbing system of Etna is poor1y known.
However, on generaI grounds past eruptive
history may have a potential influence in rul
ing eruptive activity (Wickmann, 1966; Klein,
1982). We therefore consider: (1) the time
elapsed from last flank eruption; (2) its vol
ume output; (3) its mean effusion rate; (4) the

Wolfe, 1973) . Note that the use of an a priori
fixed significance level automatically avoids to
recognize overfitting patterns, i.e. patterns
which fit the data merely by introducing a very
large number of parameters. The latter is a se
rious shortcoming of pattern recognition algo
rithms based on logic, and avoiding it is very
important. In fact, like fitting data with a po
lynomial of very high order, it may lead to
meaningless, yet apparently good, results.

Finally, note that in the analysis of a time
series the effectiveness of a given recognition
may be optimally checked using learning data
sets truncated at progressively previous dates
and using the rest of the available data as an
independent test.

An application to Mount Etna's recent summit
and flank activity

We apply the algorithm described above
considering flank and summit eruptions sepa
rately, and analyzing alI the data that we found
available regarding physical variables which
may influence the mechanism of eruptive ac
tivity. As we have already mentioned, these
variables are:

(a) The local and regional tectonic stress;
based on the fact that tectonic stress is un
doubtedly one ofthe most important variables
ruling volcanic activity, and since seismicity
appears its only available indicator, we con
sider the seismic activity of the five main tec
toni c regions (Fig. 1) of eastern Sicily, which
may alI be potentially linked to Etna (Scan
done, 1979, 1982; Sharp et al., 1981). We take
epicentral data from the Bollettino Sismico of
the Istituto Nazionale di Geofisica (ING),
which runs a nationwide centralized seismic
network. This network reached a good cover
age of the whole Italian territory at the end of
the year 1973, which allows us to limit the pe
riod of analysis to the interval January 1,
1974-December 31, 1990. The number of
stations has since steadily increased and is now
72, twelve of which are within 150 km from
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TABLE2

An identical single pattem (Le. a large total number of se
ismic events in the five regions considered) is identified us
ing leaming sets truncated at progressively earlier dates a

Year

aThe table shows the efficiency of the recognition, with the
2nd column reporting the number of 80-day intervals centred
at each flank eruption correctly identified with respect to the
total, and the 3rd column the number of intervals "away" from
flank eruptions misidentified with respect to the total num
ber of 80-day intervals between January 31, 1974 and No
vember 6, 1990.

linked in a consistent manner to tectonic stress,
previous eruptive history, or precipitation.

On the contrary, a very stable pattem is
identified for flank eruptions (see bottom of
Fig. 2). The only parameter which appears
linked to eruptive activity is the total number
of events in the global region considered, which
exceeds 6 in the 80-day intervals centred at
each eruption. No other pattem shows statis
tical significance. This recognition is ex
tremely stable since it remains unchanged even
if the leaming is performed on much smaller
sets. Thus data sets truncated at progressively
earlier dates provide an identical answer, even
when using less than 40% of the total interval
of activity investigated, i.e. truncating the
leaming set as far back as December 31, 1979.

This simple pattem identifies correctly as
"dose" to eruptions alI intervals really contig
uous to eruptions (11 out of Il ) and misiden
tifies another 13 out of a total of 62, which in
reality are "away" from flank eruptions (i.e.
with a time distance larger than 40 days).
These values, and the fact that the high effi
ciency of the recognition remains essentially
unchanged with time (see Table 2) indicates

100

Fig. 4. The rainfall in Catania in the period analysed.

time elapsed from last summit eruption; (5)
its volume output; and (6) its mean effusion
rate. Note that such questions address the
question of the existence of a high-level magma
reservoir and of its size, not of its depth.

(c) Precipitation; it is a well known fact that
underground water affects fracture propaga
tion (cf. Anderson and Grew, 1977), and
therefore potentially plays a role in triggering
eruptions. We did not find piezometric data
around Etna, and we therefore used (1) the
season ofthe year, based on the fact that rain
fall, and snowfall, are seasonal, and (2) the
daily precipitation in the city of Catania (Fig.
4 ).

Etna had Il flank eruptions in the period
under analysis (Table 1). Summit activity is
more difficult to define, since it goes from a
high level of magma in the conduit to parox
ysmal events. Our analysis is necessarily lim
ited to the paroxysmal events (of which lO are
recognized; Table 1), since it is only for this
type of event that the summit eruption cata
logue is complete.

Patterns recognized

The first result of the recognition is that no
statistically significant pattem is identified ac
companying summit eruptions (the most sig
nificant result is at the 0.19 level). This means
that summit activity is independent ofthe cho
sen set of variables, Le. it does not appear to be

1979
1980
1981
1982
1983
1984
1985
1986
1990

5/ 5

5/ 5

6/ 6

6/ 6

7/ 7

7/ 7

9/ 9

10/10
11/l1

3/21
4/26
4/29
4/34
5/37
7/41
9/43

11/46
13/62
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that flank activity occurs most1y according to
a repetitive scheme, with regional stress play
ing a fundamental role (cf. Rittman, 1973;
Grindley, 1973; Frazzetta and Villan, 1981;
Sharp et al., 1981).

Discussion and conc1usions

The results we obtain indicate that Mount
Etna's summit eruptive activity appears to be
independent of the state of stress, previous
eruptive history, and underground water. Flank
activity also appears to be independent ofpast
eruptive history and groundwater level, but
appears strongly linked to the regional state of
stress. This result is consistent with the find
ings of our previous logic-based CPR analysis
ofprecursors offlank activity ofEtna (Mular
gia et al., 1991). In fact, while our two CPR
studies differ substantially in both the objects
and the parametrization used, they coincide in
indicating tectonic stress as the key factor in
ruling flank activity.

Although we are unable to direct1y account
for the other fundamental factor which should
crucially affect eruptive activity, i.e. magma
feeding, the independence we find of past
eruptive history is equivalent to a lack of any
evidence of evacuation, and successive replen
ishment, of a high-Ievel magma reservoir (cf.
Mulargia et al., 1987). This means that erup
tions of the size experienced in the last fifteen
years do not perturb the system, which must
have a much larger capacity. Can the latter be
estimated? The evidence for the emptying of a
volcanic system is provided by repose periods
proportional to the volume of erupted mate
rials (Wickmann, 1966). No such a corre1a
tion is found for Etna, not even related to its
large flank eruptions of 1614,1651, and 1669,
alI dose to 500x 106m3 (Mulargia et al.,
1987). This means that the capacity ofthe sys
tem is even larger, at least of the order of
1x109m3•
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