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Abstract

Mulargia, F., Gasperini, P. and Tinti, S., 1987. Identifying different regimes in eruptive activity: An application to
Etna Volcano. J. Volcanol. Geotherm. Res., 34: 89-106.

The objective identification of different regimes in the eruptive time-history of a volcano is crucial to the under
standing of its physics. While a problem well-known in statisticalliterature under the name of change-point or scan
point problem, no method of generai applicability exists for the identification of different regimes in a time-series. In
particular, the available techniques seem unsuitable to the volcanological case. We developed an originai procedure
based on two-sample Kolmogorov-Smirnov statistics which offers satisfactory accuracy in a broad range of conditions
with a minimum of assumptions and is expressly tailored to the study of geophysical phenomena. Our procedure
requires neither the a priori knowledge of the number of regimes nor of the statistical distributions governing the
whole process, which can be of different type. The parent distribution of each regime is inferred through a goodness
of-fit test, and this in turn allows the confidence intervals for each of the change-points identified to be estimated by
numerical simulation. This procedure is applied to the eruptive history of Mount Etna volcano. Available data allow
the analysis of flank eruptions in the period 1600-1980, while the total output (summit and flank activity) can be
studied only in the period 1971-1981. Information on eruptive history can be therefore obtained at two different time
scales. Since no univocally accepted catalog exists except for the last few decades, we use two different sets of data,
which practically exhaust all the available information. The results are interpreted by a stability analysis, and only
stable results are retained. Our analysis yields that:
- The inter-event times of flank eruptions in the period 1600-1980 follow two regimes beforE!'w1d after year 1865, while
the eruptive activity in the period 1971-1981 follows four different regimes. In each regime eruptions occur according
to a Poisson process and Etna behaves as a random nonstationary volcano both at long (few centuries) and short
(few years) time-scales. The eruptions appear therefore to be triggered by several combining effects with a balance
showing fluctuations at both time-scales.
- The volume output of flank eruptions in the period 1600-1980 follows three different regimes, with change-points
at 1670 and 1750. The volume output in the period 1971-1981 follows a single regime. Least squares regression and
the related confidence bounds, calculated for each regime, suggest that, even accounting for summit activity, the output
rate in the period 1971-1981 is not anomalously high. Provided that no furiher change in regime takes piace, the
confidence bounds can be used to cast estimates on the expected future activity.
- The series of the mean effusion rates (erupted volume/duration of the eruption) applied to flank eruptions in the
period 1600-1980 follows two different regimes, with a change-point around year 1950. There is a net decrease in the
mean effusion rate from over 24 m3 s -1 to about 7 m3 s -l, which suggests a change in the eruptive style to lower mean
effusion rates. The total output (flank+summit) data of the period 1971-1981 confirms this issue, with averaged
mean effusion rates lower than 12 m3 s - l.

- The points of change in regime in the time-series of the inter-eruption times and volume outputs do not coincide,
thus implying that eruptions are governed by other factors than the input of magma. At the same time, the analysis
of seismic activity does not suggest the stress field as a most important factor. The eruptive activity does not appear
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to be controlled by a single factor, but by the balance of several contributing factors, further corroborating the conclu
sion that Etna behaves as a random nonstationary volcano.
- The relatively small fluctuations in each ofthe periods identified in the flank output series suggest a constant input
within each output regime, although the unavailability of both a reliable model and accurate estimates on historical
summit eruptions recommends prudence in accepting this conclusion.
- There appears to be no significant correlation between the volume of a "large" flank eruption and the subsequent
inter-event time. This, with the above proviso, suggests the absence of any high-level magma reservoir.

Introduction

Different patterns of eruption and magma
output is supposedly a common feature of the
eruptive history of most volcanoes. Identifying
these regimes is a fundamental key to the com
prehension and modeling of factors controlling
eruptions. Different regimes are traditionalIy
identified on subjective grounds, mostly on the
basis of cumulative plots. Although in some
cases the latter can be very helpful in the visual
detection of trends (see e.g. Cox and Lewis,
1966), they do not lead to quantitative and ob
jective results, and therefore do not guarantee
a fulIy scientific approach to the problem. Un
fortunately, the statistical treatment of time
series with different regimes is very compli
cated and the available methods apply only un
der restricted conditions. The present paper
deals with a new generaI technique for identi
fying the different regimes in a time-series and
applies it to the eruptive history of Mount Etna.

StatisticalIy, the problem can be stated as
folIows: Given a sequence of random variables
governed by some process which is nonstation
ary in steps, let us derive an estimate for the
point ( s) of change in the regime. A question
frequently encountered in practice, and espe
cialIy in statistical analyses of time-series, this
goes under the name of change-point or scan
point problem.

In order to overcome the intrinsic complica
tions of change-point (from now on abbrevi
ated as CHPT) problems, the available
literature relies largely on simplifying assump-

tions such as normal statistics, large popula
tion size to permit asymptotic estimates, and
known number of regimes (see e.g. Page, 1955,
1957; Chernoff and Zacks, 1964; Box and Tiao,
1965; Hudson, 1966; Mustafi, 1968; Hinkley,
1970, 1972; Ferriera, 1975; Cobb, 1978). Fur
thermore, it is common practice to assume that
the various regimes share the same type of par
ent distribution, with only the parameters
varying; translated into physics this means that
the same basic process is governing the whole
occurrence of the phenomenon.

Quite obviously, in the case ofvolcanoes (and
earthquakes) the validity of these assumptions
is not granted and a more generaI approach is
needed since, for example, we cannot a priori
assume that a single eruption mechanism exists
at alI times. In practice, none of the methods
available in the scan-point literature is appli
cable since we face:

(a) An unknown number of regimes.
(b) The possibility that different regimes

folIow different distributions, and, even if a sin
gle parent distribution exists, its functional
form is a priori unknown.

(c) A generalIy small sample size, N ~ 20-50.
We recent1y developed and applied to the oc

currence of earthquakes in a given region a gen
er~l algorithm ,Mulargia and Tinti, 1985, 1986)
which satisfies alI the above requirements,
achieves good efficiency under a broad range of
conditions, and alIows one to infer the statisti
cal distribution in each of the regimes identi
fied. The algorithm is briefly described in the
appendix; for further details reference should
be made·to the originaI papers.



Regimes in the eruptive history of a
volcano: the case of Mount Etna

The interesting time-series in the case of vol
canoes are several. In the present work, we con
sider three of these, along with their mutuaI
relations: the series of the inter-event times,
which are directly linked to the eruption mech
anism, the series of the volumes of erupted ma
terial, which are strictly connected to the
mechanism of magma transport to the surface,
and the series of the mean effusion rates
(erupted volume/ duration of the eruption),
which are markers of the eruptive style. The
three series together contribute to the global
picture of the activity.

As with historic earthquakes, catalog incom
pleteness may create serious problems. If not
properly detected and treated, it may result in
false patterns and lead to wrong interpreta
tions. The whole point here is to account for as
many events as possible by using the larges,
possible time interval in which the record is re
liable. Obviously, while disregarding a period
which is not "secure" does not result in any
harm except for the loss of information, retain
ing an incomplete period may produce erro
neous results. Since catalog incompleteness
originates merely from faulty historical rec
ords, it is a difficult function to quantify. For
that reason, the usual approach consists of a
more or less subjective choice. For Etna, Wadge
(1977) assumes that the period of complete
records started at 1535, while in another work
we have chosen more conservatively 1600 (see
Mulargia et al., 1985a). In fact, provided that
the true rate of event occurrence remained con
stant (e.g. Klein, 1982) , the reported rate of oc
currence can be used to infer catalog
completeness and we indeed developed and ap
plied the CHPT method to analyze the incom
pleteness of seismic catalogs (Mulargia and
Tinti, 1985). However, while in the case of
earthquakes stationarity in the rate of occur
rence is the rule (e.g. Lomnitz, 1974), in the
case of volcanoes there are strong hints of the
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contrary: for Mount Etna the number of events
versus time is clearly nonstationary (see Fig.
1), while also the eruptive frequency of Vesu
vius apparently took pIace according to at least
two different regimes (Wickmann, 1966; Carta
et al., 1981) . Henceforth, to be conservative, we
remain with a subjective choice and take into
account only the data after the year 1600.

We define the inter-event time as the time
between the onset of two eruptions, consis
tently with previous relevant work (Klein, 1982;
Mulargia et al., 1985a, 1986). Quite obviously,
to obtain a full picture of the volcanic activity,
the total output, i.e. both flank and summit
eruptions, should be considered. Unfortu
nately, the practical problem of estimating the
output of an eruption has some inherent diffi
culties, especially in the case ofhistorical events.
For Etna, if this can be solved at least approx
imately for flank eruptions, it becomes very
critica-l for the summit activity (Wadge et al.,
1975). For example, persistent summit activity
is known to have occurred since at least 1759
after a period of almost total quiescence start
ing in the late XVI-th or early XVII-th century
(Wadge et al., 1975; Romano and Guest, 1979;
Tanguy, 1981). Although it is impossible to ar
rive at a reliable figure, order of magnitude es
timates suggest that summit activity might have
accounted for about a third of the total output
in the past 200 years (Wadge et al., 1975). Rea
sonably accurate data on summit output are
available only after 1971 (Wadge and Guest,
1981), and a quite large output is reported. As
for historic flank eruptions, some debate exists
about the volume estimates of flows. These are
made on the basis of the extension and thick
ness of the lavas, which are in turn estimated
from topography. No standard for this meth
odology exists (e.g. Wadge, 1979), and it is
common practice not even to quote the specific
technique used to arrive at the figures. On the
other hand, the cartography is known to be
come accurate only after 1865 (Tanguy, 1981).
As a result, there is no accepted catalog of the
output of Etna eruptions (Tanguy, 1979;
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Fig. 1. Cumulative number of flank eruptions in the period 1600-1980 according to Table 1.

Wadge, 1979; Romano and Sturiale, 1982).
Some catalogs that avoid this complication by
not reporting quantitative estimates cannot be
used in the present context (Tanguy, 1981;
Chester et aL, 1985). This is pàrticularly un
fortunate for Tanguy's catalog, which is poten
tially very valuable, with a detailed list of more
than 750 events since 1450 D.C. In practice,
three catalogs appear to represent an exhaus
tive compound of the available quantitative es
timates: Wadge's (1977), which gives a list of ~
major flank activity including output estimates
starting on 1535;Romano and Sturiale's (1975,
1982), which contests the accuracy of these es
timates and give a different set for the same pe
riod; and finally Wadge and Guest's (1981),
which report the total output (flank +summit)
for the period 1971-1981.

In light of the above discussion, rather than
attempting to identify a "best" set of data, a
task which appears quite sterile, we decide to
use the different available estimates and per
form a stability analysis of the results. In other
words, we study the problem according to each
different data set and accept as conclusive only
the common results. The following sets are used
(Tables 1-3):

(1) The inter-event times after 1600for flank
eruptions. In this respect most catalogs coin-

cide (see e.g. Wadge, 1977; Romano and Sturi
aIe, 1982);

(2) The inter-event times relative to the to
tal catalog of eruptions (summit +flank) of the
period 1971-1981 according to Wadge and Guest
(1981) ;

(3) The volume output for set 1 according to
Wadge (1977);

(4) The volume output for set 1 according to
Romano and Sturi aIe (1982);

(5) The volume output for set 2;
(6) The mean effusion rates according to

Wadge (1977);
(7) The mean effusion rates according to

Romano and Sturiale (1982).
It is to be noted that sets 1, 3, 4, 6 and 7 are for
flank eruptions only and give merely a partial
account of the activity.

The application of the CHPT algorithm to
each set at 0.05 significance level together with
the criticaI tables of Hollander and Wolfe
(1973) and Lilliefors (1967,1969) give the fol
lowing results:
In the series of the inter-event times (see Table
4) in the period 1600-1980 two regimes are
identified with a CHPT corresponding to year
1865 at a significance level (from now on ab
breviated as s.l.) of 0.02. An exponential distri
bution is fitted to both the regimes before and
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TABLE 1

TABLE2

The time series of flank eruptions of Etna volcano accord-

Eruptions (flank only) ofEtna Volcano during 1600-1980ingto Wadge (1977). Theperiodhas been extended to 1980 according to Romano and Sturiale (1982)using data of Mulargia et al. (1985)

Output

DateMeanOutputDate Mean

(106 m3)

effusion rate(106 m3) effusion rate

(m3 S-I)

(m3 S-I)

61

1607-06-28-1671607-06-28
29

1610-02-06-10501614-07-01 3
424

1614-07-0111911646-11-20 38
101

1634-12-1914141651-01-16
192

1646-11-203984
1651----8

426 1651-01-165
1015

1669-03-11 96477 1669-03-1144
16

1689-03-14-40
1763-02-06 14

11

1702-03-03251501763-06-18 21
5

1755-03-09lO771766-05-27 5
67

1759-05-019~
28

1780-04-20 32
17

1763-02-056801792-05-11

}260 1763-06-208791792-06-01
117

1766-05-27lO381809-03-28 31
16

1780-04-205531811-10-28 3
12 1792-05-11139

48
1819-05-27 879 1792-06-013

7
1802-11-1527401832-11-01 22

20

1809-03-2821551843-11-17 58
26

1811-10-2821281852-08-20 5
41

1819-05-2761031865-05-30 8
54

1832-11-0130341879-05-27 33
56

1843-11-1759521886-05-18 30
140

1852-08-2061291892-07-11 9
50

1865-05-301911908-05-29 19
2

1874-08-298441910-03-23 201 1879-05-2611
65

1911-09-09 5840 1879-05-2751
62

1886-05-1834781923-06-16 28

108

1892-07-117431928-11-03 28
3

1908-05-293521942-06-30 36
38

1910-03-2318111947-02-21 8
40

1911-09-093661949-12-02 24
1

1918-11-29-1581950-11-25 5
50

1923-06-1619781971-05-11 13
8

1928-11-0311141974-01-30 3
25

1928-11-0418
3

1974-03-11 22 1942-06-3043
27

1978-04-29b 85 1947-02-213
4

1949-12-021541978-08-24b 7
56

1950-11-252111978-11-18b 11
3

1971-05-074
'When the precise date is missing it is assumed to be June

30 1971-05-1111
6

1974-03-11215.

27
1978-04-29b8bFrom Mulargia et al. (1985a).

4
1978-08-24b7

11
1978-11-18b11

after 1865 yielding an excellent agreement'When the precise date is missing, it is assumed to be June (s.l. > 0.20 ). Four regimes are identified in the15.
bFrom Mulargia et al. (1985a).

period 1971-1981, with change-points at Aug.
201976, Nov. 25 1977, and Jan. 5 1978. In eachof them, with the minor exception of the third,
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TABLE3

Eruptions ( flank +summit) of Etna volcano during
1971-1981 according to Wadge and Guest (1981)

TABLE4

Regime identification in inter-event time series

50
7
lO

6
7
13

5
12
6
1
1
4
1
0.5
1
1
1
2

0.5
1
1
1
2.5
0.5
0.5
3

23

3
5

12
4
7
3
4
20

Date

1971-04-05
1971-06-01
1973-10-01
1974-01-31
1974-09-29
1975-02-24
1975-09-12
1975-11-29
1976-08-20
1977-07-16
1977-08-05
1977-08-14
1977-08-24
1977-11-02
1977-11-07
1977-11-22
1977-11-25
1977-12-06
1977-12-10
1977-12-18
1977-12-24
1977-12-29
1978-01-02
1978-01-05
1978-01-07
1978-03-25
1978-04-29
1978-08-23
1978-11-23
1979-08-03
1980-04-01
1980-09-01
1980-09-06
1981-02-05
1981-03-17

Results ofthe change-point analysis applied to the series ofthe
inter-event time series ofEtna. The value of J' 3 at each change
point is given together with the corresponding significance level
()((s.I.). Only change-points with s.1. <0.05 are retained. Con
fidence intervals for each of the change points as well as dis
tribution type, parameters and related goodness-of-fit for each
of the regimes identified. KS1 stands for the value of Kolmo
gorov-Smirnov one-sample statistic; the criticai values for as
sessing significance are taken from Hollander and Wolfe (1973)
and Lilliefors (1967, 1969). The analysis is applied to ali sets
considered. Table 4 is relative to flank eruptions in the period
1600-1980 according to Wadge's (1977) and Romano and Stu
riale's (1982) data. Table 4b is relative to the total output
flank+summit in the period 1971-1981 (Wadge and Guest,
1981).

a. Period 1600-1980 (flank only); sources: Wadge (1977), Ro
mano and Sturiale (1982)

Change-points identified:

{ 1832} .1865 1886 =0.44 conf. mterval
J'3=1.48

corresponding s.1.= 0.02

Identified regimes:
1600-1865

mean= 13.2 years
KS1(Expon.) =0.117
Expon. distr. accepted at s.1.> 0.20

1865-1980

mean = 4.9 years
KS1(Expon.) =0.176
Expon. distr. accepted at s.1.>0.20

b. Period 1971-1981 (Flank+summit); source; Wadge and
Guest (1981)

1978 Jan. 5

exponential distribution provides an excellent
fit, with s.l. > 0.20. We can thus conclude that
the random volcano model (Wickmann, 1966;
Klein, 1982) applies well to Etna within each
regime.

We next study the output of Etna (see Table
5) relative to the period 1600-1980, by analyz
ing the series of the erupted volumes per de
cade. Our procedure applied to Wadge's (1977)
data identifies three regimes, with CHPTs at

Change-points identified:

1976 A 20 {1975 Sep. 12ug. 1977 Jul. 7
J '3=1.67

corresponding s.I. < 0.01

1977 N 25 { 1977 Nov. 7oV. 1977 Dee. lO

J '3= 1.45

corresponding s.1.= 0.03

{ 1978 Jan. 21978 Jan. 7
J'3=2.04

corresponding s.1.< 0.01

} =0.70 confido interval

} =0.66 confido interval

} =0.89 confido interval



ldentified regimes:
1971-Aug. 201976
mean=0.66 years
KS1(Expon.) =0.209
Expon. distr. accepted at s.l. > 0.20

Aug. 20 1976-Nov. 251977
mean=0.052 years
KS1(Expon.) =0.203
Expon. distr. accepted at s.I. =0.03

Nov. 25 1977-Jan. 5 1978

mean = 0.014 years
KS1(Expon.) =0.452
Expon. distr. accepted at s.l. > 0.20

Jan.51978-1981

mean=0.32 years
KS1(Expon.) =0.184
Expon. distr. accepted at s.l. > 0.20

1670 and 1750. In this case a Gaussian parent
distribution produces a good fit to the data, with
s.I. again in the neighborhood of 0.20.

The data of Romano and Sturiale (1982) give
identical results, with two CHPTs at 1670 and
1750, and Gaussian distribution is closely fol
lowed in each of the three regimes. The same
analysis applied to the series of total volume
output (flank +summit) relative to the period
1971-1981 on the basis of the yearly output
identifies no CHPT at the given 0.05 signifi
cance leve l. The Gaussian distribution in this

case provides only a moderately good fit (at 0.08
significance level), most likely because of the
presence of several zeros.

The time-series of mean effusion rates has a

single CHPT at year 1947 accordingto Wadge's
(1977) data and at 1950 according to Romano
and Sturiale's (1982) data (Table 8). In this
case a Gaussian parent distribution does not fit
the data, while the Poisson distribution pro
vides an excellent fit, with s.l. again in the
neighborhood of 0.20.

Estimate of the confidence intervals on
the change-points

Monte-Carlo simulation is applied (see ap
pendix) to derive the confidence intervals for
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TABLE5

Regime identification in output times-series

The same as Table 4, but relative to the series of the output
volumes. Table 5a is relative to the flank eruptions in the
period 1600-1980 accordingto Wadge (1977). Table 5b is
relative to flank eruptions in the period 1600-1980 accord
ing to Romano and Sturiale (1982). Table 5c is relative to
the total output flank+summit in the period 1971-1981
(Wadge and Guest, 1981).

a. Period 1600-1980 (flank only). Ten-year average; source:
Wadge (1977)

Change-points identified:

1670 { ~~~~ } =0.81 confido interval
J '3= 1.74

corresponding s.1.< 0.01

1750 { ~~:~ } = 0.93 confido interval
J'3=1.81
corresponding s.1.< 0.01

Regimes identified:
1600-1670

mean = 26 X 106m3yr-1
KSl(Gauss) =0.208
Gaussian distr. accepted at s.1.> 0.20

1670-1750

mean=0.2x 106m3yr-1
KSl(Gauss) =0.513
Gaussian distr. accepted at s.l. <0.01

1750-1980

mean =6 X 106m3yr-1
KSl(Gauss) =0.147
Gaussian distr. accepted at s.1.> 0.20

b. Period 1600-1980 (flank only); ten-year average,
source: Romano and Sturiale (1982)

Change-points identified:

1670 { ~~~~ } =0.57 confido interval
J '3=1.55
corresponding s.1.= 0.02

1750 { ~~:~ } = 0.87 confido interval
J'3=1.91
corresponding s.1.<0.01
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Regimes identified:
1600-1670

mean=26X 106m3yr-1
KS1 (Gauss) = 0.280
Gaussian distr. accepted at s.1.= 0.10

1670-1750

mean=0.2X 106m3yr-l
KS1(Gauss) =0.451
Gaussian distr. accepted at s.1.< 0.01

1750-1980

mean=6X 106m3yr-1
KS1(Gauss) =0.131
Gaussian distr. accepted at s.1.> 0.20

c. Period 1971-1981 (flank+summit) Source: Wadge and
Guest (1981)

Change-points identified:
None

Regimes identified:
1971-1981

mean = 20 X 106m3yr-1
KS1 (Gauss) = 0.235
Gaussian distr. accepted at s.1.=0.08

the CHPTs identified. The rea l distribution pa
rameters are used in a standard simulation of
5,000 cycles for each set. Confidence intervals
are included in Tables 4-5 and 8. All CHPTs
are well defined, with 0.7 confidence intervals
corresponding to an uncertainty of ± 1 point
with respect to the identified CHPT both in the
1600-1980 and in the 1971-1981 sets. The only
exception is the CHPT at year 1865 in the in
ter-event time-series of the 1600-1980 set,
which achieves only moderately gooddefinition.

Discussion of the results and related
analysis

As regards the inferred applicability of the
nonstationary random volcano model to Etna
(Le. eruptive activity appears to follow a non
stationary Poisson process; e.g. Cox and Miller,
1967) , we recall that the randomness of inter
event times implies that several processes com
bine to trigger eruptions, since if a single dom
inant cause were present it would yield a definite

pattern (this issue will also be confirmed below
by other independent evidence ) . A random but
nonstationary eruptive process implies that the
balance of the various causes contributing to
triggering eruptive activity changes with time.
In particular, variations took pIace both at a
long time-scale of a few hundred years, as shown
by the two regimes in the inter-event times of
flank eruptions in the intervaI1600-1980, and
on a time-scale of a few years, as shown in the
well monitored activity ofthe period 1971-1981.
Obviously, we cannot exclude the possibility of
a definite pattern at a longer time-scale than
that selectively sampled by the historical record.

Six more results ofvolcanological interest are
obtained:

(1) Etna flank activity followed, in terms of
output volume, three different regimes after
1600: from 1600to 1670, from 1670to 1750, and
after 1750. The good fit provided by Gaussian
distribution justifies the application of linear
regression to each regime identified. The
regression parameters are reported in Table 6.
The first regime is characterized by very high
output (0.8 or 1.2 m3 s-1 according to our two
selected sources), the second regime is charac
terized by very low activity (0.004 or 0.01 m3

s- 1), and the third by a moderate and steady
(note the small one sigma values for the regres
sion coefficients) output (0.18 or 0.22 m3s-1) .
This result, which was originally proposed by
Wadge et al. (1975) on qualitative grounds, is
stable, being confirmed by the apparently dif
ferent output values given by Romano and Stu
riale (1982), and should therefore be regarded
as definite.

(2) The same linear regression applied to to
tal output in the period 1971-1981 (see Table
6) , in which no CHPT is identified, shows out
put rates only apparently higher than average
compared to the period 1750-1980. The output
rate is in fact 0.6 m3 ç1. While this is relative
to both flank and summit eruptions, similar
values have been reached during this same re
gime by flank eruptions alone (see the periods
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(2)

(3)

N

Sxx = L (Xi -Xmean) 2
i=l

82=_1_ ~ (Yi-aXi-b)2N-2 i=l

and Z is related to the significance level through
T Student distribution by:

P{ I T(N-2) I >Z}

= sign. lev. (two-sided) (4)

Figures 2-4 show the cumulative output, the
least squares regression lines and the 0.95 con
fidence bounds in each regime for all the sets
analyzed. Note that neither regression lines nor
confidence bounds are displayed for the period
1670-1750, since they are practically indistin
guishable from the cumulative plot. Of partic
ular interest is the confidence region for the
period 1971-1981, which can be used under the
assumption of stationarity in the output rate
(no CHPT) to estimate the expected future
activity.

(3) The low intrinsic fluctuations in each of
the periods identified in the flank output series
suggest a constant input, bearing in mind that
only flank eruptions have been considered and
that definite results cannot be reached without
a reliable physical model of Etna, which is so
far unavailable. Summit activity should not
modify this result, since it is presumed to have
been absent in the XVII-th century and in any
case appears to have had a somewhat smaller
output than flank activity in the following
(about a third of the total output in the past
200 years; see e.g. Wadge et a1.,1975). The large
summit output in the period 1971-1981 (larger
than flank) produced a correspondingly large
totaloutput (Wadge and Guest, 1981), but, as
we have seen above, this applies to a limited pe
riod and can be easily ascribed to statistical
fluctuations. On the other hand, we note that
deriving a physical model of the volcano is a
difficult task requiring one to state and solve all
the appropriate differential equations and can
not be tackled in the present papero

(4) The data are inspected for a dependence

(1)

b. Relative to flank eruptions in the period 1600-1980,
ten-year averages, source: Romano and Sturiale (1982)

Coefficients of linear correlation and related standard er

rors for the cumulative output versus elapsed time in each
of the regimes identified for all the sets considered

TABLE6

a. Relative to flank eruptions in the period 1600-1980,
ten-year averages, source: Wadge (1977)

Period 1600-1670

a=25.4±3.89 (laconfid. interval)
b = - 40880 ± 6380 (1a confido interval)

Period 1670-1750

a=0.131 ± 7.70 X 10-2 (la confido interval
b= - 215 ± 132 (la confido interval)

Period 1750-1980

a=5.52±0.153 (la confido interval)
b= -9580±287 (la confido interval)

Period 1971-1981

a= 18.2 ± 1.24 (la confido interval)
b = - 35900 ± 2450 (1a confido interval)

Period 1600-1670

a=37.3 ± 6.83 (la confido interval)
b = - 59700 ± 11200 (la confido interval)

Period 1670-1750

a=0.330 ±9.22 X 10-2 (la confido interval)
b= -544± 158 (la confido interval)

Period 1750-1980

a=6.90;:t0.161 (la confido interval)
b = - 11200 ± 301 (1a confido interval)

c. Relative to total output in the period 1971-1981, one
year averages, source: Wadge and Guest (1981)

where

1755-1766, 1843-1865, 1879-1892). The in
trinsic fluctuation region of the output activity
can be estimated from the data by plotting the
confidence bounds for the regression. The lat
ter, at each potnt of estimate are given by (see
e.g. Cramer, 1946; Kalbfleisch, 1979):
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2000

Fig. 2. Cumulative output, least squares regression lines and 0.95 confidence bounds for each ofthe regimes identified relative
to flank activity of Etna in the period 1600-1980 according to Wadge (1977); see Table 1.

1?20 1760 1800' 1840 1860 1920 1960 2000
YEAR

Fig. 3. The same as Fig. 1, but with data from Romano and Sturiale (1982); see Table 2.
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between the magnitude (volume output) of an
eruption and the subsequent inter-event time.
Such a dependence, which has been found for
the case of large eruptions in Mauna Loa imd
Kilauea (Klein, 1982), is the prime hint of the
presence of a high-level magma reservoir. The
idea is that if a high-level magma reservoir ex
ists, "large" eruptions should empty a good
fraction of it and a time proportional to the vol
ume of the erupted material should intervene
for refilling before reaching conditions favour
able to next eruption. It must be noted that this
intuitive issue is based on the model of a rigid
container with a constant input rate of un-

proven validity; obviously as mentioned above,
the problem should be studi ed in detail by de
riving and solving the related differential equa
tions and carefully evaluating the importance
of summit activity. Figures 5 and 6 show the
plot ofthe inter-event times versus the magni
tude of the previous eruption for the data sets
of Wadge (1977) and Romano and Sturiale
(1982). The existence of a significant correla
tion is ascertained (see e.g. Kalbfleisch, 1979)
by testing the hypothesis of a linear regression
with coefficient a significantly different from
zero (proportional to the refilling time). The
sampling statistic tOh8 of this coefficient follows
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Fig. 4. The same as Fig. 1, but relative to the set of Etna flank and summit activity in the period 1971-1981 according to
Wadge and Guest (1981).

(5)

a (two-sided) T distribution with N - 2 degrees
of freedom (N is the number of data) :

a
t =-~==
ob. JS2 jSxx

Taking significance at the usual 0.05 level we
analyze the foHowing sets: (a) the flank erup
tive activity in the peri od 1600-1980 according
to Wadge (1977); (b) the flank eruptive activ
ity in the first regime (1600-1670) according to
the same source; (c) the flank eruptive activity
in the last regime (1750-1980) according to the
same source; (d); (e); (f) -each of the corre-
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sponding sets according to Romano and Sturi
aIe (1982). Two different threshold values for
a "large" eruption are used: 50 X 106 and
100x 106 m3• The set relative to the period
1971-1981 is not analyzed for lack of a suffi
cient number of "large" eruptions. The results
are shown in Table 7, where no significant cor
relation is apparent. This finding is stable for
aH the sets examined, never approaching the
criticaI 0.05 limit, so that we can quite confi
dently dismiss the issue of a dependence. Hence,
Etna appears to behave differently than the
Hawaiian volcanoes and, bearing in mind the

so 100 150 200 250 300 350
OUTPUT 106 m3

400 450 500

Fig. 5. Subsequent inter-event time versus output volume of each eruption relative to the flank activity of Etna in the period
1600-1980 according to Wadge (1977); see Table 1.
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Fig. 6. The same as Fig. 4, but with data according to Romano and Sturiale (1982); see Table 2.

TABLE7

Linear regression coefficients with standard errors, t observed values for slopes different than zero and criticaI T values at
the given significance level of 0.05 for the inter-event time after a large eruption versus the magnitude of the eruption. Two
different thresholds are used for "large" eruptions: 50x 106m3, and 100 X 106m3• Note that the sets relative to the periods
1670-1750 and 1971-1981 are excluded since they are lacking large eruptions.

a. Relative to flank eruptions in the period 1600-1980;
source: Wadge (1977)

Threshold = 100 X 106 m3

Period 1600-1980

a=7.84X 10-4 ± 1.61 X 10-2 (ll1confid. interval)
b = 12.9 ± 4.46 (111confido interval)
tobs=6.15X10-2

T005 (N-2) =2.26

Period 1600-1670

a= -8.66X 10-3 ± 2.98 X 10-2 (ll1confid. interval)
b= 13.1 ± 8.62 (111confido interval)
tobs=0.29

TO.05 (N-2) =3.18

Period 1750-1980

a= -8.77XlO-2±3.74X10-2 (ll1confid. interval)
b = 24.9 ± 4.58 (111confido interval)
tobs=2.34
TO.05 (N-2) =12.71

Threshold =506 X 103 m

Period 1750-1980

a=6.13 X 10-2 ± 5.92 X 10-2 (111confido interval)
b = 5.72 ± 5.03 (111 confido interval)
tobs= 1.03
TO.05 (N-2) =2.31

b. Relative to flank eruptions in the period 1600-1980;
source: Romano and Sturiale (1982)

Threshold = 100 X 106 m3

Period 1600-1980

a= 1.02 X 10-2 ±6.25 X 10-3 (ll1confid. interval)
b= 7.66 ± 2.96 (111confido interval)
tobs= 1.28 X 10-2
TO.05 (N-2) =2.36

Period 1600-1670

a= 1.46 X 10-2 ± 8.84X 10-3 (111confido interval)
b= 2.31 ± 4.59 (111confido interval)
tobs= 1.68
TO.05 (N-2) =3.18

Period 1750-1980

a=6.46 X 10-2 ± 0.174 X lO (111confido interval)
b = 3.63 ± 23.5 (111confido interval)
tobs=0.37
TO.05 (N-2) =3.18

Threshold = 50 X 106 m3

Period 1750-1980

a=7.51 X 1O-2± 3.83 X 10-2 (ll1confid. interval)
b = 1.72 ± 3.69 (111confido interval)
tobs= 1.96
TO.05 (N-2) =2.16



limits already discussed, its eruptive time-his
tory does not appear to support the existence of
any high level magma reservoir. On the other
hand, a seismic survey of the region suggested
the existence of a low-velocity zone beneath
Mount Etna, which has been inverted as an el
lipsoidal inclusion at a depth of 15-20 km
(Sharp et al., 1980). The latter allows trans
mission of s waves and is therefore below the
liquidus curve. It can therefore be interpreted
at most as a Machado (1965) magma chamber,
i.e. as a vesicular system of dykes containing
molten magma. The mechanical behaviour of
such an intrusion is unknown and reliable es
timates of the molten fraction do not exist, but
the storage capacity would probably be so large
(Sharp et al. (1980) suggest a volume of
1.6X10l2 m3) as to be unaffected by even the
largest historical eruptions, and our findings
could be easily reconciled with this type of high
level reservoir. However, until we achieve a bet
ter physical understanding of such intrusions
and oftheir feasibility, this interpretation must
be considered speculative, since the existence
of a high-level magma chamber seems also con
tradicted by petrologic evidence (Rittmann,
1973; Guest and Duncan, 1981).

(5) Mean effusion rates relative to flank
eruptions are found to follow two different re
gimes, from year 1600 to 1947-1950 (according
to the set of data used) with a mean value of
'" 25 m3 s-l, and after this date with a mean
value of 7 m3s-l. Each regime is found to follow
closely an exponential distribution, while
Gaussian distribution proves unacceptable (see
Table 8). This result indicates a change in the
style of (flank) eruption with a sensible de
crease in the mean eruption rates after year
1950. In fact, the available data for summit
eruptions do not modify this conclusion, since
the average of the mean effusion rates relative
to the total output in the period 1971-1981 is
less than 12 m3S-l.

(6) Two ofthe mean factors traditionally be
lieved to govern the occurrence of eruptions are
the lava input and the regional stress field. Since
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TABLE8

Regime identification in the mean eruption rates series. The
same as Table 4, but relative to the series of the mean ef
fusion rates (volume output/ duration of the eruption)

a. Period 1600-1980 (flank only); source: Wadge (1977)

Change-points identified:

{ 1942 } .1947 1949 =0.45 conf. mterval
J'3=1.41
corresponding s.l.= 0.04

Regimes identified:
1600-1947
mean=25.5 m3 S-1

KSl(Gauss) =0.18
KSl(Exp) =0.12
Gaussian distr. accepted at s.l.<0.01
Exponential distr. accepted at s.l.> 0.20

1947-1980
mean=7.0 m3 S-1

KS1(Gauss) =0.19
KSl(Exp) =0.25
Gaussian distr. accepted at s.l.> 0.20
Exponential distr. accepted at s.l.> 0.20

b. Period 1600-1980 (flank-only); source: Romano and
Sturiale (1982)

Change-points identified:

{ 1949 } .1950 1971 =0.45 conf. mterval
J '3= 1.54
corresponding s.l.= 0.02

Regimes identified:
1600-1950
mean=24.6 m3 S-1

KSl(Gauss) =0.15
KSl(Exp) =0.15
Gaussian distr. accepted at s.I.=0.10
Exponential distr. accepted at s.l.> 0.20

1947-1980
mean=7.0 m3 S-1

KS1(Gauss) =0.13
KS1(Exp) =0.25
Gaussian distr. accepted at s.l.> 0.20
Exponential distr. accepted at s.I.= 0.20

the points of change in regime in the time-se
ries ofthe inter-eruption times and volume out
puts do not coincide, we conclude that the first
factor alone is unable to control the processo
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TABLE9Earthquakes with I> VIII (or equivalent magnitude) within 30 km from the main crater according to the Progetto Final-
izzato Geodinamica Seismic Catalog (1983). Time of occurrence, epicentral coordinates, focal depth, intensity (l), macro-seismic magnitude (M) derived from eqn. (6), local magnitude M L, and geographic location of the epicenter are reported
Date

HOMISELatit.Long.DepthIMMLGeographic location
(km)

of epicenter

1536-03-23

---374515 O-8.04.6-M.Etna

1633-02-21

23--373015 O-9.04.8-Nicolosi

1634-12-22

11--373015 O-8.04.6-Catania

1669-03-10

23--374015 O-8.04.6-M.Etna

1669-03-11

11--374015 O-9.04.8-Nicolosi

1669-03-11
19--374015 O-8.04.6-M.Etna

1818-02-20
1820-373615 659.04.8-Catanese

1832-11-25

---373515 6-8.04.6-Catania

1842-11-18

115-37351459-8.04.6-Mascalucia

1850-01-01

11--37351455-8.04.6-Paterno' ••

1865-07-19

1--37451510<259.04.8-Etna

1865-08-19
1230-37371510-8.04.6-Acireale

1879-06-17
650-374115 8< 59.04.8-Etna

1894-08-08
516-373915 648.54.7-Acireale

1898-05-14

445473737145468.04.6-Adrano

1907-12-07

21274437371510<258.04.6-Acireale

1911-10-15

85221374315 9710.05.14.3Etna
1914-05-07

440-375015 9< 58.04.6-Piedimonte

1914-05-08

18128373915 829.04.85.9Etna
1935-06-30

325-374215 9< 56.54.14.7Giarre

1950-03-08

64241374115 8< 58.04.64.3Giarre
1950-04-08

847-374315 9< 58.04.65.2Giarre
1952-03-19

81339374115 758.04.64.8Giarre
1968-06-16

1331837481448<607.04.34.6Serra San Vito

15 38r
I138

o 4.5

O 5.0

O 5.50..0

o o 10~ 20 KM.

15

Fig. 7. The epicenters ofthe seismic events considered. The radius of each circle is proportional to the magnitude as indicated.
The cross indicates the summit crater.



Does this mean the regional stress is the prin
cipal "motor" of Mount Etna eruptions? If this
were true, there would be a coincidence in the
regimes of earthquakes and eruptions in the
area. In order to ascertain this, we apply the
CHPT analysis to the seismic activity in the
area. A few accessory problems have to be con
sidered here: the estimate of earthquake mag
nitude from intensity (necessary to define a
homogenous starting set) since for most events
instrumental measurements are unavailable.
Catalogs are incomplete, and it is necessary to
account only for events very close to the vol
cano to avoid contamination from the complex
tectonics of the region (e.g. Mulargia et a1.,
1985b). In order to overcome the latter prob
lem, we consider only events in a circular region
with a radius of 30 km from the main crater. We
use the Progetto Finalizzato Geodinamica 
ENEL (1983) Italian seismic catalog, which
represents one ofbest available sources of data,
with almost 40,000 events in the period
1000-1980 (Table 9). Events for which both
intensity and instrumentaI magnitude were re
corded allow us to derive by common regression
an empirical relation between magnitude M and
epicentral intensity lo:

M= (0.287 ±0.062)Io + (2.258 ±0.394) (6)

On the basis of this law we select a subset of
data by taking as a lower threshold magnitude
4.6, be it local magnitude ML, or macroseismic
magnitude M estimated from eqn. (5) (in the
case that both were available, the greater was
chosen) . A threshold is necessary to obtain ho
mogeneity while ignoring events too small to be
significant (see e.g. Mulargia and Tinti, 1985).
The resulting set of events is reported in table
IX, while their epicenters are plotted in Fig. 7.
The CHPT analysis applied to this set identi
fies no change in regime in the complete period,
which is clearly determined to have started after
1818. (The treatment of seismic catalog incom
pleteness is a difficult problem; a detailed dis
cussion is impossible in the present paper, but
all relevant aspects can be found in Tinti and
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Muiargia (1985a,b) and Mulargia and Tinti
(1985)). In this case as well, coincidence is ap
parent with the time-series of the eruptions,
which has a CHPT at 1865. Hence, we conclude
that the eruptive activity of Mount Etna is not
controlled by a single factor but rather by the
balance of various contributing effects. This
confirms the conclusion that Etna behaves as a
random nonstationary volcano.

Appendix

The algorithm for identifying the different
regimes present in a given time-series can be
outlined as follows:

(1) Assuming a given significance level in
discriminating the different regimes, the
CHPTs are determined according to a sequen
tial scanning which, making use of Kolmogo
rov-Smirnov two-sample statistics, identifies at
most one change-point in each interva1. This is
applied in consecutive steps, identifying first a
principal CHPT and successively all the others.
Nonparametric statistics have been chosen for
maximum flexibility with respect to the distri
butions which govern the process in each
regime.

(2) Once all the different regimes have been
identified, the statistical distribution of each
regime is determined through a goodness-of-fit
test.

(3) Confidence intervals for the CHPTs in
the various regimes are determined through
Monte Carlo simulation, once the distribution
of each regime, its size and position have been
inferred according to steps (1) and (2).

The procedure was expressly studied to be
used on a computer and cannot be practically
translated into a tabular or manual use. For
most practical applications a personal com
puter is sufficient. However, since computing
time is roughly proportional to N2, the analysis
of sets with N> 100 is conveniently performed
on a medium -sized minicomputer.

The algorithm is structured as follows:
Consider a set Z composed by the sequence of
N events with a single real CHPT. Let the first
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m A events {set X} belong to the first regime
and the following n A events {set Y} belong to
the other one. Treat the CHPT problem as a
classical two-sample problem: define the gen
eraI Kolmogorov-Smirnov J3 (two-tail) statis
tic for all the possible sets of size m,n> 1, as:

J3= (mn/d) max IGn(a) -Fm(a) I (7)

The series (12) is tabulated in a number of
textbooks (see e.g. Owen, 1962; Fisz, 1963)
while exact criticaI values for small m,n can also
be found in the literature (see e.g. Hollander
and Wolfe, 1973).

Let us scan the data and apply Kolmogorov
Smirnov two-sample test to all the couples of
sets which can be generated by the partition:

-OCl<a<oo

N=m+n

n=N-m

i =2,...,N -1

and obtain the vector J' 3 ( i) . The position i rel
ative to the maximum J' 3 component:

where m is the number of units in segment 1
(before the assumed CHPT), n the number of
units in segment 2 (after the assumed CHPT) ,
d the maximum common divisor of m and n,
and F (a ), G (a) are respectively the empirical
distribution functions of segments 1 and 2, i.e.
(see e.g. Hajek, 1969):

i;{maxJ'3} (13)

(11)

00

P(j'3<A)= L (_l)je-2j2À2
J= -(XI

can be approximated according to the asymp
totical distribution, which is in turn related to
the significance level a:

to which correspond:
1/2

J'3=( mn ) max IFm(a) -Gn(a) Im+n -oo<a<oo

yields therefore the CHPT defining the two
contiguous sets X and Y,which appear to have
the strongest evidence against the null hypoth
esis. The corresponding J' 3 gives a direct mea
sure ofthe significance level at which Ho can be
rejected, i.e. a measure of how significant is the
inference attributing two different distribu
tions to the segments before and after the po
sition i. It is henceforth postulated that,
provided a sufficient significance level is
reached, the position i;{max J'3} is a good es
timator ofthe real CHPT.

The validity ofthis approach was verified un
der massive Monte-Carlo simulation at the
CRAY-XMP computer facilityofBologna Uni
versity, with experiments using a standard 5,000
cycles on various statistical distributions (see
Mulargia and Tinti, 1985). In these experi
ments the algorithm was capable of correctly
identifying a CHPT with an efficiency propor
tional to the contrast c between the first and
second regime defined as:

(8)

(9)

(lO)

Fm(a) = (l/m) number of X:::=; a

Gn (a) = (l/n) number of Y:::=; a

J3 statistic is related to the significance level
a at which the samples 1 and 2 can be inferred
to have a different distribution function i.e.:

Ho:P(X:::=;a) =P( Y:::=;a), -oo<a<oo

The criticaI values j3 (a,m,n) for m,n large
(>30), rewritten as:

"3"3 dJ -J ------
- [(mn)(m+n) P/2

=l-a,A>O (12) (14)



where /11' /12, ab a2 are respectively equal to the
means and the standard deviations of segments
1 and 2; efficiency proved to be satisfactory for
contrast values exceeding 1.

Applying the procedure to each of the two
segments obtained by the first or principal
CHPT (relative to the initial set) a second
(relative to segment 1) and a third (relative to
segment 2) CHPTs are determined; applying it
successively to each of the segments obtained
all significant CHPTs can be identified follow
ing a sequential tre e structure. The scan-point
analysis is terminated when the last se'an-points
identified have all a max {J3 (i)} value lower
than the criticaI value for the desired signifi
cance level a, and also when the size ofthe seg
ments becomes too small for practical
significance; we choose three as the minimum
size for each segment, which implies a mini
mum size for further analysis equal to 6, so that
scanning is actually limited to the position range
{3; (n-3)}.

Once all the significantly different segments
have been identified through the CHPT anal
ysis discussed above, the distribution in each of
them can be determined by a goodness-of-fit
test. Kolmogorov-Smirnov one-sample statis
tics is used in the goodness-of-fit tests, for its
high efficiency also at small sample sizes. Sam
pIe sizes of the order of - 3-5 units are gener
ally sufficient for most practical applications
while the chi-square statistics would require a
much larger population (see e.g. Gibbons,
1971). Since not only the distribution type but
also its parameters are estimated from the data,
the use of standard tabulated criticaI values (see
e.g. Birnbaum, 1952; Gnedenko, 1954), which
assume an a priori given statistical distribu
tion, would give estimates largely conservative
and thus poor in resolution. Exact criticaI val
ues have been tabulated for the normal and ex
ponential distributions by Lilliefors (1967,
1969). Different distribution types are to be
tried until a good fit (choosing an appropriate
significance level) is obtained; unless some evi
dence suggests the contrary, a single parent dis-
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tribution with a sound physical basis should be
tried first.

Eventually, the evaluation ofindividual con
fidence intervals for each of the CHPTs iden
tifi ed is straightforward through Monte-Carlo
.simulation once the distribution of each subset,
its size and its position, are known. It is to be
noted that these intervals are discrete and not
continuous.
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