
1.  Introduction
Mount Etna (Italy) is the largest active volcano in Europe, and in the past 2,500 years, it has been characterized 
by an almost continuous activity at the summit craters and frequent eruptions from fissures along its flanks 
(Branca & Abate, 2019; Branca & Del Carlo, 2005; Figure 1). Flank eruptions represent the most dangerous 
type of eruptive activity at Etna, since they may occur close to vulnerable areas, such as towns, villages, lifelines, 
and cultivated land (Barberi et al., 1993, 2003; Branca et al., 2015a, 2017; Calvari & Pinkerton, 1998; Calvari 
et al., 1994; Del Negro et al., 2013, 2019; Favalli et al., 2009).

Typically, flank eruptions are accompanied by seismic swarms and, often, by destructive earthquakes, although 
strong events can occur during periods of volcanic quiescence too. As a result, the impact of both phenomena on 
the local population and their territory is given by an alternation of two different hazards but temporally, and in 
part also spatially, linked to each other.

Some studies dating back to the 1980–90s objectively identified the correlation between flank eruptions and 
damaging earthquakes, but their results were quantitatively affected by limitations in the historical catalogs 
considered, either in terms of short time periods, high macroseismic intensity thresholds, or outdated information 
(Azzaro & Barbano, 1996; Gresta et al., 1994; Nercessian et al., 1991; Sharp et al., 1981). Therefore, in this study, 
we improve on the previous results by analyzing the up-to-date historical catalogs of earthquakes and eruptions 
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at Mt. Etna. Our aims are: (a) to confirm and improve quantification of the probability of occurrence of damag-
ing earthquakes given a flank eruption, and vice versa; (b) to better determine the persistence of the correlation 
between damaging earthquakes and flank eruptions; (c) to interpret these results in the framework of geophysical 
knowledge.

First, we provide an outline of the previous studies on the statistical link between flank eruptions and earthquakes 
at Mt. Etna (Section 2), and we describe our input data sets and their specific properties (Section 3). Then, we 
identify and quantify the statistical dependence of major earthquakes and flank eruptions (Sections 4 and 5), 
by considering two macroseismic intensity thresholds for the earthquakes (producing slight or severe damage), 
four spatial groups of eruptive fissures (Figure 1), and four systems of seismogenic faults (Figure 2). We also 
investigate the case of seismic events of the Pernicana fault preceding major seismicity in other fault systems. 
Finally, we discuss our methods and results (Section 6), point out their limitations and contextualize them with 
previous studies.

In summary, we analyze the interevent time distributions, estimate the rate of major earthquakes conditioned 
on the occurrence of a flank eruption, and constrain the duration of such statistical dependence. These findings 
are based on phenomenological observations reported in the historical catalogs, which, unlike instrumental data 
sets, do not include many geophysical parameters typically acquired by the monitoring networks. However, the 
probability rate of occurrence of earthquakes given flank eruptions represents a possible quantitative input to face 
multihazard scenarios during volcanic unrests and eruptive crises.

2.  Statistical Analyses at Mt. Etna: Historical Background
Since the 1980–90s, the research on statistical relationships between flank eruptions and major earthquakes at 
Mt. Etna has been a debated topic to understand the behavior of the volcanic system as a whole. In the following, 
we briefly recall the main findings in this literature.

Sharp et al. (1981), by analyzing a data set of 49 flank eruptions and 620 earthquakes (with epicentral inten-
sity I0 ≥ V MCS) from 1582 to 1978, determined the nonhomogeneous Poisson distribution of flank eruptions 
and of 146 empirically selected mainshocks, by assuming variable Poisson rates equal to the 25-year average. 
They also performed a statistical test of independence between Poisson processes based on event counting of 
flank eruptions in time windows left-anchored to the mainshocks (Cox, 1955; Cox & Lewis, 1966; Morley & 
Freeman, 2007; Niehof & Morley, 2012), and identified a statistically significant relationship between the onset 
of flank eruptions and the prior occurrence of mainshocks. Nercessian et al. (1991) reanalyzed the catalogs of 
Sharp et al. (1981) and changed the mode of mainshock selection, increasing the data set to 160 mainshocks. By 
applying the statistical test of Cox (1955), they deduced that both the onset and end of flank eruptions are likely 
followed by mainshocks, i.e., an opposite event sequence to the one identified by Sharp et al. (1981). Our results 
confirm this conclusion.

Gresta et al. (1994) found a statistical correlation between the seven largest Etna earthquakes (I0 ≥ IX MCS) and 
the end of the 40 main eruptions, flank, and summit ones, with volumes ≥10 7 m 3, in the time span 1600–1989. 
They tested the Spearman ranking coefficient (Conover, 1980), obtained on a 30-day window after eruptions end, 
i.e., three associations over seven eruptions. They also identified a weaker correlation in the 30 days before the 
eruptions onset, i.e., only one observed association, and they could not reject the null hypothesis of independence 
in this case. It is worth noting that the data sets of Gresta et al. (1994) were considerably different from those 
adopted by previous studies, and by us, therefore a comparison is not straightforward.

With the installation of the first seismic network in the late 1970s and the increasing collection of instrumental 
seismic data (Scarpa et al., 1983) several studies shifted attention toward decade-long analyses (e.g., Cardaci 
et al., 1993; Mulargia et al., 1991, 1992). Among them, Gasperini et al. (1990) analyzed 1,458 seismic events 
(Md ≥ 2.8) and nine flank eruptions during the decade 1978–1987, not finding any relationship between the 
series of events because of the scarcity of data. By contrast, Mulargia (1992) identified 12 seismic sequences in 
1974–1991, and compared them with 11 flank eruptions by means of a Poisson independence test based on event 
rates rather than event counting (intensity cross-product, Brillinger, 1976). Therefore, he concluded that flank 
eruptions are precursors of seismic sequences. However, all these studies considered significantly different data 
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sets from the historical catalogs, namely a rather small number of flank eruptions and major earthquakes but a 
larger number of seismic events of small magnitude.

In the following years, the huge amount of data produced by the seismic network allowed focusing on pattern 
recognition analyses, typically on the small earthquakes preceding flank eruptions (Bonaccorso et  al.,  2004; 
De Rubeis et  al.,  1997; Gresta & Longo,  1994; Latora et  al.,  1999; Neri et  al.,  2005; Sandri et  al.,  2005; 
Vinciguerra et al., 2001). These results highlighted interesting connections between earthquakes and eruptions, 
but they focused on eruption forecasting rather than on the occurrence probability of damaging earthquakes, and 
the statistical studies of the 1980–90s have not been updated since then.

3.  Input Data: The Historical Catalogs of Mt. Etna
Past activity of Mt. Etna is well documented by numerous historical sources that, since the late 16th century, 
report accounts, descriptions, and iconographies on the volcanic and seismic phenomena occurring on the 
volcano. Such a large data set of historical information is not frequent worldwide but is comparable, in Italy, to 
that of Vesuvius, although the frequency of eruptions and earthquakes for this volcano is much lower than at Etna.

Figure 1.  Mt. Etna overview of eruptive fissures of flank eruptions from 1800 to 2018. Different colors correspond to the 
different spatial groups, E1–E4. Labels show the year of the events. The GIS shapefiles of eruptive fissures are attached in 
Data Set S3 in Supporting Information S1. UTM WGS84, Zone 33N coordinate system.
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3.1.  The Catalog of Volcanic Eruptions

3.1.1.  Overview and Applications

The International Association of Volcanology and the Smithsonian Institution promoted the first modern catalogs 
of Mt. Etna volcanic activity (Imbò, 1965; Simkin, 1981). Later, more detailed historical records were published, 
including critical analyses of ancient documents and a re-examination of literature data (Chester et al., 1985; 
Romano & Sturiale, 1982; Tanguy, 1981; Wadge, 1977). Then, Branca and Del Carlo (2004, 2005) produced an 
updated and significantly improved catalog whose data set of flank eruptions was as complete as possible for 
the past 400 years. They indicated that, during the period from 1600 to 1975, the eruption frequency and lava 
output of Etna were relatively uniform, while since 1975 they increased markedly. Other catalogs have since been 
published without substantial changes in the flank eruption records, but enhancing the scientific reconstruction 
of the past and recent activity from different perspectives (Andronico & Lodato, 2005; Behncke et al., 2005; Neri 
et al., 2011; Tanguy et al., 2007). More recently, Branca and Abate (2019) further detailed the historical catalog 
before the 18th century by a multidisciplinary approach comprising stratigraphy, historiographical studies, and 
geochronological dating of the lavas, that allowed defining a comprehensive assessment of the flank eruptions at 
Etna in the last 2500 years (Branca & Vigliotti, 2015; Branca et al., 2011, 2013, 2015b, 2016; Tanguy et al., 2012).

At the same time, a number of statistical analyses of Mt. Etna eruption records were undertaken in order to char-
acterize the eruptive behavior of Etna. Wickman (1976) first analyzed the historical eruption record in terms of 
annual rate of occurrence, seeking for patterns in the eruptive behavior and not finding change points.

Mulargia et al. (1985) stated that the flank eruption times from 1600 to 1980 are stationary, randomly distrib-
uted with a constant rate, i.e., following a homogeneous Poisson process. A few years later, however, Mulargia 
et al. (1987) changed this conclusion claiming that the interevent time of flank eruptions in the period 1600–1980 

Figure 2.  Mt. Etna overview of active faults and historical damaging earthquakes, i.e., with maximum intensity Ix ≥ V–VI 
EMS, from 1800 to 2018. Labels show the year of the greatest earthquakes, i.e., with Ix ≥ VII–VIII EMS. Different colors 
correspond to the different systems of faults, F1–F4. Fault lines are from Azzaro et al. (2012b). UTM WGS84, Zone 33N 
coordinate system.
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actually followed two distinct regimes before and after year 1865, while the eruptive activity in the period 
1971–1981 followed four different regimes. The reason for this revision was that a Kolmogorov-Smirnov test 
evaluates the entire distribution of interevent times regardless of their sequence, thus in the older paper that test 
was not sensitive to change points in the Poisson rate. Ho (1991) first fitted a Weibull process to the cumulative 
onset times of flank eruptions, and found moderate evidence against the homogeneous exponential hypothesis, 
and then Ho (1992) further detailed a Poisson change-point identification algorithm.

Salvi et al. (2006) fitted a parametric model for the rate function of a nonhomogeneous Poisson process which 
allowed its variation as a power function of time. They claimed strong statistical evidence for an increasing 
number of flank eruptions after 1980. Bebbington (2007) compared various statistical models for flank eruptions 
at Mt. Etna in terms of hidden Markov chains—the volcanic system was assumed to switch between a number of 
states with different eruption rates, but the preferred models were all Poisson in their prevalent state. He identified 
possible change points in 1611, 1971, 1991, 2001 for two-state models.

Smethurst et al. (2009) analyzed the up-to-date catalogs of Branca and Del Carlo (2005) and Tanguy (2007). They 
concluded that flank eruptions at Etna between 1610 and 2008 follow an inhomogeneous Poisson process, with 
intensity of eruptions increasing almost linearly since the mid-1900s, without identifying any cyclical pattern 
over this period. Cappello et al. (2013) implemented a nonhomogeneous Poisson process with space-time varying 
rates and found evidence of spatial nonhomogeneity and temporal nonstationarity of flank eruptions, confirming 
a general increase in the eruptive frequency starting from 1971.

In our analysis, we adopt a nonhomogeneous Poisson process with rate equal to a 25-year average of the data, 
i.e., what we called a Poisson process with “slowly varying” rate. This approach is capable of describing the past 
observed rate changes consistently with the previous statistical analyses.

3.1.2.  Statistical Description

The catalog used in this study is from Branca and Del Carlo (2005), updated with information from the weekly 
Bulletins of INGV (https://www.ct.ingv.it). It also includes a critical revision of the location of eruptive fissure/
vents, as described in Section 5. We considered the period from 1600 to 2018, a significantly wide time span 
with regard to the occurrence of flank eruptions. Data Set S1 in Supporting Information reports this data set. 
The comparison to other catalogs is beyond the scope of this paper, but we stress that this data set represents an 
as complete as possible and homogeneous data set of flank eruptions in the last four centuries (Neri et al., 2011; 
Tanguy et al., 2007).

Figure 3a shows the cumulative count of flank eruptions—68 events in total, of which 49/68 = 72% occurred 
after 1800. Since 1800 we marked the 26/49 = 53% events that had their onset or end in ±4 months from a 
major earthquake (i.e., damaging). Note that this ±4 months interval only has a descriptive purpose and we are 
not hypothesizing that it may be the actual duration of statistical dependence of the two phenomena. Figure S10 
in Supporting Information S1 summarizes the flank eruption durations, showing a significant variability from 
1 day to about 1.5 years after 1700, and even longer durations in the 17th century; nevertheless, having reliable 
observations about the eruptions end becomes challenging for the older events (Branca & Abate, 2019). We note 
that 10/68 = 15% events, and 8/49 = 16% after 1800, have been characterized by having eruptive fissures above 
2,850 m, directly propagating from one of the summit craters—we marked them as “subterminal eruptions” (e.g., 
the 2008–2009 eruption; Alparone et al., 2012; Bonaccorso et al., 2011). We consider them in our catalog and 
test their sensitivity in Section 5.1.

Figure 3b plots the annual flank eruption rate, either obtained on a left-side moving window of 10 and 25 years 
(Bevilacqua et al., 2016, 2018, 2020). The graphs clearly evidence the rate gap in the first half of 18th century, 
and the anomalous rate peak after 1971, with a peak of 1 event/year in the 10-year average, apparently concluded 
after 1990. The average rate from 1600 to 2018 is one event every 6.2 years; one event every 4.5 years after 1800. 
Figure S10 in Supporting Information S1 shows the histogram of interevent times, i.e., from each onset to the 
next onset, of flank eruptions after 1600, characterized by 140 days at 5th percentile, 550 days at 20th percentile, 
∼4 years at 50th percentile, and ∼15 years at 90th percentile.

Figure 3c plot the staircase graph of the Poisson test of Cox (1955), by considering the flank eruptions onset. 
Figure S10 in Supporting Information S1 shows a similar graph for flank eruptions end. In particular, the discrete 

https://www.ct.ingv.it
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Figure 3.  Statistical description of the flank eruptions records from 1600 to 2018. (a) The cumulative count of flank eruptions, with those ±4 months from major 
earthquakes marked in red. (b) The annual rate, using either 10-year (blue) and 25-year (red) moving windows. The average rate is indicated with a dashed line. (c) The 
test of Cox (1955) comparing the clustering properties of eruptions onset with those of a Poisson process. In Figures S10 and S11 in Supporting Information S1, we 
include the same test on the eruptions end, and on the eruptive record from 1800 to 2018. The colored lines are the real data.



Journal of Geophysical Research: Solid Earth

BEVILACQUA ET AL.

10.1029/2022JB024145

7 of 29

variable ζ counts the total number of occurrences of new events in right-side time windows after all events in the 
series, except the last, as a function of the size Δt of the windows

� (Δt) =
∑�−1

�=1
N(��, �� + Δt)� (1)

where N(t1, t2) is the number of events in (t1, t2], and (aj)j = 1,…,n is the considered sequence of events. If (aj)j = 1,…,n 
is generated by a Poisson process, then the discrete variable ζ is Poisson-distributed with an average value

𝐸𝐸[𝜁𝜁 (Δ𝑡𝑡)] = 𝑛𝑛(𝑛𝑛 − 1)Δ𝑡𝑡 ∕𝑇𝑇� (2)

where T is the total duration of the record considered. The test is generalized to a nonhomogeneous case by 
decomposing the time interval in k 25-year long subintervals (Ii)1,…,k, and defining

� (Δ�) =
∑�

�=1
��(Δ�)� (3)

where for all i in 1, …, k, ζi(t) is defined inside Ii (Sharp et al., 1981). This test confirms that both the time series 
of flank eruptions onset and end are compatible with a nonhomogeneous Poisson process with rate equal to a 
25-year average of the data, i.e., a Poisson process with “slowly varying” rate.

3.2.  The Macroseismic Catalog of Earthquakes

3.2.1.  Overview and Applications

Seismic activity at Mt. Etna is documented through two types of catalogs, the historically derived data sets based 
on macroseismic data and the instrumental catalogs, listing a large number of events also of small magnitude but 
for shorter time spans. In our study, we considered the first typology of catalogs, since they cover significantly 
broader time spans (hundreds of years), more suitable for long-term statistical analyses; on the other hand, they 
report events above a significant magnitude threshold, which produced important macroseismic effects (i.e., 
damage).

In the 1970–90s, the earthquakes of the Etna region were included in the catalogs of the Italian seismicity 
(Boschi et  al.,  1995, 2000; Camassi & Stucchi,  1997; Carrozzo et  al.,  1975; Gruppo di Lavoro CPTI,  1999; 
Postpischl, 1985), but in each of them the volcano-related seismicity appeared rather fragmented and not consist-
ent from one catalog to another. In practice, these catalogs mostly reported the largest events—epicentral intensity 
I0 > VIII in the Mercalli-Cancani-Sieberg scale (MCS)—and they have significant problems of completeness, 
thus representing Etna's seismicity inadequately.

For this reason, Azzaro et al.  (2000), by exploiting the highly informative potential of the historical sources, 
compiled a specific catalog of the Etnean earthquakes (hereinafter CMTE), which includes foreshock and 
aftershock and provides a homogeneous and not declustered data set of earthquakes, allowing investigating 
the space-time evolution of seismic sequences and the possible relationships with the eruptive activity. The 
CMTE catalog is regularly updated, the current issue covering the time span from 1600 to 2018 (Azzaro & 
Castelli, 2015; Azzaro & D’Amico, 2019). These characteristics led the CMTE to be adopted as the main refer-
ence source of data for the Etna region in the framework of the Italian earthquake catalog CPTI issued by INGV 
(Rovida et  al.,  2020). Data Set S2 inSupporting Information  S1 reports our analyzed version of the CMTE, 
listing 1,818 events in total. It is worth noting that in the CMTE catalog intensities are assessed by the European 
Macroseismic Scale 1998 (EMS, see Grünthal, 1998), but these estimations are consistent with the MCS values 
(Musson et al., 2009).

One of the main issues in analyzing historical earthquake data sets is the definition of the magnitude for the 
preinstrumental period. The problem is classically solved by using empirical relationships between macroseismic 
intensity and magnitude; as for Etna, the most recent set of relationships specific for this volcanic region is from 
Azzaro et al. (2011), who derived different I-M regressions calibrated on duration magnitude Md, local magnitude 
ML, and moment magnitude Mw. However, since we found that the calculation of the macroseismic magnitude 
may prove underestimated in some particular cases (e.g., deep earthquakes, events located far from inhabited 
areas), we preferred to use the maximum intensity Ix, which is a parameter directly referring to the earthquake's 
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impact on the territory (Azzaro et al., 2008). For the sake of clarity, Data Set S2 in Supporting Information S1 
also reports the different estimations in the aforementioned magnitude scales. Lastly, we note that the catalog also 
indicates the association of stronger events with the causative fault, based on the occurrence of coseismic surface 
ruptures (Azzaro, 1999).

In conclusion, while CMTE has been used to improve the knowledge of long-term seismicity and seismotectonics 
(Azzaro et al., 2012a, 2013b, 2020), and to assess seismic hazard at the scale of the volcano (Azzaro et al., 2013a, 
2016, 2017), previous analyses integrated with the eruptive activity are limited to a few case studies (e.g., Azzaro 
& Barbano, 1996; Azzaro et al., 2001).

3.2.2.  Statistical Description

In our analysis, we focus on a subset of data from the CMTE catalog, only considering the earthquakes having 
an impact in terms of seismic hazard, i.e., those causing damage to buildings. This typology of events, charac-
terized by very shallow hypocenters and a strong intensity attenuation determining small damage areas (Azzaro 
et al., 2006), is historically well documented given the dense urbanization of the volcano's flanks. More specifi-
cally, we focused on two thresholds of macroseismic intensity, Ix ≥ V–VI and Ix ≥ VII–VIII EMS, corresponding 
to slight and severe-heavy damage, respectively (Grünthal, 1998). The completeness of this data set decreases 
before the 19th century, so we focused on the time span 1800–2018. More details are in Sections 5.2 and 5.3.

Figures 4a and 4b show the cumulative count of earthquakes with Ix ≥ V–VI EMS—171 events in total, and with 
Ix ≥ VII–VIII EMS—19 events in total. We marked the 85/171 = 50% events in Figure 4a and 10/19 = 53% events 
in Figure 4b that occurred in ±4 months from a flank eruption onset or end. Note that this ±4 months interval has 
a descriptive purpose only (see Section 4 for more details).

Figures 4c and 4d plot the annual earthquake rate, for the two intensity thresholds, either obtained on left-side 
moving windows of 5, 10, and 25 years (Bevilacqua et al., 2016, 2018, 2020). In Figure 4c, the graphs clearly 
show two 40-year-long rate increases in 1880–1920 and in 1970–2010, both characterized by a bimodal profile 
with maximum rates at the beginning and at the end. The second-rate increase is greater than the first one and 
in 1985 it reached 7 events/year with Ix ≥ V–VI EMS, according to the 5-year average. Their average rate is one 
event every 1.3 years from 1800 to 2018.

In Figure 4d, the 40-year-long rate increases are less evident, but still observable with some differences. The 
first-rate increase is greater than the second one and before 1920 it reached 0.3 events/year with Ix ≥ VII–VIII 
EMS, in a 10-year average. Their average rate is one event every 11.5 years from 1800 to 2018.

Figures 4e and 4f plot the staircase graph of the Poisson test of Cox (1955), considering 106 mainshocks with 
Ix ≥ V–VI and 17 mainshocks with Ix ≥ VII–VIII EMS, respectively. This test has been described in Section 3.1.

We selected the mainshocks through this empirical selection algorithm:

�(i)	� delete all the earthquakes in a right-side window after each other earthquake in the catalog, according to the 
following formula defining the window length

𝜏𝜏 (𝐼𝐼𝑥𝑥) ∶= 100.65+ 0.185 𝐼𝐼𝐼𝐼� (4)

�thus τ(V–VI) = 47 days, τ(VII–VIII) = 110 days;

�(ii)	� reinsert the event of maximum intensity in each window considered, if that was not the first in the sequence;
�(iii)	� delete the events with lower magnitude if two or more events occurred in <1 day.

In detail, (i) is from Sharp et al. (1981), (i + ii) is from Nercessian et al. (1991), and we added (iii) to correct a 
slight excess of events with very short time intervals.

Neither of the two considered time series is characterized by clusters of periodicity that differ from a Poisson 
process with “slowly varying” rate, i.e., equal to a 25-year average of the data. The Poisson properties of both the 
flank eruptions and the mainshock enables the application of the test of independence of Cox (1955), as imple-
mented in Sharp et al. (1981). The test provides statistical evidence that the earthquakes with either Ix ≥ V–VI 
or Ix ≥ VII–VIII EMS are not independent from either the flank eruption onsets or ends. This result is further 
detailed in Figures S12 and S23 in Supporting Information S1.
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Figure 4.  Statistical description of the major earthquakes record from 1800 to 2018, (a, c, e) Ix ≥ V–VI, (b, d, f) Ix ≥ VII–VIII EMS. (a, b) The cumulative count of 
earthquakes, marking in red those ±4 months from flank eruptions. (c, d) The annual rate, either using 5-year (black, only in c), 10-year (blue), and 25-year (red, only in 
d) moving windows. The average rates are reported with a dashed line. (e, f) The test of Cox (1955) comparing the clustering properties of mainshocks, with those of a 
Poisson process. The colored lines are the real data.
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We should add that the following analysis does not rely on this test, but it directly quantifies the interevent time 
distributions and the conditional rates of damaging earthquakes.

4.  Global Statistical Analysis of Interevent Time Between Flank Eruptions and 
Earthquakes
The key data set that defines the relationship between flank eruptions and major earthquakes is the interevent 
time, i.e., the family of all time differences between the two data sets. This set generalizes the interevent time 
of a single sequence of events (i.e., Bevilacqua et al., 2018, 2020), and has a cardinality equal to the product of 
the two data sets. We focus our plots on the interevent times lower than 4 months—this choice only defines the 
considered domain and does not affect our results. Note that a 4-month time span is significantly longer than the 
observed correlation. Nevertheless, this choice prevented us from repeatedly counting the interevent times of 
the  same earthquake with respect to more than one eruption.

4.1.  Cumulative Probability Distribution of Minimum Interevent Time

In the following, we present the cumulative distribution of the interevent time in various cases: Figure 5 focuses 
on the case of damaging earthquakes following flank eruptions, Figures S13 and S24 in Supporting Informa-
tion S1 count all the associations of major earthquakes and eruptions, i.e., regardless of their ordering. This 
section only considers the minimum interevent time for each phenomenon, i.e., consecutive occurrences. We 
further detail this in Sections 4.2 and 4.3, by extending the analysis to all the interevent times, and not just the 
minimum interevents.

In particular, Figures 5a and 5c focus on the cumulative probability of flank eruptions that occurred less than 
k days preceding a major earthquake. This probability is defined as P (1)(k, (ai), (bj)), ∀ k ϵ {1, …, 120}, where

𝑃𝑃 (1) (𝑘𝑘𝑘 (𝑎𝑎𝑖𝑖) , (𝑏𝑏𝑗𝑗)) ∶= |
{
𝑎𝑎𝑖𝑖 ∶ 𝑚𝑚𝑚𝑚𝑚𝑚𝑗𝑗

[
(𝑏𝑏𝑗𝑗 − 𝑎𝑎𝑖𝑖) ∶ 𝑏𝑏𝑗𝑗 > 𝑎𝑎𝑖𝑖

]
< 𝑘𝑘

}
|∕| {𝑎𝑎𝑖𝑖} |� (5)

About 30% of the flank eruption onsets and 17% of flank eruption ends preceded an earthquake with Ix ≥ V–VI 
EMS of 30 days or less, respectively. In addition, about 9% of the flank eruption onsets and 7% of ends preceded 
an earthquake with Ix ≥ VII–VIII EMS of 30 days or less.

Then, Figures 5b and 5d express similar cumulative probabilities in terms of major earthquakes. That is

𝑃𝑃 (2) (𝑘𝑘𝑘 (𝑎𝑎𝑖𝑖) , (𝑏𝑏𝑗𝑗)) ∶= |
{
𝑏𝑏𝑗𝑗 ∶ 𝑚𝑚𝑚𝑚𝑚𝑚𝑗𝑗

[
(𝑏𝑏𝑗𝑗 − 𝑎𝑎𝑖𝑖) ∶ 𝑏𝑏𝑗𝑗 > 𝑎𝑎𝑖𝑖

]
< 𝑘𝑘

}
|∕| {𝑏𝑏𝑗𝑗} |� (6)

∀ k ϵ {1, …, 120}. In this case, about 18% of the earthquakes with Ix ≥ V–VI EMS and 21% of those with 
Ix ≥ VII–VIII EMS followed in 30 days or less a flank eruption onset; 10% and 16% followed a flank eruption end.

Under the assumption of not overlapping windows, the union of all the intervals of 30 days can be compared to 
the average rate of one mainshock with Ix ≥ V–VI EMS every 2.1 years, providing a percentage of covered time 
equal to ∼4%. Instead, the average rate of an eruption every 4.5 years would produce percentages of covered time 
equal to ∼1.8%. Thus, the percentages observed in Figure 5 are all significantly greater than those that could 
be  explained by independent phenomena.

For the sake of completeness, in Figure S14 in Supporting Information S1, we show the opposite case, i.e., a 
damaging earthquake preceding a flank eruption. This highlights a brief increase in the number of earthquakes, 
limited to 1–10 days preceding the eruption. All percentage values described in this section are summarized in 
Table S8 in Supporting Information S1.

4.2.  Histograms of Interevent Time

Figure 6 reports the histograms of the interevent time of earthquakes and flank eruptions <4 months, includ-
ing the pie charts of the positive and negative values. These graphs only describe the distribution of interevent 
times in [−120, 120] days, and they are not representative of all the earthquakes in the catalog. In Data Set S4 in 
Supporting Information S1, we include examples based on ±2 months that lead to equivalent results.
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Figures 6a and 6b consider the interevent time statistics between flank eruptions onset and the earthquakes, below 
the ±4 months' threshold. In particular, 67% of the earthquakes with Ix ≥ V–VI EMS followed the eruption onset 
and another 12% preceded it by <2.5 days; 71% of the earthquakes with Ix ≥ VII–VIII EMS followed the eruption 
onset, and all the others preceded it by <2.5 days.

Figures 6c and 6d consider the interevent time statistics between flank eruptions end and earthquakes, below the 
±4 months' threshold. In particular, 54% of the earthquakes with Ix ≥ V–VI EMS followed the eruption end; 50% 
of the earthquakes with Ix ≥ VII–VIII EMS followed the eruption end.

However, as mentioned above, several earthquake occurrences preceding the eruption end are almost contem-
poraneous with the eruption onset, e.g., in 2002–2003, 1883, 2018. So, Figures 6e and 6f show the same statis-
tics of Figure 6c, but excluding the earthquakes that occurred ±2.5 days from the flank eruptions onset. This 

Figure 5.  Statistical description of the cumulative probability of flank eruptions and major earthquakes, with respect to their minimum interevent time. We show the 
percentage of (a, c) flank eruptions preceding earthquakes and of (b, d) major earthquakes following flank eruptions. (a, b) Consider the onset of flank eruptions, while 
(c, d) the end. Figures S13 and S24 in Supporting Information S1 show the percentage of flank eruptions and major earthquakes either preceding or following by k days 
or less the other type of phenomenon.
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Figure 6.  Histograms of the interevent time of earthquakes and flank eruptions <4 months, including pie charts of the positive values (dark colors), negative values 
in [−2.5, 0] days (light colors), and lower than −2.5 days (white). (a, c, e) show the earthquakes with Ix ≥ V–VI EMS; (b, d, f) those with Ix ≥ VII–VIII EMS. (a, b) 
Consider the flank eruptions onset (red); (c–f) consider the flank eruptions end (purple and pink). (e, f) Exclude the earthquakes occurring ±2.5 days from the onset.
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significantly strengthens the skewness of the distribution below the ±4  months' threshold, thus 66% of the 
earthquakes with Ix ≥ V–VI EMS followed the eruption end; 83% of those with Ix ≥ VII–VIII EMS followed the 
eruption end.

4.3.  Conditional Rate of Major Earthquakes

Figure  7 reports the conditional rate λ of the earthquakes (bj)j  =  1,…,n2  <  ± 4  months from flank eruptions  
(ai)i = 1,…,n1. The rate λ(t) is defined by the following formula:

�(�) ∶=
∑�1

�=1
N(�� + t − dt, �� + t) ∕ (�� ⋅ �1), ∀ � � {��, . . . , 120}� (7)

�(�) ∶=
∑�1

�=1
N(��, �� + dt)∕(�� ⋅ �1),∀ � � {0, . . . , ��}�

�(�) ∶=
∑�1

�=1
N(�� − dt, ��)∕(�� ⋅ �1),∀ � � {−��, . . . , 0}�

𝜆𝜆(𝑡𝑡) ∶=
∑𝑛𝑛1

𝑖𝑖=1 N(𝑎𝑎𝑖𝑖 + t, 𝑎𝑎𝑖𝑖 + t + dt)∕(𝑑𝑑𝑑𝑑 ⋅ 𝑛𝑛1),∀ 𝑡𝑡 𝑡𝑡 {−120, . . . ,−𝑑𝑑𝑑𝑑} ,�

where N(t1,t2) is the number of events (bj)j = 1,…,n2 in (t1, t2), and dt is a bandwidth parameter.

This formula is inspired by the variable ξ in the test of independence of Cox (1955), and quantifies the earthquake 
rate in the days preceding or following a flank eruption. For all t ϵ {−120, …, 120}, λ(t) estimates the sum of 
earthquakes inside dt-wide moving windows placed t days from every flank eruption, divided by the sum of the 
length of these windows. In Figure 7, we assume dt = 10 days, and in Data Set S5 in Supporting Information S1, 
we report the results when dt = 5 days, showing that the choice of dt does not significantly affect our description 
of data.

The profile of the conditional rate plots closely resembles, by construction, the histograms of interevent 
times; they thus communicate the same information in terms of expected annual rate of the events, rather 
than in terms of interevent time probability of occurrence. However, in addition to the histograms, the 
conditional rate also includes the information of the percentages in Figure 5 and Table S8 in Supporting 
Information S1.

Some of the gaps and peaks that we go on to describe in the conditional rates may be related to the small number 
of samples considered, especially in Section 5. Therefore, they are not always significant of an actual rate change. 
For example, under the assumption of a Poisson rate θ in the analyzed interval, the probability Ph of observing a 
gap of width h would be

𝑃𝑃ℎ ≤ 𝑒𝑒𝑒𝑒𝑒𝑒(−𝜃𝜃𝜃)Ň ≈ 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑁𝑁Ňℎ∕𝑇𝑇 Ň) = 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑁𝑁𝑁∕𝑇𝑇 )� (8)

where N is the total number of earthquakes observed, T is the time interval of analysis, and Ň is the number of 
eruptions considered. Here, we approximated θ ≈ N/TŇ. This equation tells us that the statistical significance 
of a gap of width h is related to the number N, i.e., Ph < 0.05 if N > 3 T/h. In more detail, if N(h): = 3 T/h and 
T = 4 months, we have N(10 days) = 36, N(15 days) = 24, N(20 days) = 18, N(30 days) = 12, N(40 days) = 9. 
Figure 7 includes the number N before and after the eruption onset and end.

In detail, Figures  7a and  7b consider the flank eruptions onset and the earthquakes with (a) Ix  ≥  V–VI and 
(b) Ix ≥ VII–VIII EMS. In plot (a), the conditional rate is 10 times greater than the average value in the first 
15–25 days after the eruption onset, and 5 times greater in the first 45 days, except for a not significant rate gap. In 
plot (b), the conditional rate is 10 times greater than average in the first 30 days, and 5 times greater in the first 
45 days, with a few not significant gaps.

Figures 7c–7f consider the flank eruptions end and the earthquakes with (c) Ix ≥ V–VI and (d) Ix ≥ VII–VIII 
EMS. The conditional rate of earthquakes with Ix ≥ V–VI EMS is 5 times greater than the average value in the 
first 25–40 days after the eruption end. The rate of earthquakes with Ix ≥ VII–VIII EMS is 5 times greater than 
average in the first 30 days, with a short peak above 10 times. Figures 7e and 7f show that the peaks preceding 
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Figure 7.  Conditional rates of earthquakes <±4 months from flank eruptions. (a, c) The earthquakes with Ix ≥ V–VI EMS; (b, d) those with Ix ≥ VII–VIII EMS. (a, b) 
Consider the flank eruptions onset (red); (c–f) consider the flank eruptions end (purple and pink). (e, f) Exclude the earthquakes occurring in ±2.5 days from the onset. 
A solid line marks the average annual rate of the earthquakes, and bold lines threshold rates 2, 5, and 10 times larger than the average value.
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the eruption end are mostly related to a number of events almost contemporaneous with the eruption onset, thus 
it should be carefully evaluated, and not necessarily linked to the eruption end.

Note that in all cases the rates are also about 10 times greater than average in the last 10 days preceding the erup-
tions onset and end, 5 times if excluding the last day.

5.  Spatial Statistical Analysis of Interevent Time Between Flank Eruptions and 
Earthquakes
In the following, we detail the spatial properties of the relationship between flank eruptions and major earth-
quakes in terms of geographical distribution of the eruptive fissures and systems of faults. This breaks the cata-
logs down into subsets, thus reducing the number of events considered but, nevertheless, enabling the description 
of signif icant differences in terms of probability of positive/negative interevent times, and conditional rates of 
the events. This analysis is not intended to describe stress direction obtained by focal mechanisms, which are 
not known for historical events, but aims at a simplified description of hazards correlation in a spatiotemporal 
framework. Note that the significance of rate gaps depends on the number of events, as pointed out in the previous 
section.

5.1.  Spatial Analysis of the Eruptive Fissure Groups

The location and orientation of most of the historic eruptive fissures on Etna's flanks, together with the 
feeder-dykes of the previous activity, has been explained within the framework of a predominantly gravitational 
stress regime (McGuire & Pullen, 1989; McGuire et al., 1990, 1997). Nevertheless, flank instability interacts 
with the regional tectonic stress and the transient local stresses caused by inflation/deflation processes and dyke 
intrusion (Acocella & Neri, 2003; Azzaro et al., 2012a, 2013b; Bonforte et al., 2008, 2011). The stress regime 
that influences the propagation of eruptive fissures also affects the activation of a seismogenetic fault, and our 
analysis evaluates what type of statistical link exists between the two groups in different zones of the volcano.

In Figure 1, we show the post-1800 eruptive fissures considered in our analyses. We focus on the active portion 
of the fracture that erupted lava (e.g., Branca et al., 2017), discarding dry or not observed/buried fissures. This 
approach leads to treating all the eruptions consistently, avoiding questionable reconstructions and over-weighting 
of the recent events (much more documented). Therefore, we classify the flank eruptions in four spatial groups 
(i.e., systems) E1–E4 showing similar fissure orientations. In the case, an eruption opened fissures in multiple 
groups, we reported all of them separately, e.g., in the 2002–2003 event (see Figure 1; Andronico et al., 2005). 
Data Sets S1 and S3 in Supporting Information summarize these data; Azzaro and Neri  (1992) further detail 
the eruptive fissures in 1971–1991. We note that, although the spatial groups E1–E4 are inspired by the 
volcano-tectonic sectors defined by Azzaro et al. (2012b), they have a descriptive purpose. In fact, other groups 
are possible, i.e., E1 and E2 could be characterized as a single group, E4 may not be a group, but simply diffusely 
distributed fissures that do not easily fit with the other groups. However, the description of these alternative cases 
can be easily deduced from the current analysis.

Figures 8a and 8b show the histograms of the groups, highlighting consistent distributions in the time spans 
1600–2018 and 1800–2018 considered in the analysis. In particular, E1 is related to the South Rift and the south-
ern wall of Valle del Bove, and includes 41–44% of the events; E2 is composed by the fissures in the northern wall 
of Valle del Bove, 25–28% of the events; E3 is the Northeastern Rift, 17–18% of the events, E4 the western flank, 
13–14% of the events. After 1971, 16/21 = 76% events affected sectors E1 and E2, while 6/21 = 29% affected 
sectors E3 and E4 (the eruption of 2002–2003 is counted in both groups). These statistics are not significantly 
different from the spatial distribution, about 70% and 30%, respectively, observed in the last four centuries. Figure 
S15 in Supporting Information S1 reports the events of the spatial groups in the total event counting showing that 
in several cases short sequences of 3–5 eruptions were associated to the same spatial group.

The percentage of eruptions that is followed by a damaging earthquake depends on the spatial group consid-
ered. In particular, 30% of the eruption onsets in E1 are followed by an earthquake in 30 days, but only 12% of 
the eruptions in E2. Instead, 50% of the eruption onsets in E3 and E4 are followed by a damaging earthquake 
in 30–45 days. These percentage values are summarized in Table S8 in Supporting Information S1 and their 
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cumulative plot as a function of the interevent threshold is included in Figure S17 in Supporting Information S1. 
Additional estimates concerning only the earthquakes with Ix ≥ VII–VIII EMS are included in Figure S18 in 
Supporting Information S1.

As mentioned in Section 3.1, in the time span 1800–2018 some eruptions have uncertain classification as “subter-
minal” eruptions, i.e., above 2,850 m elevation, issued from fissures directly propagating from the summit craters. 
They are equally distributed in all groups, and represent about 20% of the fissures. However, they give a negli-
gible contribution in terms of interevent times with respect to the major earthquakes, as reported in Data Set S7 
in Supporting Information S1. Therefore, if we excluded all the flank eruptions occurred above 2,850 m a.s.l. 
from the analysis, the percentage of eruptions that is followed by a damaging earthquake would increase by a 
multiplicative factor equal to 1.15–1.20.

Figure 8.  Histograms of eruptive fissures in the four spatial groups E1–E4 (a, b) and earthquakes with Ix ≥ V–VI EMS related to the four systems of seismogenic faults 
F1–F4 (c, d). The latter are mapped in Figure 1. Lighter colors mark the amount of “subterminal” eruptions in each group. Note that the data in (a, c) differ from (b) and 
(d), respectively, because of the time span considered. All the epicenters are mapped in Figure 2.
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Figure 9 reports the conditional rates of earthquakes, Ix ≥ V–VI EMS, in ±4 months from flank eruptions in the 
spatial groups E1, E2, and E3. As in Figure 6, pie charts evaluate the percentages of positive and negative inter-
event times. All measured values are reported in Table S9 in Supporting Information S1. Figure 9 also displays 
the total number N of earthquakes observed before and after the eruptions onset/end.

In Figure 9a, the conditional rate following a flank eruption onset in E1 is consistent with the analysis in Section 4. 
In Figure 9b, albeit only 12% of the eruption onsets in E2 are followed by damaging earthquakes, their condi-
tional rate still increases significantly after such an event, due to the likely occurrence of multiple earthquakes. In 
particular, an eruption onset in E2 is followed by an apparent rate gap of 15 days. Although visually evident, this 
delay is too short to be statistically relevant according to Equation 8. Then the rate is 10 times greater than the 
average value up to 45 days and 5 times greater up to 70 days, except for a few other not significant rate gaps. In 
Figure 9c, the conditional rate following a flank eruption onset in E3 is 20 times greater than the average value in 
the first 15 days, 10 times in the first 45 days, 5 times in the first 65 days, evidencing a stronger and longer-lasting 
correlation than in the overall case.

Figures 9b, 9d, and 9f show that the earthquake rate increases also after the eruption end. As in Figure 6, we 
excluded the earthquakes preceding the eruption if they occurred <2.5 days from the eruption onset. In all cases, 
the earthquake rates following eruption ends in E1, E2, or E3 are similar to the estimates following eruption onset.

Figure S20 in Supporting Information S1 reports the analysis in the spatial group E4, which are similar to the 
global data set, but among the earthquakes in ±4 months, about 90% follow the eruption onset instead of 67%.

5.2.  Spatial Analysis of the Fault Systems

The reconstruction of the seismic histories of the faults enabled us to break down the damaging earthquakes in the 
CMTE catalog into subsets of data based on the association of earthquakes and causative faults (Azzaro, 1999; 
Azzaro et al., 2017).

According to the seismotectonic model (Azzaro et al., 2012b, 2013b), we considered the four systems of faults 
mapped in Figure 2. The Timpe system (F2) and the Pernicana fault (F3) are the most active tectonic features of 
Mt. Etna, dissecting the entire eastern flank and intersecting the volcano-tectonic structures of the NE Rift and 
Valle del Bove depression. In addition, we have considered the Tremestieri-Trecastagni faults (F1) in the southern 
flank, and the Ragalna-Calcerana fault systems (F4), in the southwestern flank.

The seismogenic potential of all these faults is significant for the urbanized areas of Etna, particularly for the 
eastern sector of the volcano (Azzaro et al., 2013a, 2016). Among these, the Timpe system in particular (F2), is 
responsible for the most damaging earthquakes that reach epicentral intensities Ix up to degree IX-X EMS, which 
occur individually or as seismic swarms, with recurrence times of ca. 70 years for the largest events. While the 
F2 and F4 fault systems are characterized by less frequent and moderate earthquakes, the Pernicana fault system 
(F3) is a complex structure playing a crucial role in the dynamics of the volcano (Azzaro et al., 2013b; Bonforte 
et al., 2007; Neri et al., 2004). Unfortunately, its seismic history is documented only for the last decades because 
the area crossed by the fault has been urbanized since the late 1970s (Azzaro, 1997; Azzaro et al., 1998a, 1998b). 
However, its seismotectonic behavior is well constrained and several studies have recognized that this fault zone 
localized earthquakes in connection with the eruptive activity (Acocella et al., 2003; Bonaccorso et al., 2013, 
2017; Bonaccorso & Giampiccolo, 2020; Currenti et al., 2012; Ruch et al., 2013).

Figures 8c and 8d show the histograms of the four groups with Ix ≥ V–VI EMS, either (a) in 1800–2018, 122 
events, or (c) in 1980–2018, 57 events. In particular, in 1800–2018, 18% of the earthquakes with Ix ≥ V–VI EMS 
belong to F1, 60% to F2, 11% to F3, 12% to F4. In contrast, 88% of the 17 earthquakes with Ix ≥ VII–VIII EMS 
related to F2 fault system, one event to F3, one event to F4, none to F1. Therefore, this subrecord is essentially 
concentrated in the Timpe fault system (F2). Note that in 1980–2018, 10% of the earthquakes with Ix ≥ V–VI 
EMS are related to F1, 47% to F2, 23% to F3, 19% to F4, as a consequence of the historical under-recording of 
the earthquakes occurring in the less urbanized sectors F3 and F4.

Figure S16 in Supporting Information S1 marks the various fault systems in the total earthquake counting; all the 
local subrecords show evidence of spatiotemporal clustering.
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Figure 9.
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We first estimated the percentage of earthquakes of each fault system that followed a flank eruption. In particular, 
27% of the damaging earthquakes in F1 followed an eruption onset in 45 days, 23% of the earthquakes in F2, 8% 
in F3, 21% in F4. These percentage values are summarized in Table S8 in Supporting Information S1, and their 
cumulative plot as a function of the interevent threshold is included in Figure S19 in Supporting Information S1.

Figure 10 reports the conditional rates of earthquakes, Ix ≥ V–VI EMS, related to the systems of faults F1, F2, and 
F3, < ±4 months from flank eruptions. The rate of F3 is calculated after 1980. Pie charts evaluate the percent-
ages of positive and negative-valued interevent times, all reported in Table S9 in Supporting Information S1. The 
figure also displays the total number N of events observed before and after the eruption onset/end.

In Figures 10a and 10c, the conditional rate in F1 and F2 is similar to the global data set, but, among the earth-
quakes in ±4  months, about 90% follow the eruption onset instead of 67%. In system F1, following a flank 
eruption onset we observe a peak 20 times higher than average rate at 35–45 days from the eruption. This delayed 
peak, despite being visually evident, is not statistically significant according to Equation 8. In Figure 10e, the 
conditional rate in F3 preceding a flank eruption onset is 20 times greater than the average value in the last 
15 days before it. Therefore, system F3 shows an opposite behavior compared to the other systems, and the earth-
quakes tend to precede the eruption onsets rather than following them.

Figures 10b, 10d, and 10f show the conditional earthquake rate with respect to the eruption end. Similar to the 
global case, some of the peaks preceding the eruption are closely related to the eruption onset and are excluded 
from the analysis. In Figures 10b and 10d, the conditional rates in F1 and F2 following a flank eruption end 
are similar to the estimates following eruption onset. In Figure 10f, the conditional rate in F3 preceding a flank 
eruption end is only based on one event, hence not statistically significant and consistent with the average rate.

Figure S20 in Supporting Information S1 reports the analysis in the F4 system, which still shows an increase of 
earthquake rate, but symmetrically distributed with respect to the eruption onset or end.

5.3.  The Pernicana Fault Case Study

We detailed the analysis of the Pernicana fault (F3) since we found that major earthquakes in F3 are more likely to 
precede flank eruptions rather than to follow. The CMTE subdata set of F3 includes 37 earthquakes, all occurring 
after 1980, of which 13 had Ix ≥ V–VI and one had Ix ≥ VII–VIII EMS, in 2002.

We observe that 30% of the earthquakes in F3 precede a flank eruption onset. In addition, 40% of the earthquakes 
in F3 are followed by an Ix ≥ V–VI EMS earthquake in another system of faults within 45 days, 14% of them by 
an Ix ≥ VII–VIII EMS earthquake. These percentage values are summarized in Table S8 in Supporting Informa-
tion S1, and their cumulative plot as a function of the interevent threshold is included in Figure S21 in Supporting 
Information S1.

Figure  11 shows the conditional rates of major earthquakes related to the systems of faults F1, F2, and 
F4 < ±4 months from any earthquake in F3. We also show the pie charts of positive and negative values, and 
display the number N of events observed before and after the eruption onset/end. All measured values are reported 
in Table S9 in Supporting Information S1.

Figures 11a and 11c consider the earthquakes with Ix ≥ V–VI EMS, the conditional rate following an event in F3 
is 10 times greater than the average value in the first 70 days, except for not significant rate gaps. There are peaks 
above 20-times average at 20–45 days. Figures 11b and 11d consider the earthquakes with Ix ≥ VII–VIII EMS; 
in this case, the conditional rate following an event in F3 is 40 times greater than the average value in the first 
15 days. Several other peaks of 10-times average rate both precede and follow it, denoting a small but unusual 
number of major earthquakes with Ix ≥ VII–VIII EMS in ±50 days from an event in F3, and decreasing slowly. 
These results confirm the complex role of the Pernicana fault in the geodynamic and volcanic processes at Mt. 
Etna.

Figure 9.  Conditional rates of earthquakes, Ix ≥ V–VI EMS, <±4 months from flank eruptions in spatial groups (a, b) E1, (c, d) E2, (e, f) E3. Pie charts of the positive 
values (dark colors), negative values in [−2.5, 0] days (light colors), and lower than −2.5 days (white) are reported. (a, c, e) Consider the flank eruptions onset; (b, d, 
e) consider the flank eruptions end, excluding the earthquakes occurring in ±2.5 days from the onset. Results without excluding these earthquakes are in Data Set S6 
in Supporting Information S1. Related histograms of interevent times are in Data Set S7 in Supporting Information S1. All values in the pie charts are in Table S9 in 
Supporting Information S1. A solid line marks the average annual rate of the earthquakes, and bold lines threshold rates 2, 5, 10, and 20 times larger than the average 
value. Figure S20 in Supporting Information S1 reports the analysis in the spatial group E4.
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Figure 10.  Conditional rates of earthquakes, Ix ≥ V–VI EMS, related to the systems of faults (a, b) F1, (c, d) F2, (e, f) F3 after 1980, <±4 months from flank eruptions. 
Pie charts of the positive values (dark colors), negative values in [−2.5, 0] days (light colors), and lower than −2.5 days (white) are reported. (a, c, e) Consider the 
flank eruptions onset; (b, d, e) consider the flank eruptions end, excluding the earthquakes occurring in ±2.5 days from the onset. Results without excluding these 
earthquakes are in Data Set S6 in Supporting Information S1. Related histograms of interevent times are in Data Set S7 Supporting Information S1. All values in the pie 
charts are in Table S9 in Supporting Information S1. A solid line marks the average annual rate of the earthquakes, and bold lines threshold rates 2, 5, 10, and 20 times 
larger than the average value. Figure S20 in Supporting Information S1 reports the analysis in the system of faults F4.
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6.  Results Interpretations and Limitations
In the following, we refer to the meaning and contextualization of our statistical methods, as well as the 
main sources of uncertainty deriving from input data and how they affect our results; finally, we also discuss 
the consistence with physical interpretations of the results, and possible comparison with other volcanic 
systems.

6.1.  Statistical Methods Applied and Their Contextualization

The most significant element of our analysis is the data set of interevent time between the time series under inves-
tigation. We studied this data set of time differences both in terms of skewness with respect to the null time (e.g., 
Figure 6), and in terms of the conditional rates described by it (e.g., Figure 7). This approach requires selecting 
a time limit, in our case ±4 months, i.e., the upper and lower bounds of the interevent times that are considered. 

Figure 11.  Conditional rates of major earthquakes related to the systems of faults F1, F2, and F3, < ±4 months from any earthquake related to F3. Pie charts of the 
positive values (orange), negative values in [−2.5, 0] days (yellow), and lower than −2.5 days (white) are reported. Related histograms of interevent times are in Data 
Set S7 in Supporting Information S1. All values in the pie charts are in Table S9 in Supporting Information S1. A solid line marks the average annual rate of the 
earthquakes, and bold lines threshold rates 2, 5, 10, 20, and 40 times larger than the average value. (a, c) Considers the major earthquakes with Ix ≥ V–VI EMS; (b, d) 
those with Ix ≥ VII–VIII EMS. Similar results only considering the earthquakes in F3 with Ix ≥ V–VI EMS are in Figure S22 in Supporting Information S1.
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This time limit is not an a-priori assumption on the duration of the described correlation, which in fact is shorter 
than that.

Our definition of the conditional rates by using a windowed time-lag approach is the key idea behind the formula-
tion of the classical tests in Cox (1955) and Brillinger (1976), already applied to outdated Etna historical records 
by Sharp et al. (1981), Nercessian et al. (1991), and Mulargia (1992). In any case, the conditional rates and their 
cumulative functions, while adopted in these tests, were never presented or discussed directly, neither globally 
or locally in space. Our approach is similar to a kernel smoothing that employs a step function (Bevilacqua 
et al., 2018); however, given the relative low population of data, optimally determining the bandwidth would 
have led to an excessive smoothing of the result, hiding the sharp changes in the rate that potentially occur when 
a correlated phenomenon takes place. Thus, we preferred to fix a relative short lag, i.e., 10 days, and then set up 
a statistical testing for the statistical significance of the observed rate gaps.

An interesting result of our study is the revised modeling of both past eruption and earthquake records, in terms of a 
“slowly varying” Poisson process. They are nonhomogeneous Poisson processes (e.g., Daley & Vere Jones, 2005) 
in which the time-dependent intensity function is obtained by decomposing the entire time interval considered 
in 25-year long subintervals, and imposing a constant average rate over these subsets. This simple approach, 
also followed by Sharp et al. (1981), enables the application of the Cox (1955) test to time series that are not 
homogeneous in time. The Poissonian nature of the flank eruption series is still consistent with previous analyses 
of temporal nonstationarity, because a “slowly varying” rate allows for change points in the eruptive frequency 
(Bebbington, 2007; Mulargia et al., 1987; Smethurst et al., 2009).

Finally, we note that the spatial classification adopted for eruptive fissures and seismogenic faults appears rather 
simple, but it is strictly based on the volcano-tectonic characteristics of Etna (see Azzaro et  al.,  2012b and 
references therein). We took this approach for several reasons. First, our approach is significantly robust—very 
few events could be considered uncertainly assigned; we tested the sensitivity of switching their assignment, 
and it is negligible. Second, precise mapping of the total extent of the eruptive fissures is not possible for older 
historical events; reaching a time-homogeneous spatial detail is not possible either. Third, with four groups of 
eruptive/seismotectonic systems, the number of considered events is still sufficient to enable statistically signifi-
cant observations, but increasing spatial classes or setting up a spatially continuous model would create issues of 
statistical significance. A similar discrete spatial classification was followed for the Campi Flegrei area (Neapol-
itan volcanic district) and tested against other methods in Bevilacqua et al. (2015, 2016).

6.2.  Main Sources of Uncertainty and Data Limitations

We considered the flank eruptions in terms of onset and end of the eruptive activity. Although we studied these 
two time series separately, we filtered out the earthquakes possibly related to the eruption onsets while analyz-
ing the eruption ends. In fact, when an eruption is not characterized by a long duration, the possible correlation 
of  the earthquakes with the onset or the end of the eruptive activity is hardly distinguishable. Nevertheless, the 
duration of the eruption is additional information that might be considered in the analysis—e.g., to test if some 
earthquakes occurred during the eruption or not. However, we focused on the onset and the end of the eruptions 
because they have a precise temporal determination that allows calculating the interevent time with respect to 
the earthquakes. Moreover, the state of the volcano during the onset and, secondarily, the end of an eruption, is 
characterized by significant ground deformations of the volcanic edifice (Bonaccorso & Giampiccolo,  2020; 
Bonaccorso et al., 2013; Bonforte et al., 2011), inducing stress changes that may act on the seismogenic faults 
near rupture conditions.

Summit eruptions may also precede, days to weeks before (or even months), the onset of flank eruptions, and 
strong earthquakes. However, these phenomena are very difficult to evaluate from historical records, since data 
are not homogeneous and largely incomplete, appearing questionable whether the different types of persistent 
summit activity (strombolian, ash emissions, lava fountains), with different duration and intensity, might have the 
same significance at all times. Therefore, from our analysis and data we cannot conclusively claim that summit 
eruptions are or are not correlated with increased seismic hazard.

Another limitation is related to the possibility that a dyke intrusion not followed by a flank eruption might trigger 
earthquakes, or that a small-sized flank eruption is buried and not adequately addressed in the catalog. We cannot 
exclude that some of the earthquakes apparently unrelated to eruptions have indeed occurred as a consequence of 
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an aborted magma intrusion. Similarly, the seismic history of Pernicana fault and, secondarily, that of the western 
fault system, are well documented only for the last few decades, because of the relatively recent urbanization of 
those regions. That is, we do not know how many historical eruptions before 1980 occurred temporally close to 
an unrecorded seismic event. Given these limitations, the spatial analysis presented in Section 5.2 studied the 
different systems of faults also in terms of the differing lengths of their seismic histories.

6.3.  Physical Models of Earthquakes-Eruptions Interactions

This study has some similarities with the research on the conjecture that, a large earthquake can trigger subse-
quent volcanic eruptions, sometimes over long distance and time scales (Hill et al., 2002; Nishimura, 2017; Sawi 
& Manga,  2018). Several mechanisms have been proposed to explain triggering through changes in magma 
overpressure or through failure of rocks surrounding stored magma (Manga & Brodsky, 2006). This may involve 
large-scale seismic resonance mechanisms (Namiki et al., 2019).

For example, the 1707 Mw 8.7 Hoei earthquake preceded by 49 days the largest historical eruption of Mt. Fuji 
(Chesley et al., 2012). The 1992 Landers earthquake in California triggered seismicity in the Long Valley caldera 
region which also experienced a significant coincident deformation transient (Linde & Sacks, 1998). In 2012, 
three Mw ≥ 7.3 earthquakes struck Central America within a period of 10 weeks; subsequently, some volcanoes 
in the region erupted a few days after, while others took months or even years to erupt (Gonzàlez et al., 2021). 
Several other examples can be found in literature (Bell et al., 2021; Cannata et al., 2010; Farías & Basualto, 2020; 
Walter, 2007).

In summary, although most types of volcanoes may be seismically triggered, though require specific combi-
nations of volcanic and seismic conditions—triggering is unlikely unless the system is “primed” for eruption 
(Seropian et  al., 2021). Further statistical analysis supported this supposition, indicating that seismicity most 
likely initiates an already looming eruption (Bebbington & Marzocchi, 2011). In fact, once a magmatic system 
reaches a critical state, the timing of the eruption can be modulated by external factors. Whether such mecha-
nisms actually trigger an eruption depends on both the magma conditions and the characteristics of the external 
force (Caricchi et al., 2021).

However, in this study, we mostly observed the opposite phenomenon, i.e., an increased probability of major 
earthquakes after the occurrence of volcanic eruptions. This is less studied in literature, but also observed in 
a global perspective. The analysis of Global Volcanism Program catalog and the global earthquake catalog of 
Columbia University, available since 1976, showed that Mw 5–6 earthquakes can be activated within a horizontal 
distance of 50 km from volcanoes for about 0.3 years after the initiation of an eruption. About 13% of volcanic 
eruptions are accompanied by these earthquakes. Their probability of occurrence is about 5 times larger than 
normal for 0.3 years after an eruption (Nishimura, 2018). This latter finding is consistent with our results for 
Etna, although we considered smaller magnitudes and closer distances, and we estimated a shorter duration of the 
probability increase, i.e., 70 days at most.

Similar to the case of “triggered” volcanism described above, the explanation of “triggered” earthquakes is chal-
lenging. However, the stress changes induced by dyke intrusion has the potential to anticipate rupture in faults 
already prone to slip, i.e., loaded by significant pre-existing stresses. Moreover, dyke intrusions and the opening 
of eruptive fissures may speed-up gravity-driven large-scale movements that subsequently cause strong earth-
quakes. This second mechanism could explain some of the longest observed delays in our case study, rather than 
an immediate viscoplastic response.

The Kilauea eruption of 2018 probably shared similar mechanisms: the backup in the magma plumbing system 
at the long-lived Puʻu ʻŌʻō eruption site caused widespread pressurization in the volcano, driving magma into 
the lower flank; magma reached the surface on 3 May, marking the onset of the eruption; the next day, an Mw 6.9 
earthquake occurred on Kīlauea's south flank—the largest earthquake in Hawaiʻi in 43 years (Patrick et al., 2020). 
The analysis of seismological and geodetic data sets showed the creep on the décollement constantly altered the 
stress accumulation, while dyke intrusion triggered the occurrence of the large earthquake (Chen et al., 2019).
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7.  Conclusions
We investigated the long-term, centennial behavior of Etna by testing the statistical relationships between flank 
eruptions and major earthquakes, a topic tackled in several studies of 1980–90s. Our efforts were threefold. 
First, we revisited the main results of previous works and improve the significance of the statistical correlation 
in an up-to-date framework of knowledge deriving from recent multidisciplinary studies. This was achieved by 
applying the key ideas of the test of Cox (1955) to the most recent releases of the historical catalogs. Second, we 
produced a quantitative evaluation of how much, how long, and where the effusive eruptions and major earth-
quakes are statistically linked, key information to jointly deal with the two main components of hazard at Etna. 
Third, we interpreted these results in terms of plausible geophysical motivations and international case studies.

In detail, we focused on the estimation of the average rates of earthquakes occurring in the first months after 
a flank eruption, which is the combination of two factors: (a) the probability that an eruption is followed by 
an earthquake, (b) the probability that multiple damaging earthquakes occur after the same eruption. Table 1 
summarizes the conditional daily average rates of flank eruption and major earthquakes 1 to 10 or 45 days from 
statistically significant other phenomena, their comparison with the long-term (i.e., unconditional) average rates 
of the same phenomena, and the total probabilities of occurrence in the considered interval. More specific results 
of this study are summarized in Text S25 in Supporting Information S1.

The main points emerging from this analysis are:

1.	 �The sequence of flank eruptions occurring since 1600 are statistically compatible with Poisson processes with 
“slowly varying” rate, i.e., equal to a 25-year average.

  Average daily rate (%) Relative increment Total probability (%)

(a) Flank eruptions onset 0.06 — —

  1–10 days after: EQs with Ix ≥ 5–6 EMS 0.37 6 4

  1–45 days after: EQs in F3 (Pernicana) 0.24 4 11

(b) Earthquakes with Ix ≥ 5–6 EMS 0.21 — —

  1–45 days after: Flank eruptions onset (f.e.o.) 1.6 8 32

f.e.o. in E1 (South Rift) 1.1 5 30

  f.e.o. in E2 (North of VdB) 1.1 5 12

  f.e.o. in E3 (NE Rift) 2.0 10 50

  f.e.o. in E4 (West flank) 1.4 7 50

  Flank eruptions end 1.1 5 25

  EQs in F3 (Pernicana) 2.2 10 34

(c) Earthquakes with Ix ≥ 7–8 EMS 0.02 — —

  1–45 days after: Flank eruptions onset (f.e.o.) 0.22 11 10

  f.e.o. in E1 (South Rift) 0.27 14 13

  f.e.o. in E2 (North of VdB) 0.14 7 7

  f.e.o. in E3 (NE Rift) 0.65 33 30

  f.e.o. in E4 (West flank) 0.27 14 13

  Flank eruptions end 0.13 7 7

  EQs in F3 (Pernicana) 0.29 15 14

Note. (a) Flank eruptions and (b, c) major earthquakes 1 to 10 or 45 days from statistically significant other phenomena, and their comparison with the unconditional 
average rates of the same phenomena. The total probabilities are not the product of the average rate and the number of days considered, because of the chance of multiple 
events occurring. Some probabilities may take greater values if we assumed a few weeks' longer periods. The average rates are obtained from Figures 2, 3, 7, 9, and 11, 
and the total probabilities from Table S8 in Supporting Information S1.

Table 1 
Summary of the Conditional Daily Average Rates and Total Probabilities
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2.	 �It is statistically evident that major earthquakes at Etna are not independent from the flank eruptions, either 
considering onset or end. 30% of flank eruption onsets precede a major earthquake (i.e., Ix ≥ V–VI EMS) 
of 30 days or less; 18% of damaging earthquakes follow a flank eruption onset within 30 days or less. These 
probabilities are about 35% and 20% if we exclude all the flank eruptions occurring above 2,850 m a.s.l. from 
the analysis.

3.	 �The probability of major earthquakes increases of 5–10 times after the onset and the end of flank eruptions; 
this effect lasts for 30–45 days; a similar increment occurs in the 10 days preceding the onset and the end, 
mainly concentrated in the last day.

4.	 �Although only 12% of the eruptions in the northern wall of Valle del Bove precede a major earthquake, the 
conditional rate is still 5 times greater than the average up to 70 days, due to the likely occurrence of multiple 
earthquakes.

5.	 �Fifty percentage of the eruptions on the northeastern flank precede a major earthquake; they produce a longer 
and more significant rate increase of earthquakes, also after their end, than the one estimated for the other 
flanks—up to 10–20 times and for 65–70 days.

6.	 �Thirty percentage of the earthquakes along the Pernicana fault precede a flank eruption and 40% of them 
precede a major earthquake in other fault systems; they increase by 10–20 times the rate of both phenomena, 
and this effect lasts for 45–70 days.

Our results, based on observational historical data, are not aimed at proposing new physical models of behavior 
of the volcano. They can be discussed and explained in terms of the existing physical interpretations, constrained 
by the instrumental monitoring of the most recent eruptions. Nevertheless, they may represent the quantitative 
basis for a multihazard assessment to improve the emergency planning and help decision makers to face future 
eruptive crises at Mt. Etna.

Data Availability Statement
The historical catalog of the Etnean earthquakes from 1633 to 2018 is available in Azzaro and D’Amico (2019). 
The historical catalog of flank eruptions of Etna from 1682 to 2002 is available in Branca and Del Carlo (2005). 
All the Data Sets S1–S7, updated and analyzed or generated during the current study, are available in the reposi-
tory https://doi.org/10.5281/zenodo.6855359.
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