Nat. Hazards Earth Syst. Sci., 24, 4431-4455, 2024
https://doi.org/10.5194/nhess-24-4431-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Where will the next flank eruption at Etna occur?
An updated spatial probabilistic assessment

Laura Sandri!, Alexander Garcia!, Cristina ProiettiZ, Stefano Branca?, Gaetana Ganci2, and Annalisa Cappello?

Hstituto Nazionale di Geofisica e Vulcanologia, Sezione di Bologna, viale Carlo Berti Pichat, 6/2, 40127 Bologna, Italy
2stituto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo, piazza Roma, 2, 95125 Catania, Italy

Correspondence: Laura Sandri (laura.sandri @ingyv.it)

Received: 6 November 2023 — Discussion started: 30 November 2023
Revised: 26 September 2024 — Accepted: 15 October 2024 — Published: 9 December 2024

Abstract. The assessment of the spatial probability of future
vent opening is one of the key factors in quantifying volcanic
hazard, especially for active volcanoes where eruptions can
occur at different locations and altitudes over distributed ar-
eas. Mount Etna (Italy), one of the most active volcanoes in
the world, exhibits such variability, and its flank eruptions
can harm people, properties and services over the volcano’s
slopes. In this paper, we quantify the spatial probability of
future vent opening for Etna’s flank eruptions, adopting a
kernel analysis and testing different functions (exponential,
Cauchy, uniform and Gaussian). Starting from the assump-
tion that the location of past fissures is indicative of where
future events will occur, we consider the flank eruptions of
the last 4000 years, thus accounting for a much longer and
complete record than in previous studies. The large dataset
of eruptive fissures enables splitting the data into training and
testing subsets. This allows selecting the best kernel model,
testing the completeness of the fissure dataset and investigat-
ing a possible migration through time in fissure location. The
results show that neither under-recording nor possible mi-
gration over time significantly affects the informative value
of previous flank fissures in forecasting the location of future
ones. The resulting map highlights that the most likely open-
ing area follows a northeast-to-south trend, corresponding to
the location of the most active rifts. It also shows that the
southern flank of the volcano, which is the most urbanized
one, sits downhill of the largest cumulated probability area
for flank eruption. We also run sensitivity analyses to test the
effect of (i) restricting the data to the most recent 400 years
and (ii) including the information on the stress induced on the
mapped fissures by sources of deformation proposed in the
literature for recent eruptions of Etna. The sensitivity analy-

ses confirm the main features of the proposed map and add
information on the epistemic uncertainty attached to it.

1 Introduction

The location of future eruptions is one of the main sources of
uncertainty in eruption forecasting and volcanic hazard as-
sessment, especially at volcanoes that exhibit a large variabil-
ity in the position of eruptive centres, such as extensive vol-
canic fields (e.g. the Auckland Volcanic Field; Bebbington
and Cronin, 2011), large calderas (e.g. Campi Flegrei, Selva
et al., 2010; Rivalta et al., 2019) or wide volcanic edifices
characterized by the opening of eruptive vents at different al-
titudes along the flanks of the volcano (e.g. Pico del Teide,
Marti and Felpeto, 2010; Nyiragongo, Favalli et al., 2009a;
or Etna, Cappello et al., 2012). In such contexts, assessing
the spatial probability of where future volcanic eruptions will
occur is a challenging problem that must be tackled in order
to avoid a biased hazard assessment. The spatial probability
of vent opening can be evaluated by analysing the geological
history and features of the volcanic area under consideration
and by feeding suitable statistical models (e.g. Martin et al.,
2004) with such information types.

Etna is a composite stratovolcano located along the Io-
nian coast of eastern Sicily and is characterized by a com-
plex eruptive history that occurred over the last 500 kyr
(Branca et al., 2008, 201 1a). Its four summit craters — namely
Voragine, North-East Crater, Bocca Nuova and South-East
Crater — display nearly continuous eruptive activity. At the
summit craters, Strombolian activity and lava fountaining
episodes are often associated with short-lasting lava flows
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(Alparone et al., 2003). Eruptive events also occur at intervals
of years to tens of years from the flanks of the volcano. These
flank eruptions are generally effusive and can be accompa-
nied by explosive activity (Branca and Del Carlo, 2005).
Flank eruptions at Etna pose a relevant societal and eco-
nomic threat on a large spatial scale and exhibit a consider-
able variability in the location of eruptions along the flanks
of the volcano edifice. In the last 400 years, lava flows from
flank fissures (i.e. lateral eruptions) have severely impacted
inhabited areas on Etna flanks, causing property loss and dis-
ruption of economic activities (Branca and Del Carlo, 2004).
The 17th century saw the highest incidence of flank eruptions
that impacted the lower slopes of Etna and its urban fabric
(Branca and Abate, 2019). Lateral lava flows caused signifi-
cant damage to the town of Bronte in 1651-1653 and to the
city of Catania in 1669 (Guidoboni et al., 2014), destroyed
the suburb of Linguaglossa in 1923 (Cerro and Catena) and
the town of Mascali in 1928, and threatened the town of Ran-
dazzo in 1981 (Chester et al., 2012; Coltelli et al., 2012;
Branca et al., 2017). Most of these events had limited im-
pact, except for the 1669 and 1928 eruptions. In particular,
the 1669 eruption was the most destructive event by the Etna
volcano in historical times. This event conditioned the pat-
tern of urbanization of the subsequent centuries and influ-
enced the economic development across the southeast flank
of the volcanic edifice (Branca et al., 2013, 2015a, 2017).
The 1928 eruption led to the destruction of the small town
of Mascali and the cutting of roads, railways, and power
and telecommunication lines. More recently, lava flows of
the 2001 and 2002-2003 flank eruptions damaged tourist fa-
cilities, which are located up to 2600 m elevation (Behncke
and Neri, 2005). Occasionally, flank eruptions are accompa-
nied by explosive activity, which, as in the case of summit
eruptions, impacts the mobility by tephra dispersal and fall-
out, such as in 1669 (Mulas et al., 2016) and in recent times
in 2001 (Andronico et al., 2008) and 2002-2003 (Scollo
et al., 2007). Sometimes flank eruptions are accompanied
by shallow seismicity on the eastern flank of the volcano,
such as in October 2002 and December 2018 (Barberi et al.,
2004; Alparone et al., 2020). In the last few decades, rapid
development has occurred on Etna’s flanks, with the creation
of a wide network of lifelines and rapid growth of settle-
ments (see Fig. 1a), often above lava flows from the historical
period (Behncke and Neri, 2005). The inhabited areas (see
Fig. 1a) cover over 154km? and include the city of Cata-
nia (298 616 inhabitants in February 2023; IST, 2023) and
41 more municipalities, with a total population of 1029 107.
The flank eruptions of Etna in the last 15 kyr show a grad-
ual clustering of the eruptive fissures. This evidences the de-
velopment of some main weakness zones into the volcanic
edifice, named northeast (NE), south (S) and west (W) rifts
(see Fig. 1a), in which the recurrent intrusion of feeder dikes
occurred, also under the action of an external stress field of
tectonic or topographic origin (Maccaferri et al., 2011; Az-
zaro et al., 2012). In this framework, the present state of the
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knowledge of the flank eruptions that occurred on Etna in
the past 2500 years, performed by Branca and Abate (2019),
has evidenced that these events most frequently involve the
southern sector, thus highlighting that the S rift (Fig. 1a) is
the most active magma intrusion zone of Etna. In addition,
temporal analysis of the elevation of the eruptive fissures
outlines that their opening at low elevation (< 1000 ma.s.1.,
above sea level) was common until the 17th century. Follow-
ing the 1669 eruption, the opening of fissures is mainly con-
centrated in the upper-middle slopes, between 1600 m and
2500 ma.s.l.,, and no flank eruptions have occurred below
1000 m altitude (Branca and Abate, 2019).

In order to minimize the potential impact of lava flows on
inhabited areas, it is crucial to define a spatial probability for
the location of flank fissures. On Etna, different approaches
have been proposed to assess the probability of future vent
opening by analysing the geology and distribution of histori-
cal eruptions and the processes driving magma transfer (e.g.
see Guest and Murray, 1979; Wadge et al., 1994; Behncke
and Neri, 2005; Salvi et al., 2006; Favalli et al., 2009b; Cap-
pello et al., 2013). Most of them are based on probabilis-
tic analyses using the position of past vents. These studies
considered the eruptions of the last 500 (Salvi et al., 2006)
or 400 years (Guest and Murray, 1979; Behncke and Neri,
2005; Cappello et al., 2013) or even shorter recent periods
(Wadge et al., 1994), owing to the lack of completeness in
the pre-1600 eruption record and in the corresponding lava
flow fields. The results of these analyses have confirmed the
NE, S and W rifts (Fig. 1) as the most prone areas.

In this paper, we evaluate the spatial probability density
function of future flank eruptions on Etna by applying a ker-
nel technique to a longer dataset that includes the location of
eruptive fissures having emplaced lateral lava flows during
the last 4000 years. Such fissures are roughly oriented fol-
lowing a radial pattern (e.g. see Fig. 2a), directly correlated
with the stress field in the volcanic cone (Acocella and Neri,
2009), so we consider these flank eruption fissures informa-
tive for the position of future flank eruptions. The choice to
use the flank eruption fissures in the last 4000 years is based
on the observation that flank eruptions in this time period are
comparable to the current activity in terms of eruptive style,
frequency, magnitude and main features. Moreover, the last
4000 years of Etna’s activity is the best known period in the
entire eruptive history of the volcano (Branca et al., 2011a).

The data used in this study were reconstructed by
analysing the Etna new geological map (NGM; Branca et al.,
2011b) and considering the eruptive products having a lithos-
tratigraphic position above the tephra layer related to the sub-
plinian explosive eruption of picritic magma that occurred in
3930 £+ 60 ka (Coltelli et al., 2005).

The larger input dataset allows adopting a general strat-
egy that consists in dividing the fissure input catalogue to
obtain independent training and testing sub-datasets. This al-
lows setting up a reference model on the training data based
on specific hypotheses and then testing it on new and in-

https://doi.org/10.5194/nhess-24-4431-2024



L. Sandri et al.: An updated spatial probability map for flank eruptions at Etna 4433

Y =4192400 N

529485 E

X=

+ Comiso airport
-+ Reggio Calabria airport

Legend

Elevation (mas.l) -——-
Rift areas [
Places

Built environment ||
4000BP to 501BC =
500BCto 1600CE  ——
1600CE to 1900CE ——
1900CE to 1970CE ——

1970CE to present =——

482000 E

Grid points

X=

|

Y=4155821N

(b)

o
O
T

o
(oo}
T

e
~
T

©
(o)}
T

o
wu
T

o
D
T

.
w
T

o
(N

ECDF systems of fissures in time

=
=

1600 CE

1970 CE

]
h
'
0
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

1

0 1 1
-2000 -1000 0 1000 2000 3000
Time (years CE)

Figure 1. (a) Grid (red dots) and fissures (different colours depending on their age; see legend) used in this study. The location and extent
of the built environment is shown as shaded pale-blue areas. The three main rifts (northeast — NE, south — S and west — W) (according to
Azzaro et al., 2012) are shown as dashed—dotted black lines. Altitude contour lines are shown as thin dashed black lines. The inset shows the
location of the Etna volcano in southern Italy and the main airports that can be affected by its activity. (b) Empirical cumulative distribution
function (ECDF) of the systems of fissures in time (solid black line). The dotted red lines indicate the different breaks in time used to partition
the data into training and testing. The shaded grey area underlines the uncertainty in the age of events older than 500 BCE.
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Calculated Normal stress change in fissures assuming a volumetric source (source
parameters from Bonacorso et al., 2006)
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Calculated Normal stress change in fissures assuming both: a volumetric and an
East-flank slip sources (source parameters from Bonacorso et al., 2006)
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Calculated Normal stress change in fissures assuming an East-flank slip source
(source parameters from Bonacorso et al., 2006)
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Figure 2. Normal stress change on fissures in the catalogue (colours indicate normal stress change; positive values indicate unclamping),
when (a) a volumetric source of deformation at depth is placed, (b) an eastward flank slip source of deformation at depth is placed, and
(c) both a volumetric source and an eastward flank slip source of deformation at depth are placed. The volumetric and flank slip sources are
taken from Bonaccorso et al. (2006). The location and extent of the built environment are shown in shaded dark-grey areas.

dependent data (the test data). In this way, we are able to
objectively judge the model performance. Further, if tem-
poral coherence is kept among the training and testing data
(i.e. training data are the older fissures; testing data are the
younger ones), we can check whether there have been sig-
nificant shifts in the spatial pattern of flank activity and/or
systematic under-recording of past fissures in some areas.
With the training—testing strategy, we are also able to ob-
jectively identify the best model among a set of competing
ones, which we build to evaluate different assumptions: the
best model, which we call “canonical map”, is the one that
maximizes the likelihood of the test data.

Finally, we consider the sensitivity of our method and re-
sults to different time windows to select the input data and
to the orientation of flank fissures in a stress field. For the
latter point, we model flank fissures as planes in a stress
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field that is subject to changes due to deformation sources
at depth: in this view flank fissures can be oriented more or
less favourably for unclamping (or reduced compressive nor-
mal stress, indicated by a positive variation in normal stress)
normal stress (e.g. Walter et al., 2005; Bonali et al., 2015;
Dumont et al., 2024). At Etna different plausible deforma-
tion sources have been proposed in the literature (Bonaccorso
et al., 2006; Bonaccorso and Aloisi, 2021). In this study, we
build on alternative models for the proposed deformation sce-
narios to account for variations in the normal stress on the
training eruptive fissures.

2 Data

The geological history of Etna has been reconstructed by the
NGM of the volcano, which particularly details the present
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volcanic centre, i.e. the Mongibello volcano, whose eruptive
activity started at about 15ka (Branca et al., 2011a, b). This
dataset provides a detailed record of the spatial distribution of
the volcanic products and of the eruptive fissures, as well as
of their stratigraphic relationships. In particular, the historical
flank eruptions are chronologically well constrained thanks
to both the combination of stratigraphic and historiographi-
cal investigations and to the dating of all the lava flows occur-
ring below roughly 2500 m altitude. Above this altitude, the
products of the post-17th-century eruptions have almost cov-
ered the summit portion of the volcano (Branca and Abate,
2019). Finally, after the mid-17th century the record of flank
eruptions is considered complete and accurate (Branca and
Del Carlo, 2004).

2.1 Updating the fissure dataset

The first step of our work was to prepare the input data for the
statistical analysis, namely the position, direction and extent
of the eruptive fissures of the last 4000 years. To this end, we
first selected all the flank eruptions in this time window from
the Etna NGM and its updates (Branca et al., 2015b; Branca
and Vigliotti, 2015; Branca and Abate, 2019). We also added
information from other papers describing Etna volcanic ac-
tivity (Behncke and Neri, 2005; Branca and Del Carlo, 2005;
Tanguy et al., 2012). This resulted in a dataset of 193 lava
flows, considering both the main and minor ones, that oc-
curred in the last 4000 years, which was the starting point to
localize the corresponding eruptive fissures. The main fissure
of an eruption is defined as the one that fed the lava flow that
had the longest duration, covered the widest area and had the
greatest distance from the vent (Proietti et al., 2011). All the
remaining fissures of an eruption are defined as minor ones.

Concerning the historical eruptive fissures covered by the
eruptions that occurred from the 19th century, we integrated
the dataset of the geological map of Branca et al. (2011b)
with the previous 1 : 50000 cartographies compiled by Sar-
torius Von Waltershausen (1848-1861) and Romano et al.
(1979) and with the maps of the 1971-1991 eruptions (Az-
zaro and Neri, 1992). These fissures were traced on the basis
of their geological evidence, such as along the central axis of
spatter ramparts and scoria cones or at the main effusive vent
of purely effusive eruptions. The dry portions of the fissures,
i.e. those that did not give rise to eruptive activity, were not
included in the dataset used in subsequent analyses. For each
eruption, we considered all the mapped flows, both the main
and the minor ones, and we associated each of them with the
corresponding fissure. For some of the lava fields, it has not
been possible to map the fissures that had been later partially
or totally buried by more recent volcanic products. This was
the case for minor lava fields or for other lava fields from
purely effusive eruptions that were covered in the proximal
portion, i.e. near the vent.

We obtained a total of 190 fissures that occurred in the last
4000 years that have been re-organized into 124 “systems
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of fissures”, each consisting of all the mapped fissures (both
main and minor) that were active simultaneously in the same
sector of the volcano, i.e. those related to the same erup-
tive event. In some cases (e.g. the 1978 eruptions in Valle
del Bove, known to have occurred distinctively over time at
different periods, or the 1879 one whose fissures opened in
two distinct sectors of the volcano), the systems of fissures
have been separated into different ones, as there was known
separation in time and/or space. Among the identified erup-
tions in the last 4000 years, only those that opened in the last
2500 years have been dated by applying different techniques
(Branca and Abate, 2019). For the older fissures, a common
age of 2000 BCE was assigned, in order to label them as the
oldest (older than 500 BCE) in our input dataset. The set of
fissures in the last 4000 years is shown in Fig. 1a.

2.2 Target domain

The target domain adopted for calculating the probability
of vent opening for flank eruption is represented in Fig. la
(red dots): for simplicity, it is a rectangular regular grid of
points (lower left and upper right centres are respectively
(482590°E, 4156090°N) and (514790°E, 4191890° N) on
the WGS84 33N UTM zone, with a grid spacing of 200 m),
over which a mask covering the summit area (the polygon en-
closing the summit caldera and craters) is applied to exclude
the summit area. It consists of Nc = 28975 grid cells.

In the Supplement we provide a CSV file containing the
UTM coordinates and the elevation of each grid point.

3 Methods

We build the spatial probability of flank eruption, conditional
to the occurrence of such an eruption at Mount Etna, with a
spatial kernel method (Lutz and Gutmann, 1995). In order to
account for the spatial extension and direction of fissures, we
consider that the location and orientation of each fissure in-
fluence the spatial rate of flank opening as an elongated struc-
ture. In other words, in applying the classical kernel method,
the rate of flank opening in a given point (xp, yp) of the target
domain is affected by the Ny known past fissures (main and
minor) by

N¢
;f(d;;O,h)

N; , )

Axp,yp =
where d; is the minimum Euclidean distance between (xp,
yp) and the ith linear fissure element in the easting and nor-
thing system of reference (i.e. neglecting altitude difference),
and f(x;0, h) is a probability density function of the kernel
function adopted, with zero mean and 4 smoothing param-
eter related to the dispersion around the mean (i.e. the stan-
dard deviation for the Gaussian case). The smoothing coeffi-
cient £ is indicative of the degree of clustering between fis-
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sures (Martin et al., 2004) and must be determined by the
available data, along with the best kernel function. We tested
whether adding the altitude coordinate (extracted from a Sm
resolution Etna digital elevation model) in the computation
of the Euclidean distance between two elements had a sig-
nificant effect on it. We found that relative differences were
of the order of a few percent or smaller, so we neglected the
altitude coordinate.

The spatial probability of future flank fissures opening in
a given point (xp, yp) is computed by renormalizing A yp
over all the N¢ grid cells on the considered domain:

)"XP,)’P
[ @
] )\‘xk»yk

Pryp,yp =

k=

Given the large dataset available for this study, we have the
chance to divide the data into training and testing sets. In this
way, we are able to set up different models on the training
data (as input to Eq. 1), assuming different kernel functions
and related parameter values. In such a case, Nf corresponds
to the number of fissures in the training set. The best combi-
nation of kernel function and smoothing parameter values is
then selected by judging the capability of the different mod-
els to reproduce the testing data, which are new and indepen-
dent data with respect to those used to set up the models.
Once the best combination of kernel function and smooth-
ing parameter values is identified, the full dataset (i.e. using
both training and testing fissures) is used to compute (with
Eq. 2) a reference map of the spatial probability of future
flank fissure opening (which we call the canonical map).

3.1 Partition into training and testing datasets

There is no univocal method to partition the data into train-
ing and testing subsets. Here, to test both the effect of under-
recording of fissures as we go back in time and the effect of
possible spatial migration in the flank activity with time, we
partition the input data into training and testing, respecting
temporal order: training data are older, and testing data are
younger. However, no sharp criterion on where to set the bor-
der between “older” and “younger” data exists. In Fig. 1b, we
show the empirical cumulative distribution function (ECDF)
of the number of fissures in time. We highlight that the large
step at 2000 BCE is an artifact due to missing dates for sys-
tems of fissures older than 500 BCE, and thus they have been
assigned a common age of 2000 BCE to build the ECDF. In
Fig. 1b, we also highlight different dates corresponding to
breaks in slope that can be subjectively identified by visual
inspection. The partition at 1600 CE can be related to the
fact that the catalogue of flank eruptions is complete start-
ing in the 17th century; the partition at 1900 CE could be
linked to the increased activity around the northeast rift sys-
tem since 1908 (Behncke and Neri, 2003), and the 1971 parti-
tion can be associated with the increase in the lava output and
frequency of eruptions that began after 1970 CE (Branca and
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Del Carlo, 2004; Cappello et al., 2013), also related to the
formation of the South-East Crater that formed as a pit crater
in 1971 (Salvi et al., 2006; Del Negro et al., 2013; Rittman
et al., 1971; Branca et al., 2021). In order to set the border
between training and testing data, we use the visual breaks
in slope of the ECDF shown in Fig. 1b. Since there are three
breaks in slope, we test three different partitions (see Table 1,
first three rows); this allows checking the stability of our re-
sults with different partition dates.

3.2 Identification of the best kernel function and
degree of clustering

The first step in applying a spatial kernel method is to se-
lect a type of kernel function and the value for the smooth-
ing coefficient. In this study, we use the method proposed by
Martin et al. (2004): by comparing the ECDF of the distance
to the nearest-neighbour system of fissures to the cumula-
tive distribution computed by using different kernel functions
and suitable values of the smoothing coefficient, we estimate
the best pair of kernel function and smoothing coefficient for
each training set in the three different partitions of the data
in the last 4000 years. In practice, our method selects the
best pair as the one that best describes the ECDF of the dis-
tance between a fissure and the closest fissure of the nearest
system that opened during a different eruption. We neglect
the distance among fissures belonging to the same system,
since they opened during the same eruption, so we do not
deem them indicative of where a successive eruption will
take place.

In this work, we test four different possible kernel func-
tions that all decay with distance: Gaussian and Cauchy (as
in Martin et al., 2004) and exponential and uniform. The ex-
ponential kernel was used following the assumption that fu-
ture fissures will not open far from existing ones and that
the likelihood of a new fissure decays much more rapidly
with distance than with the Cauchy and Gaussian kernels.
The uniform kernel was considered to account for a uniform
smoothing over a given distance. In other words, the uniform
kernel represents the case in which we do not rank points
within a given distance from a fissure as more or less prone
to a new opening, accounting also for the uncertainty in the
fissure location.

We repeat the selection of the best pair of kernel function
and degree of clustering for three partitions between training
and testing datasets of fissures (first three rows in Table 1) to
test the stability of the results. Once the best pair for a given
partition is selected, we build a reference probability model
by applying Eq. (1) to the training data for that partition (Ta-
ble 1).

3.3 Model performance evaluation

For each of the three reference models (one for each parti-
tion of the data in the last 4000 years), in order to judge their
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Table 1. Different partitions or training and testing data explored (first two columns respectively). In columns 3 and 4 we provide, for each
partition, the pair of kernel function and smoothing parameter values that fit well the ECDF of the distance to the nearest system of fissures
in the training data and is capable of explaining the testing data (p values > 5 %). See text.

Training Testing Kernel Smoothing  p value
period period function h (m)

2000BCE to 1600CE 1601 CE to present  exponential 1250 0.16
2000BCE to 1900CE 1901 CE to present  exponential 1000 0.4
2000BCE to 1970CE 1971 CE to present  exponential 500 0.14
1600 to 1900 CE 1901 CE to present  exponential 1000 0.23

performance on the testing data, we repeat the following pro-
cedure.

First we compute the log likelihood of observing the test-
ing data under the reference model similarly to Marzocchi
et al. (2016):

Ny NN
LLjeas = Z)\xi,y; + Z (1 - )‘xi.yi) ’ S
i=1 i=1

where Ny is the number of grid cells that host the trace of at
least one test fissure, and Ny is the remaining number of grid
cells (i.e. Ny = Nc — Ny).

We then generate 100 synthetic catalogues of fissures
based on the reference model, in which synthetic fissures
are randomly placed on the target grid, with a higher chance
where the reference model has larger A. Each synthetic cat-
alogue consists of the same number of fissures as in the test
dataset. Further, the length of each synthetic fissure is sam-
pled without replacement from the test catalogue. This im-
plies that the number of grid cells hosting a synthetic fis-
sure is Ny as for the real test data, and this is an important
requirement for synthetic- and real-catalogue likelihoods to
be comparable. In fact, for each jth synthetic catalogue, we
compute the log likelihood of observing the synthetic data
under the reference model similarly to Eq. (3). By compar-
ing the log-likelihood value of the real test data to the cu-
mulative distribution of the 100 log-likelihood values of the
synthetic catalogues, we can judge whether the real test data
are a plausible sample of the reference model or whether they
are a very unlikely sample (or whether the p value on the left
tail > or < 5 %).

3.4 Sensitivity analysis

So far, we have described the method of achieving a refer-
ence model, based on the data of the last 4000 years. In order
to evaluate how much our results and tests change accord-
ing to different hypotheses and assumptions, we repeat the
model training and testing both considering (i) a shorter time
window for the input data (i.e. since 1600 CE) and (ii) the po-
tential effects of other phenomena such as the stress change
on the mapped fissures induced by different plausible defor-
mation source scenarios in Etna’s recent eruptions, proposed
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in the literature (Bonaccorso et al., 2006; Bonaccorso and
Aloisi, 2021).

3.4.1 Using only the data since 1600 CE

As a first sensitivity analysis, we re-apply our strategy only
considering the most recent part of the input data, the last
400 years, considered to be a complete catalogue of the flank
eruptions at Etna. For this time window, we partition the data
into training and testing at 1900 CE (Table 1, bottom line),
thus using the data from the oldest 300 years for training
the model and those from the most recent 120 years for the
testing. We remark that this time window neglects the older
portion of the catalogue, which captures flank eruptions sim-
ilar, in terms of eruptive style, frequency and magnitude, to
the recent ones. However, this time window is similar to that
used in previous studies (Salvi et al., 2006; Guest and Mur-
ray, 1979; Behncke and Neri, 2005; Cappello et al., 2013).

3.4.2 Inclusion of stress changes due to different
deformation sources

Theoretical studies have demonstrated that the trajecto-
ries of dikes underneath topography are affected by a bal-
ance among the topographic load, buoyancy forces, exter-
nal stresses and the free surface (e.g. Davis et al., 2021).
Host rock stresses then influence magma pathways, and erup-
tive fissures tend to align themselves with the most energy-
efficient orientation, which is roughly perpendicular to the
least compressive principal stress axis (o03; e.g. Anderson,
1951; Pollard, 1987; Dahm, 2000; Gudmundsson, 1995;
Maccaferri et al., 2010; Roman and Jaupart, 2014; Rivalta
et al., 2019). As mentioned in the Introduction, eruptive fis-
sures at the cone-shaped Etna volcano are roughly oriented
in a radial pattern (e.g. see Fig. 2a); for example according
to Acocella and Neri (2009), such a pattern is directly corre-
lated with the stress field in the volcanic cone, and this is the
reason why we want to test whether fissure orientation adds
further information on the location of flank eruptions.

When deformation processes take place underneath the
volcano, it is possible to foresee changes in normal and shear
stresses in fracture planes, the magnitude of which depends
also on the orientation of the plane with respect to the defor-
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Figure 3. Empirical cumulative density functions (ECDFs) of the distance to the nearest system of fissures (red dots) for the training period
2000 BCE to 1600 CE (a) and 1600 to 1900 CE (c). The curves represent the theoretical cumulative for different kernel functions (Gaussian,
Cauchy, exponential and uniform) and smoothing parameter %, as in the legends on the right for each case. ECDFs of the log likelihood of
synthetic catalogues of synthetic fissures (black line) under the reference model for the training period (b) 2000 BCE to 1600 CE (exponential
kernel, # = 1250 m) and (d) 1600 to 1900 CE (exponential kernel, # = 1000 m). In red we point out the value of the log likelihood achieved
by the reference model on the real testing data, providing the p value in percent.

mation source (e.g. Stein, 1999; Lin and Stein, 2004; Wal-
ter et al., 2005). According to this observation, in this work
we are interested in evaluating whether changes in normal
stresses on fissure planes, associated with different deforma-
tion scenarios, are informative to improve our spatial assess-
ment of flank-opening likelihood. In particular, we assume
that unclamping, a reduced compressive normal stress on the
fissure plane (and conventionally indicated by a positive vari-
ation in normal stress), can favour fissure opening. In prac-
tice, we compute the normal component of the compressive
stress change on the fissures in the catalogue accounting sep-
arately for two possible sources of deformation: a volumetric
source at depth feeding of the volcanic system and a lateral
slip of the eastern flank of the volcano towards the Ionian
Sea. These sources of deformation have been proposed re-
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cently in the literature (Bonaccorso et al., 2006; Bonaccorso
and Aloisi, 2021) to explain the deformation patterns ob-
served in GPS data. We also account for a linear combination
of the stress change due to both sources if active simultane-
ously. We acknowledge that these two sources may not be
active systematically and with the same intensity in a con-
stant way; however, we argue that, when they are active, the
assumption that the stress pattern (i.e. the relative stress dif-
ference over the fissures) does not change sign but is mostly
enhanced or decreased depending on the deformation inten-
sity and location can be acceptable at first order.

In order to compute the stress on a given fissure, we as-
sume the fissure as the intersection with the Earth’s surface of
a vertical structure. We use the software Coulomb 3.3 (Toda
et al., 2005; Lin and Stein, 2004) to compute the compressive

https://doi.org/10.5194/nhess-24-4431-2024
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performance on the testing data with respect to the reference model.

stress change (normal and shear components) in vertically
oriented fissures assuming the deformation caused by the ac-
tive sources proposed recently in the literature for Etna, re-
trieved by inverting the displacement recorded at the surface.
In particular, we model the sources defined according to data
from Table 2 in Bonaccorso et al. (2006). The first source
is volumetric, with a volume of 7.9 x 10° m3 located at the
point (499634°E; 4177478°N) in UTM coordinates and at
depth 2.9 km b.s.1. (below sea level). We also performed tests
varying the depth from 2.9 to 6.0 km b.s.1., without significant
changes in the relative stress change distribution. The sec-
ond source is a slip of the eastern flank, with the coordinates
of the top centre of the plane at (505375°E; 4172644° N) in
UTM coordinates, at a depth 0.6kmb.s.1., with azimuth an-
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gle relative to North of 8°. The length and the width of the
plane are 20.3 and 25 km respectively; its dip angle is 11.2°.
The slip on the plane is —0.042m in strike direction and
—0.077 m in dip direction. In all of the cases, we use Pois-
son’s ratio equal to 0.25 and Young’s modulus 8.0 x 10° bar.

We then assign a weight w; to each fissure depending on
the sign and intensity of the normal component of the com-
pressive stress, ranging from O (if the fissure is subject to
clamping or is neutral) to 1 (if it is the fissure with maximum
unclamping stress). In Fig. 2 we show different colour shades
the normal stress change on the fissures in our dataset (nega-
tive and positive respectively for clamping and unclamping)
according to the three sources of deformation considered in
this study: volumetric, flank slip and both of them. We then

Nat. Hazards Earth Syst. Sci., 24, 4431-4455, 2024
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Vent opening probability (Exponential kernel). Canonical map
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rebuild reference models for each of the partitions into train-
ing and testing reported in Table 1, considering the weights
due to the deformation source § as

N¢

Zla)if(di§ 0, h)
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By = T @)
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For each partition, we then compute the log likelihood of
the model considering the deformation source S on the test-
ing data, enabling the comparison with the unweighted refer-
ence model by means of the log-likelihood difference: if the
weighted model that considers the deformation source S has
a larger likelihood on the testing data (positive log-likelihood
difference), then it means that it outperforms the unweighted
model in explaining the testing data, so it must be preferred,
otherwise not.

We repeat this for each source of deformation (volumetric,
flank slip, both), in each case identifying those fissures ex-
periencing unclamping stress, i.e. those fissures located and
oriented favourably for opening.
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4 Results

4.1 Reference model on training data and test on
independent data

In Fig. 3a we show the comparison of the ECDF of the real
training data (dots) with the theoretical cumulative distri-
bution of the distance to the nearest system of fissures for
the different types of kernel function explored (Gaussian,
Cauchy, exponential and uniform) and different values of
the smoothing coefficient 4 for the training set 2000 BCE to
1600 CE. By computing the RMSE between the ECDF points
and the cumulative of the different kernel functions, we find
that the exponential model is always among the best ones
in explaining the real ECDF, with best /& values ranging
from 500 to 1000 m for the partitions testing on recent data
(1900 CE or later) up to 1250 m when testing also on older
data (see Table 1). We see that the smoothing factor does
not change dramatically when different boundaries between
training and testing data are set.
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Table 2. Columns 3-5: probability of future flank eruption in the different rifts (south, west and northeast respectively in columns 3, 4
and 5) and in parentheses the probabilities normalized per square kilometre. Columns 6—8: percentiles of the points A, B and C (respectively
columns 6, 7 and 8) located at the three vents active in June 2022 on Etna (e.g. Fig. 6). The rift probabilities and the June 2022 vents’
percentiles are relative to the spatial probability distribution for flank eruptions computed for different data periods (first column) and

deformation sources (second column).

Dataset Deformation  Probability  Probability  Probability =~ Percentile = Percentile = Percentile
model S rift W rift NE rift point A point B point C

2000 BCE to present  none 0.170 0.075 0.085 99.3 99.3 97.0

(canonical model) (0.0014) (0.0018) (0.0048)

2000 BCE to present  vol 0.136 0.088 0.033 99.3 99.3 97.4
(0.0011) (0.0021) (0.0019)

2000 BCE to present  flank 0.214 0.012 0.094 98.2 98.5 98.4
(0.0018) (0.0003) (0.0053)

2000 BCE to present  both 0.164 0.061 0.053 99.3 99.3 97.8
(0.0014) (0.0014) (0.0031)

1600 CE to present none 0.112 0.057 0.114 99.3 99.3 96.3
(0.0009) (0.0014) (0.0065)

1600 CE to present vol 0.116 0.066 0.033 99.3 99.3 97.3
(0.0010) (0.0015) (0.0019)

1600 CE to present flank 0.160 0.013 0.144 99.4 99.4 97.2
(0.0013) (0.0003) (0.0081)

1600 CE to present both 0.127 0.051 0.062 99.3 99.3 97.4
(0.0010) (0.0012) (0.0035)

In Fig. 3b we show the ECDF of the log likelihood of
the synthetic testing datasets sampled from the reference
model built with the exponential kernel and smoothing factor
h = 1250 m for the partition shown in Fig. 3a, with a red bar
showing the value of the log likelihood of the real testing data
(i.e. the data between 1601 CE and the present; see Table 1).
Based on this analysis, we cannot reject the hypothesis of the
reference models built on the training data by means of the
exponential kernel being able to explain the real testing data.

In Fig. 4a we show the reference model built on the train-
ing data 2000 BCE to 1600 CE with the corresponding best
combination in kernel function and smoothing parameter (i.e.
for the case shown in Fig. 3b and first row in Table 1). For a
visual inspection, we overlay the training and testing fissures.

4.2 Sensitivity analysis

In Fig. 3c we show the same results as Fig. 3a when consider-
ing only the most recent portion of input data (last 400 years),
with the training set from 1600 to 1900 CE and the testing
set from 1901 CE to present. Also in this case, according to
the RMSE, the exponential model is the best one in explain-
ing the real ECDF, with the best /1 value around 1000 m (see
Table 1, bottom line). In Fig. 3d we show the ECDF of the
log likelihood of the synthetic testing datasets sampled from
the reference models built with the exponential kernel and
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smoothing factor 4 = 1000 m for the case of Fig. 3c. Simi-
larly to the case above (and to the other two partitions con-
sidered; see Appendix), we cannot reject the hypothesis of
the reference models built on the training data by means of
the exponential kernel being able to explain the real testing
data. The reference model built on the training data 1600-
1900 CE is shown in Fig. 4b. The main difference between
this map and the one built on the training period 2000 BCE to
1600 CE is related to the fissures located at high elevation
(> 2500ma.s.l.), which are included in the testing set in
Fig. 4a and partially in the training set in Fig. 4b. The com-
parisons for the other two partitions explored when consider-
ing the data from the last 4000 years, as well as all the other
results for those two partitions, are provided in the Appendix
(Fig. Al).

In Fig. 4c and d, we show the log-likelihood difference,
compared to the reference models of the two cases shown in
Fig. 4a and b, of the models built when considering the ori-
entation of fissures and the normal stress change due to dif-
ferent deformation sources, i.e. volumetric at approximately
3kmb.s.I. depth, flank slip towards the east and a combina-
tion of both (Sect. 3.4.2). We can see that the gain in model
performance when weighting the training fissures according
to their favoured orientation to unclamping stress is not uni-
vocal: the weighting according to the volumetric source of
deformation is the one that maximizes the gain in likelihood

Nat. Hazards Earth Syst. Sci., 24, 4431-4455, 2024
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Vent opening probability (Exponential kernel). Alternative canonical map
(using all the post 1600 data; no deformation considered)
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Figure 6. Result of the sensitivity analysis: map of the probability (colours in log scale) of flank fissure opening at Etna, based on a shorter
time window for input data (1600 CE to present, solid black lines). The locations of the vents active in June 2022 are indicated by white
points and labelled A, B and C. The location and extent of the built environment are shown as shaded pale-blue areas, and altitude contour
lines are shown as dashed black lines. In solid white lines we show the oldest fissures (2000 BCE to 1600 CE) not used in these maps.

in three out of four partitions (see also the Appendix for the
training on 2000 BCE to 1900 CE and 2000 BCE to 1970 CE;
Fig. A2), except in the case of training on 1600 to 1900 CE,
where that model is rejected, and the preference is to use
both volumetric and flank slip sources. In all of the exam-
ined cases, the flank slip source by itself never gives rise to
the preferred model.

In the Supplement we provide a CSV file containing, for
each grid point, the probability according to the canonical
model and to all the sensitivity test models (eight models in
total).

5 Discussion

5.1 A canonical spatial probability map for future
flank fissures based on the last 4000 years of data

Based on our analysis of the position of flank fissures at Etna
in the last 4000 years, a spatial map for flank fissure open-
ing at Etna built with an exponential kernel should be able to
forecast the position of the future fissures better than chance.

Nat. Hazards Earth Syst. Sci., 24, 4431-4455, 2024

On the one hand, the position of the past systems of fissures
seems informative of the preferred positions of fissures that
will open afterward. On the other hand, the results we have
achieved by splitting the data into training and test subsets
(Fig. 3b—d) show that (i) data incompleteness (unavoidable
in such volcanic settings of high activity rate on a time period
of thousands of years) does not seem to deteriorate the fore-
casting capability to an excessive degree and that (ii) there
is no significant evidence of a systematic spatial migration
in time during the past 4000 years. As a consequence, we
propose a probabilistic model for the opening of future flank
fissures based on Eq. (1) and using the complete dataset of
known fissures in the last 4000 years and the largest smooth-
ing parameter value for this case (& = 1250 m, top row in
Table 1). This model, which we call “canonical”, is shown in
Fig. 5 (colours are represented using a logarithmic scale; see
Fig. A3 in the Appendix for the colours in linear scale) and is
based on the longer set of data available (the last 4000 years),
still representative of the present state of Etna volcano. This
map is based only on geological data, with the only assump-
tion that future eruptions are more likely to open close to

https://doi.org/10.5194/nhess-24-4431-2024
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Vent opening probability considering the effect of Normal stress change in fissures assuming
a volumetric source (source parameters from Bonacorso et al., 2006)
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Figure 7. Sensitivity analysis: maps of the probability (colours in log scale) of flank fissure opening at Etna, based on the data 2000 BCE
to present (solid black lines), considering the unclamping stress in the input fissures. Panels (a)—(c) correspond to, respectively, information
from the volumetric, flank slip and both sources. In each panel, the locations of the vents active in June 2022 are indicated by white points
and labelled A, B and C. The location and extent of the built environment are shown as shaded pale-blue areas.

past flank eruption fissures. Furthermore, the input dataset
includes only the active portion of the past fissures, i.e. those
effectively feeding an eruption.

Overall, the canonical map clearly shows that the open-
ing of fissures higher up towards the summit of the volcano
(i.e. approximately > 1500 m a.s.1.) has probabilities 2-3 or-
ders of magnitude larger than positions located at low al-
titudes. This is expected due to the higher density of fis-
sures at higher elevations, yet it is possibly underestimated
by the overlapping of younger lava flows burying older fis-
sures. A clear north-to-southeast stretch in the probability
pattern emerges, due to the density of fissures along the NE
and S rifts (e.g. Ruch et al., 2010). This north-to-southeast
stretch also shows that, on the SSE flank, intermediate prob-
ability values (1073 to 10™%) can be found at low altitudes,
that is, down to approximately 300 m a.s.1., enclosing densely
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populated areas immediately upstream of the city of Catania
(e.g. the municipalities of Nicolosi, Mascalucia and Pedara;
see Fig. 5). Moreover, on the SSE flank the probabilities
are not negligible (107 to 10™>) up to very low elevations,
i.e. about 100 ma.s.l. In contrast, in the other directions the
intermediate probabilities are found at altitudes greater than
1000 m a.s.l. and enclosing inhabited areas only to a limited
extent. With respect to the previously available maps in Cap-
pello et al. (2012, 2013), we see that our results confirm a
northeast to southeast pattern in the highest probability al-
ready highlighted in those papers. Considering that the Mon-
gibello flank eruptions showed a gradual clustering along the
northeast, south and west rifts (Azzaro et al., 2012), we in-
vestigated whether this clustering is confirmed by our prob-
ability analyses. In Table 2 (first line) we show the cumu-
lated probability of future flank opening in the different rift

Nat. Hazards Earth Syst. Sci., 24, 4431-4455, 2024
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Vent opening probability considering the effect of Normal stress change in fissures assuming
a volumetric source (source parameters from Bonacorso et al., 2006)
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Figure 8. Sensitivity analysis: maps of the probability (colours in log scale) of flank fissure opening at Etna, based on the data 1600 CE to
present (solid black lines), considering the unclamping stress in the input fissures. Panels (a)—(c) correspond to, respectively, information
from the volumetric, flank slip and both sources. In each panel, the locations of the vents active in June 2022 are indicated by white points
and labelled A, B and C. The location and extent of the built environment are shown as shaded pale-blue areas. In solid white lines we show

the oldest fissures (2000 BCE to 1600 CE) not used in these maps.

areas (these areas are shown in Fig. 1 by dashed—dotted black
lines). Since the spatial extent of the three rifts is very differ-
ent (NE ~ 18 km?; S ~ 119 km?; W &2 42 km?), in Table 2 we
also show in parentheses the probability normalized per unit
area (per square kilometre). The S rift has the highest cu-
mulated probability among the rifts. This result is coherent
with the fact that the S rift has been the main zone of magma
intrusion for the last 2500 years (Branca and Abate, 2019).
However, the S rift is by far the largest one, so a compari-
son of the normalized probability per unit area is also useful:
it shows that the NE rift is the one characterized by a spa-
tial peak in the probability, with a normalized value about
3—4 times larger than for the W and S rifts respectively. The
W rift has the lowest normalized probability value. For com-
parison, the cumulated probability of flank eruption outside
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the rifts is about 0.67 spread over a very large area, resulting
in a probability per unit area of 7 x 107 per square kilo-
metre, which is an order of magnitude lower than in the W
rift, the lowest-probability one. We note that the S rift is the
one much closer to, and partially covering, areas character-
ized by intense urbanization. From a risk perspective, a more
“diffuse” and less peaked spatial probability of a future flank
eruption on the S rift poses a hazard characterized by a large
aleatory uncertainty (e.g. see Marzocchi and Jordan, 2014)
on the southern flank of the volcano. The S rift is also the
one with non-negligible probability at the lowest elevations
and closest to urbanized areas: below 1000 ma.s.l. the cu-
mulated probability of flank opening in the S rift is approxi-
mately 0.04, whereas below 500 m a.s.l., where most urban-
ization is found, it is around 0.03.

https://doi.org/10.5194/nhess-24-4431-2024



L. Sandri et al.: An updated spatial probability map for flank eruptions at Etna 4445

5.2 Sensitivity analysis: alternative maps

Considering only the flank fissures that opened in the most
recent 400 years in Eq. (1), the best kernel distribution for
this case (exponential with 2 = 1000 m; bottom row in Ta-
ble 1) yields the probabilistic model shown in Fig. 6. Sim-
ilarly to the canonical model in Fig. 5, this map confirms
that high-altitude vent positions have larger probabilities. It
shows higher-resolution details in probability changes (due
to a smaller smoothing parameter value), but it neglects the
fact that distal fissures have opened at Etna in the previous
3600 years. Indeed, the probability pattern is more peaked
at higher altitudes (i.e. > 1500 ma.s.l.); at lower altitudes
it has lower values than in the previous case. Similarly to
the canonical map (Fig. 5), the opening probability based on
the last 400-year fissures shows a clear north—south stretch
(Fig. 6). However, compared to the canonical map, it yields
much lower values at elevations where inhabited areas are
present, for example below 500 and 1000 m in the south and
west slopes respectively.

The addition of the information from the unclamping
stress transferred from a volumetric source of deformation
at depth and/or an eastward flank slip movement does not
univocally improve or deteriorate the forecast on the posi-
tion of future fissures: this analysis shows contrasting results
when different partitions of training and/or testing data are
assumed (Fig. 4c and d). When giving a higher weight to
fissures favourably oriented to unclamping in response to a
volumetric stress change (Figs. 7a and 8a), the probabilis-
tic pattern is roughly axisymmetric. In all of the remaining
cases, the north-to-south stretch in the probability pattern ap-
pears as in the canonical map of Fig. 5, especially when stress
changes due to an eastward flank slip are included (Fig. 8b—
¢), due to the favoured orientation of many fissures in this
condition.

For comparison with the canonical model of Fig. 5, in Ta-
ble 2 we also provide the cumulated probability of future
flank opening in the different rift areas computed under the
alternative models explored in the sensitivity analysis. The
inclusion of the effect of unclamping stress on fissures does
not affect the main findings when the last 4000 years of data
are used (rows 2—4 in Table 2). However, when we weight
the fissures with the unclumping stress under a volumetric
change in the deformation pattern, the normalized probabil-
ity in the W rift becomes the largest, whereas when the flank
slip mechanism is accounted for, it becomes negligible com-
pared to the other two rift areas.

Using only the last 4 centuries of data to build the probabil-
ity maps does not change these findings significantly (rows 5
to 8 in Table 2). The most evident effect is that, overall, the
NE rift has larger probability values than those achieved us-
ing all the last 4000 years of the fissure catalogue, and con-
versely the S rift probability decreases slightly.
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In the Appendix we provide the same maps (canonical
model and alternative ones) using a linear scale for the colour
ramp (Figs. A4—A6).

After completing the data analysis and model setup
for this paper, at the beginning of June 2022, there
were three active vents producing lava flows on
Etna (https://www.ct.ingv.it/Dati/informative/vulcanico/
ComunicatoETNA20220612201349.pdf, last access:
November 2024). Their locations are shown in Figs. 5-8
(points labelled A, B and C). Since these vents had not
been used in building the probability maps, their position is
tested to check whether they have opened in high-probability
areas. In Table 2 we show the overall percentiles of these
three vents in the distributions computed on the basis of
different data periods (data since 2000 BCE or 1600 CE)
and deformation models. In all cases we see that the vents
active in June 2022 opened in areas with probabilities well
above the 95th percentile, and in most of the combinations
of data periods and deformation models, points A and B are
above the 99th percentile. We consider this a small piece
of evidence in favour of our maps being an informative and
quantitative tool to forecast the position of future vents.

6 Conclusions

In this work, we have reconstructed the most complete and
up-to-date catalogue of flank fissures at Etna that opened
in the last 4000 years, based on the most recent and com-
plete update of the geological map of Etna, which represents
significant progress in the geological studies of this volcano
over the last 30 years (Branca et al., 2011b).

We have used this catalogue to build a spatial probability
model for fissure opening in future flank eruptions at Etna.
The proposed model extends and improves the previous ones
available in the literature, as the temporal range that our in-
put data cover (4000 years) is larger with respect to previous
works (up to 500 years; Guest and Murray, 1979; Behncke
and Neri, 2005; Wadge et al., 1994; Salvi et al., 2006; Favalli
et al., 2009b; Cappello et al., 2013), and it is based on a more
complete and updated geological map.

Since the reconstructed catalogue is composed of over
120 systems of fissures, we were able to split the data into
training and testing subsets. This allowed us to perform an
objective evaluation of the model performance on indepen-
dent data with respect to those used in the model setup. It
also allowed excluding the possibility that the unavoidable
(over a time interval of 4000 years) data incompleteness sig-
nificantly deteriorates the forecasting capability of the loca-
tion of flank fissures based on the position of previous ones.
Finally, it excluded a systematic and significant spatial mi-
gration in time during the past 4000 years.

The proposed canonical model shows that high-altitude
flank fissures are more likely by 2-3 orders of magnitude
with respect to the lower-altitude ones. It also confirms a
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northeast to southeast pattern of higher probability, which
involves the highest urbanized flank immediately upstream
of the city of Catania, as already found by Cappello et al.
(2012, 2013).

In order to check the effects of the hypothesis and assump-
tions of our model, we build alternative models based on (i) a
shorter time window of data (only the last 400 years, a period
that is considered complete in terms of flank fissure record-
ing) and (ii) a weighting of the past fissures according to the
unclamping stress exerted by changes in the normal stress
due to different deformation patterns at depth. We consid-
ered two deformation sources proposed recently in the litera-
ture (Bonaccorso et al., 2006; Bonaccorso and Aloisi, 2021),
i.e. a volumetric source at depth and an eastward flank slip
of the eastern flank of Etna, and a combination of the two.
The canonical map based on the last 4000 years shows non-
negligible probabilities at elevations lower than those based
on the last 400 years. This result is in agreement with the
opening of fissures at low altitudes (below 1000 m a.s.1.) ob-
served before the 1669 CE eruption and subsequently with
their greater concentration in the mid-slopes to upper slopes
(Branca and Abate, 2019). Both the maps based on the last
4000 and 400 years show that the three rifts (NE, S and W;
Azzaro et al., 2012) are the areas with highest probability
per unit area of flank fissure opening. The low elevations to
which the probability of opening on the S rift extends, espe-
cially when considering the canonical map, and the intense
urbanization within this area imply a high risk there.

We argue that averaging the canonical map and the al-
ternative ones into a single, weighted map may not be the
best solution for two reasons. First, in potential unrest char-
acterized by a specific deformation pattern, having separate
vent-opening maps based on alternative deformation source
models allows for giving more credit to the map based on
the deformation pattern that is similar to the ongoing one.
Secondly, in case the vent-opening maps are used for haz-
ard assessment (e.g. coupling them to simulations of lava
flows or tephra dispersal from different vents; e.g. Favalli
et al., 2009b; Del Negro et al., 2013; Selva et al., 2010; Mar-
tinez Montesinos et al., 2022), a portfolio of vent-opening
maps allows a disaggregation of the contribution to the total
hazard. In this view, the canonical map and the alternative
ones encompass and quantify the epistemic uncertainty.
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Appendix A

In this Appendix we provide six figures related to some of
the sensitivity analyses not shown in the main text. In Fig. A1l
we show the results of the analysis of the degree of cluster-
ing using other partitions of the data into training and testing
datasets (different from those shown in the main text).

In Fig. A2 we show the reference models and the results of
the sensitivity analysis to different sources of deformation for
other partitions of the data into training and testing datasets
(different from those shown in the main text).

In Fig. A3 we show the canonical model in linear scale.

In Fig. A4 we show the probability model achieved with
the sensitivity test using only the last 400 years of data in
linear scale.

In Fig. A5 we show the probability models, in linear scale,
achieved with sensitivity tests on the canonical model based
on different weighting of past fissures according to different
sources of deformation.

In Fig. A6 we show the probability models, in linear scale,
achieved with sensitivity tests on the model based on differ-
ent weighting of past fissures according to different sources
of deformation and built on the last 400 years only.

We also provide a table (Table Al) with the polygons
defining the three rifts, taken from Azzaro et al. (2012).

Table Al. Points defining the polygons of the three rifts from
Azzaro et al. (2012). Coordinates are given in UTM coordinates,
33T zone.

Rift name Long UTM (easting) Lat UTM (northing)
South (S) 498995 4174932
505687 4174168
510198 4163548
492739 4166057
West (W) 497576 4178606
498086 4175660
489247 4173259
487938 4179333
Northeast (NE) 500050 4182461
4502923 4188172
505869 4186644
502014 4181516
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Figure Al. (a, b) Empirical cumulative density functions (ECDFs) of the distance to the nearest system of fissures (red dots) for the training
period 2000 BCE to 1900 CE (a) and 2000 BCE to 1970 CE (b). The curves represent the theoretical cumulative for different kernel functions
(Gaussian, Cauchy, exponential and uniform) and smoothing parameter /4, as in the legends on the right for each case. (¢, d) ECDFs of the
log likelihood of synthetic catalogues of synthetic fissures (black line) under the reference model for the training period (¢) 2000 BCE to
1900 CE (exponential kernel, # = 1000 m) and (d) 2000 BCE to 1970 CE (exponential kernel, 7 = 500 m). In red we point out the value of
the log likelihood achieved by the reference model on the real testing data, providing the p value in percent.
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Figure A2. (a, b) Spatial probability (colours in log scale) distribution of flank opening under the reference model for the training period
2000 BCE to 1900 CE (a) and 2000 BCE to 1970 CE (b). In black and green the training and testing (i.e. post-1900 CE and post-1970 CE
for a and b respectively) fissures. (¢, d) Log-likelihood difference between the models weighted with the three deformation sources explored
(volumetric, flank slip and both) and the reference model of panels (a) and (b) respectively. Positive differences (values above the dashed
line) indicate a best performance on the testing data with respect to the reference model.
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Vent opening probability (Exponential kernel). Canonical map
(using all the available data; no deformation considered)
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Figure A3. Same as Fig. 5 but in linear scale: map of the probability (colours in linear scale) of flank fissure opening at Etna, based on the
data 2000 BCE to present (solid black lines), in what we call the canonical model. The locations of the vents active in June 2022 are indicated
by white points and labelled A, B and C. The location and extent of the built environment are shown as shaded pale-blue areas, and altitude
contour lines are shown as dashed black lines.
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Vent opening probability (Exponential kernel). Alternative canonical map
(using all the post 1600 data; no deformation considered)
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Figure A4. Same as Fig. 6 but in linear scale: map of the probability (colours in linear scale) of flank fissure opening at Etna, based on a
shorter time window for input data (1600 CE to present, solid black lines). The location of the vents active in June 2022 is indicated by white
points and labelled A, B and C. The location and extent of the built environment are shown as shaded pale-blue areas, and altitude contour
lines are shown as dashed black lines.
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Vent opening probability considering the effect of Normal stress change in fissures assuming Vent opening probability considering the effect of Normal stress change in fissures assuming
a volumetric source (source parameters from Bonacorso et al., 2006) an East-flank slip source (source parameters from Bonacorso et al., 2006)
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Figure AS. Same as Fig. 7 but in linear scale: maps of the probability (colours in linear scale) of lateral fissure opening at Etna, based
on the data 2000 BCE to present (solid black lines), considering the unclamping stress in the input fissures. Panels (a)—(c) correspond to,
respectively, information from the volumetric, flank slip and both sources. In each panel, the locations of the vents active in June 2022 are
indicated by white points and labelled A, B and C. The location and extent of the built environment are shown as shaded pale-blue areas. In
solid white lines we show the oldest fissures (2000 BCE to 1600 CE) not used in these maps.

https://doi.org/10.5194/nhess-24-4431-2024 Nat. Hazards Earth Syst. Sci., 24, 4431-4455, 2024



4452 L. Sandri et al.: An updated spatial probability map for flank eruptions at Etna

Vent opening probability considering the effect of Normal stress change in fissures assuming
a volumetric source (source parameters from Bonacorso et al., 2006)
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Figure A6. Same as Fig. 8 but in linear scale: maps of the probability (colours in linear scale) of lateral fissure opening at Etna, based on the
data 1600 CE to present (solid black lines), considering the unclamping stress in the input fissures. Panels (a)—(c) correspond to, respectively,
information from the volumetric, flank slip and both sources. In each panel, the locations of the vents active in June 2022 are indicated by
white points and labelled A, B and C. The location and extent of the built environment are shown as shaded pale-blue areas. In solid white
lines we show the oldest fissures (2000 BCE to 1600 CE) not used in these maps.
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