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Structural analysis of the eruptive fissures at Mount Etna (Italy)
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ABSTRACT

Mount Etna produces frequent eruptions from its summit craters and from

fissures on its flanks. The flank fissures trend approximately radially to
the summit, and are mainly concentrated in three rift zones that are
located on the NE, S and W flanks. Many flank eruptions result from
lateral magma transfer from the central conduit into fractures intersecting
the flanks, although some eruptions are fed through newly formed conduits
that are not directly linked to the central conduit. We analyzed the
structural features of eruptions from 1900 to the present, one of the most
active periods in the documented eruptive history of Etna, which
comprised 35 summit and 33 flank events. Except for a small eruption on
the W flank in 1974, all of the flank eruptions in this interval occurred on
or near the NE and S rifts. Eruptions in the NE sector were generally
shorter, but their fissure systems developed more rapidly and were longer
than those in the S sector. In contrast, summit eruptions had longer mean
durations, but generally lower effusion rates (excluding paroxysmal events
characterized by very high effusion rates that lasted only a few hours).
This database was examined considering the main parameters (frequency
and strike) of the eruptive fissures that were active over the last ~2 ka.
The distribution in time and space of summit and flank eruptions appears
to be closely linked to the dynamics of the unstable E to S flank sector of
Etna, which is undergoing periodic displacements induced by subvolcanic
magma accumulation and gravitational pull. In this framework, magma
accumulation below Etna exerts pressure against the unbuttressed E and
S flanks, which have moved away from the rest of the volcano. This has
caused an extension to the detachment zones, and has facilitated magma
transfer from the central conduit into the flanks.

1. Introduction

Mount Etna (Italy) is one of the most active volcanoes
on Earth. Although it is nearly continuous, the summit
activity does not pose a significant threat to human life and
property. On the contrary, flank eruptions represent the most
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dangerous type of eruptive activity, since these occur closer
to vulnerable areas, such as towns, villages, lifelines, and
cultivated land [Crisci et al. 2010].

Etna is located at the edge of the Appenine-Maghrebian
Chain [Cristofolini et al. 1979, Lanzafame et al. 1997], along
the N-S trending extensional Malta escarpment (Figure 1,
inset), and it lies on Pliocene-Pleistocene foredeep deposits
[Lentini 1982]. Its tectonic setting is characterized by an
overall E-W extension direction [Bousquet and Lanzafame
1986, Monaco and Tortorici 2000]. Volcanism at Etna evolved
from sporadic, predominantly subaerial and submarine,
activity along fissures (up to 200 ka ago), with the
development of several vents that are dispersed over a wide
area. Finally (200 ka ago — today) there was the construction
of the present-day stratovolcano [Romano and Sturiale 1982,
Corsaro et al. 2002, Tanguy et al. 2003, Branca et al. 2004].
like Etna
characterized by summit and flank eruptions. Summit

Central stratovolcanoes are often
eruptions are the consequence of the ascent of magma from
a reservoir through a central conduit. Flank eruptions are
commonly characterized by multiple aligned vents that
radiate from the summit of the volcano. Most of the
observed flank eruptions at Etna originated from the central
conduit: here, while the magma rises to often feed summit
eruptions, at times it propagates laterally and downslope, to
feed radial fissures and flank eruptions [i.e. Rubin and Pollard
1987]. Sometimes, flank eruptions are not fed through the
central conduit, but they are directly fed through new
conduits from a reservoir beneath the volcano [Acocella and
Neri 2003, and references therein)].

In this report, we illustrate the modalities of the flank
eruptions at Etna over approximately the last 2000 years,
with particular attention to the last 110 years of activity, for

which a detailed structural database is shown and discussed.
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Figure 1. Simplified structural map of Mount Etna (a), showing the distribution of Etnean volcanics, eruptive fissures and major pyroclastic cones produced
by flank eruptions, significant fault systems, and the sector of the volcano that is affected by flank instability-induced displacement. Arrows indicate
directions of movement for different portions of the mobile flank sector. Inset at top: LIDAR-derived digital elevation model of the summit crater complex
[Neri et al. 2008b]. CC, central craters; PFS, Pernicana fault system; RFS, Ragalna fault system; TF, Trecastagni fault; TMF, Tremestieri fault. The
pre-Quaternary sedimentary rocks include the AMC and CGF deposits. The regional tectonic context is shown in inset (b); AMC, Appenine-Maghrebian
Chain; CGF, Gela-Catania foredeep; HF, Hyblean foreland; ME, Malta Escarpment; CoF, compressional front; EF, extensional front; the area outlined by

the broken line is the area enlarged in (a).

The main goal is the construction of an interpretative model
of the transfer of magma within the volcanic edifice, to
define the main structural parameters, and possibly, the role
of the magmatic intrusions in the framework of the
instability of the volcano flanks.

2. Types and frequency of Mount Etna eruptions

Mount Etna is the highest active volcano in Europe (at
3,329 m above sea level [asl] in summer 2007) [Neri et al.
2008b], and it has an open central conduit that feeds four
summit craters that are located close to the W rim of the
Valle del Bove depression: Voragine (VOR; active since 1945
inside the former central crater), the NE Crater (active since
1911), Bocca Nuova (BN; active since 1968), and the SE
Crater (SEC; active since 1971) (Figure 1). The volcanic
activity is mainly focused at the summit of the volcano, and
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it generates gas emissions, strombolian to paroxysmal
(Hawaiian, violent Strombolian to sub-Plinian) activity, and
lava overflows (Figure 2) from one of these summit craters,
producing so-called "summit eruptions".

At times, the volcanic activity occurs along radial
fissures that form flank eruptions from three main "rift
zones" [Rittmann 1973, Corazzato and Tibaldi 2006]: the NE
Rift, the S Rift and the W Rift (Figure 1). In these cases,
magma moves upwards through the central conduit, and at
shallow levels (a few hundreds of meters, up to 1-3 km) it
propagates laterally, penetrating, in most cases, into the rift
zones (Figure 3a). Thus, these eruptions are fed by the
central conduit rather than directly from the magma
reservoir [McGuire and Pullen 1989, Tanguy and Kieffer
1993, Bousquet and Lanzafame 2001]. This type of eruption
was named as "central-lateral" by Acocella and Neri [2003]
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Figure 2. Aerial view of a typical lava overflow from one of the Etna summit craters, the Bocca Nuova, in October 1999. Such overflows are directly fed
through the central conduit system, which leads up to the four summit craters of Etna.
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Figure 3. Conceptual model of the two types of flank eruptions at Etna, central-lateral (a) versus eccentric (or peripheral) (b), as illustrated by the two
phases of the 2002-2003 eruption. (a) Lateral transfer of magma from the central conduit (the NE Crater) into the NE Rift leads to a typical central-lateral
eruption, with numerous vents aligned along a downslope-propagating eruptive fissure system of more than 5 km long (October 27 — November 5, 2002).
(b) Eruptive activity on the upper S flank is fed through a new, eccentric conduit, and restricted to a relatively short fissure with fewer vents. The activity
here is characterized by much more enhanced explosivity compared to the central-lateral activity on the NE Rift (October 28, 2002 — January 28, 2003).
Both central-lateral and eccentric activities occurred simultaneously during the 2001 and 2002-2003 eruptions.
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Figure 4. Cumulative magma output at Mount Etna from 1900 to 2010, showing how higher mean output rates and larger individual events are linked to
periods when there are clusters of flank eruptions (marked with gray shading). These periods are also marked by enhanced movement of the unstable flank
sectors [see Behncke and Neri 2003, Walter et al. 2005, Allard et al. 2006, Neri et al. 2004, Neri et al. 2009, Solaro et al. 2010]. Dashed arrows indicate three
periods (1908-1949, 1950-1970, 1071-2010) that were characterized by different outputs (numbers on the arrows give the average eruption rate of each period).

and Neri et al. [2005]. The same mechanism of intrusion has
been commonly observed at Hawaii [Holcomb 1987,
Lockwood et al. 1987], Stromboli [Neri et al. 2008a], Vesuvius
[Acocella et al. 2009, and references therein], Nyiragongo
[Tedesco et al. 2007], Miyakejima [Geshi et al. 2002, 2010],
Izu-Oshima [Sumner 1998], Taveuni [Cronin et al. 2001],
Huaynaputina [Adams et al. 2001], and Piton de la Fournaise
[McClelland et al. 1989, Peltier et al. 2008].

A few flank eruptions have been triggered by magmatic
intrusions that are not fed through the central conduit, as
shown by any lack of continuity between the flank eruptions
and the summit craters of the volcano (in terms of seismicity,
surface deformation, and petro-chemical data). These
eruptions are possibly directly fed by the reservoir beneath
the volcano, and they are here named as "eccentric" or
"peripheral" eruptions [Rittman 1973, Acocella and Neri
2003] (Figure 3b). This type of eruption was first described
for Lamongan volcano [Kemmerling 1922] and has also been
observed at Miyakejima [McClelland et al. 1989] and
Fernandina [Jonsson et al. 1999] volcanoes. Stress fields
controlled by regional tectonics have been commonly
invoked to explain the dynamics of the lateral flow of magma
from reservoirs, and thus the occurrence of peripheral
eruptions [Gudmundsson 1987, 1998]. Nevertheless, all of
these mentioned peripheral eruptions, except for Lamongan,
occurred within volcanic edifices at least 2,000 m high. This
suggests that as an alternative to a regional component,
peripheral volcanic activity can also be influenced by a
component of stress due to the load of the volcano [Acocella
and Neri 2009].

While the summit activity is close to continuous at Etna,

467

flank eruptions (both central-lateral and eccentric) occur at
irregular intervals, in a range of less than one year to several
decades, and they appear to be organized in cycles. Indeed,
Behncke and Neri [2003] suggested that the cycles occurred
on two main time scales: in the long-term, and in the short-
term. A long-term cycle lasts several centuries and consists of
three phases: a first phase characterized by low levels of
activity, mainly at the summit, and two subsequent phases
during which flank eruptions become more frequent and
more voluminous, especially during the third culminative
phase [Wadge et al. 1975 and Guest and Murray 1979].
Conversely, short-term eruptive cycles last several
decades. In the recent history of Etna, short-term cycles have
been common since 1865, and consist of three distinct
phases: (a) a period of eruptive quiescence that lasts <3.5
years; (b) a period of more or less continuous summit
activity that lasts from 6 to 16 years; and (c) a series of flank
eruptions that often have intervening summit activity, and
that extend from 9 to 22 years. The last eruptive cycle of Etna
began after the 1991-1993 flank eruption, and it has
developed into 8 years of progressively more frequent
summit activity, followed by a series of flank and summit
eruptions. There have been four important flank eruptions
since 2001 (Figure 4) [Allard et al. 2006, Neri et al. 2009].
Here we review the eruptive history of the Etna volcano
over the last 110 years, as organized into a database (Table 1).
Furthermore, to expand the number of structural elements
that can be analyzed as much as possible, we consider also
the main parameters (frequency and strike) of the eruptive
fissures up to ~2 ka BP that are still visible on the flanks of
the volcano, or that have been covered by recent lava, but are
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a: pre-1600

b: 1600-1799

Figure 5. Historically active eruption fissures at Etna, grouped into periods: pre-1600 (a), 17 and 18 centuries (b), 19 century (c), 1900-2010 (d), and all

of the fissures together (e).

known from the literature [Romano and Sturiale 1982,
Behncke et al. 2005]. All of these eruptive fissures are
mapped together to improve our understanding of the
dynamics of the Etna summit and flank eruptions, to better
evaluate the roles of tectonics and topography. Possible links
with the structural instability that affects the volcano flanks
are also analyzed.
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3. The eruptive fissures

In the present study, we consider information on 330
eruptive fissures tha occurred over approximately the last 2 ka.
The reliability of the sources on past eruptions at Etna can be
considered adequate only from the beginning of the 17%
century [Behncke et al. 2005, Branca and Del Carlo 2005].
Fissures that formed before 1600 are usually quite uncertain
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in age. Therefore, here we refer to the pre-1600 fissures as a
single group (Figure 5a). This group includes 200 fissures that
have a largely S-ward (43%), NE-ward (23%) and W-ward
(20.5%) direction, which is mainly along the rifts. These
fissures are in general poorly known, and they have been
studied previously mainly through morpho-structural
analysis using light detection and ranging (LIDAR) [Neri et
al. 2008b, Favalli et al. 2009], detailed topographic mapping,
and previous geological studies [Romano and Sturiale 1982].
Many of the fissures are only partly cropping out, as they have
been, to lesser or greater degrees, buried by more recent
eruptive products (in particular the fissures above 2,000 m asl)
or by vegetation. For this reason, we consider only the
frequency and the strike of these pre-1600 fissures, knowing
that a significant part of their information might be lacking.

For the period between 1600-2010, we have identified a
total of 76 eruptive events in the summit area, and 68 on the
flanks. The first part of this period (1600-1669) was
caracterized by a very high average output rate (~1.4 m®s™)
[Behncke and Neri 2003, Behncke et al. 2005], and in one
occasion (in 1669) by a devasting eruption that partially
destroyed the town of Catania and numerous villages located
on the S flank of the volcano [Crisci et al. 2003]. For a
century after 1669, the eruption frequency dramatically
dropped, and then it started to rise again in the second half
of the 18" century. A clear increase in the eruption frequency
and output rate has occurred since 1950 (0.71 m? s™! on the
average output in the period 1050-1970), and especially since
the late 1970s (1.26 m® s™!, one eruption every 1.5 years on
average; see also Figure 4). Analysing the dataset by
centuries, we observe that seven summit and 11 flank events
occurred during the 17 century, and 14 summit and eight
flank events during the 18" century (Figure 5b); 13 summit
and flank events occurred during the 19t century (Figure 5¢),
and 32 summit and 27 flank events occurred during the 20
century (Figure 5d). During the first decade of the 21%

century, we must add other summit events (in 2000-2001,
2006, 2007-2008), three summit eruptions which occasionally
fed eruptive fissures close to the summit area (2006, 2007),
and six flank events between 2001 and 2010 (Figure 5).

For the 1900-2010 period, the dataset allows us to
construct a detailed chronology and structural description
of the eruptive fissures, which is shown in Table 1. The total
time that Etna was in eruption is ~13,300 days (36% of the
analyzed time); 71 eruptions (31 of which were summit
eruptions) produced 81 eruptive fissures on the volcano
flanks. Indeed, in some cases, the same eruption produced
two or more eruptive systems with different orientations,
such as the 2001 and 2002-2003 eruptions. These both
consisted of a central-lateral event located near the SE Crater,
in the Valle del Leone (in 2001), and on the NE Rift (2002-
2003), as well as eccentric events on the S flank [Neri et al.
2004]. The independence of the eccentric portions of these
eruptions from the central conduit was suggested by the
distribution of the seismic activity [Acocella et al. 2003, Neri
et al. 2005, Walter et al. 2005], by the composition of the
eruptive products [Corsaro et al. 2007], and by the geometry
and timing of the opening of the eruptive fractures [Billi et
al. 2003, Lanzafame et al. 2003]. With the exception of the
twin 1974 eccentric eruptions in the W Rift zone [Corsaro et
al. 2009], the other flank eruptive systems were equally
distributed in the N (19 fissures) and S (19) sectors.

The flank eruptions lasted between less than one day
(e.g., 1908 and 1942) and 473 days (in 1991-1993), with a
median of 23 days. The velocity of propagation of the
fractures was up to ~1 ms~! (during the initial phase of the
fracturing sequence), similar to that inferred for Iceland
[Gudmundsson 1995], with mean values between 0.26 ms™!
and 0.01 ms™'; the time required to develop a steady
deformation pattern is of the order of a few tens of hours
(median, 20 h), up to a few hundreds of hours (Tables 1 and 2).
In the N sector, the eruptions did not last quite as long

vents lava flows tephra
. . max min durationof  meanspeed width of the = max total  eruption
type of eruption  duration . length . . ) area  volume volume
and sectors (days) altitude  altitude (m) propagation of propagation fracture field length (10°m?)  (10°m%)  (10m?) volume  rate
Y (masl) (masl) (h) (m/s) (m) (km) (10°m?) (m?s1)
all eruptions 30.5 4 2 10 1 11 5.7
summit eruption 77 3 1.3 4.8 3.7 6.9 4.9
g all 23 3030 2375 2338 20 0.05 300 4.6 2.3 18.5 0.5 22.6 5.7
S
a, N sector 21 3010 2200 3825 22.8 0.053 450 6.1 3 18 1 21 7
3
-
M S sector 30 3050 2420 1840 15 0.04 150 4.1 2 19 0 24 5.8
[=)
T
& W sector 18 1660 1.4 0.3 2.3 1.6 3.8 2

Note: a.s.l. - above sea level.

Table 2. Median volcanological and structural parameters of Etna eruptions,
and for each of the N, S and W sectors.
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displayed for all of the post-1900 eruptions, summit and flank eruptions,
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(median, 21 days), developed faster (0.053 ms~'), and produced
longer (3,825 m) fissures. In the S sector, the eruptions were
frequently longer in duration (median, 30 days), but they
were characterized by more slowly propagating (0.04 ms™!)
and shorter (1,840 m) fissures. Conversely, the summit
eruptions were usually longer (median, 77 day) and had
moderate eruption rates (<5 m® s7!), although they were also
frequently characterized by violent paroxysms that lasted
for a few tens of minutes at very high effusive rates
(50—>200 m? s7!) [see Behncke et al. 2005, 2006].

Several correlations have been derived from the data
given in Table 1, and these are shown in Figure 6. There is a
positive correlation between the volume of the erupted
products and the duration of the eruptions (Figure 6a), in a
similar fashion to the positive correlation between the
erupted volumes and the length of the lava flows (Figure 6i),
as well as the area covered by the lava flows (Figure 6l). In
some cases, there is a moderate correlation (R? = 0.56)
between the length of the eruptive fissures and the
maximum width of the fracture field (Figure 6b). Moreover,
the longer the eruptive fissures, the longer the related lava
flows are (Figure 6c), and the higher the eruption rates are
(Figure 6g). It is also evident that higher eruption rates
characterize shorter eruptions (Figure 6d).

Correlations between the velocities of the propagation
of the fissures and the remaining parameters considered in
Table 1 appear less-well defined. Only the erupted volumes
can somehow be correlated to this velocity, which suggests
that the largest eruptions were produced by rapid
propagation of the eruptive fissures.

4. Discussion

The eruptions over the last century show a common
trend of development: initially Strombolian activity from the
summit craters that lasts for several months and is often
punctuated by brief, violent paroxysms; this activity
precedes, and occasionally accompanies, the flank eruptions.
These last occur through fractures associated with the lateral
propagation of radial dikes from the summit of the volcano
(i.e. the Central Craters). Thus, very often, radial dikes
transfer magma from the central conduit (and from the
Summit Craters) towards the lower portions of the volcano,
along sub-horizontal flow paths [Murray and Pullen 1984,

Ferrari et al. 1991, Bousquet and Lanzafame 2001, Acocella
et al. 2009]. Summit activity typically ends shortly after the
beginning of such flank eruptions.

During dike propagation, the magmatic activity and the
related eruptive fracture field migrate downslope. This
migration generally lasts less than two days, at speeds of the
order of ~0.1-1 ms™! (except in very rare cases like in 2004,
when the propagation lasted ~6 days) [Neri and Acocella
2006], after which the fracture field is complete and the
eruptive vents are stabilized in the lower portion. The
fracture field consists of tension fractures and normal faults,
with vertical displacements of <2-3 m; the cumulative
extension along each fissure, as measured directly in the field,
is usually <6 m. The faults are typically arranged in grabens,
with a width between 10 m and 1,400 m [Acocella and Neri
2003, Billi et al. 2003, Neri and Acocella 2006]. The formation
of tension fractures or normal faults at the surface usually
depends upon the depth of the dike [Bousquet and
Lanzafame 2001]. A shallow dike, under lower lithostatic
pressures, can induce tension fractures and minor grabens
(up to ~500 m wide). Conversely, a deeper dike, at higher
confinement pressures, can form shear fractures [Pollard et
al. 1983], and thus grabens at the surface, which might
become strongly asymmetric if the fractures propagate along
dip scarps (as happened in the Valle del Leone area during
the 2001 eruption) [Billi et al. 2003].

Above 2,000 m asl, the eruptive fissures have a scattered
orientation, although they also show a preferential N-§ trend,
especially close to the summit crater area. At lower altitudes,
so below 2,000 m asl, the fissures mainly propagate towards
the NE, S-SE and W, which coincides with the rift zones of
the volcano (Figure 1). This structural arrangement is more
evident when looking at the distribution of the older
eruptive fissures (pre-1600; Figure 5a), which were widely
concentrated along the rift zones and (partly) aligned
accordingly to several faults (Figure 1).

The fissures propagating towards the NE are mainly
concentrated in the homonymous NE Rift, which consists a
network of N-to-NE-striking, closely spaced, subparallel
eruptive fractures that can be traced down to the Mount
Rosso area, at 1,500 m asl. The width of the Rift is 0.5 km,
and its length exceeds 7 km (Figure 1). A secondary zone that
is affected by less numerous, but concentrated, NE-ENE

Figure 6 (next page). Comparisons of different parameters for eruptions and eruptive fissures, updated and extended from Acocella and Neri [2003] and
Behncke et al. [2005]. (a) Eruption volume versus duration, showing generally higher lava volumes for longer eruptions, although there are wide variations,
especially for eruptions lasting <1 yr. (b) Fracture field width versus length, indicating that longer fracture fields tend to also be wider. (c) Length of the
lava flow-field versus length of the eruptive fissure system, showing that longer fissures produce longer flows. (d) Eruption duration versus mean eruption
rate, where it is clear that shorter eruptions have higher mean eruption rates. (e) Eruptive fracture length versus altitude, indicating that fissures tend to
be longer on the lower flanks. (f) Mean eruption rate versus elevation of the lowest vents, showing that eruption rates tend to be higher from low-lying
vents and fissures. (g) Length of eruptive fissure systems versus eruption rates, where a broadly positive correlation is evident. (h) Eruptive fissure
propagation speed versus total erupted volume, indicating that larger volumes are produced from fast-propagating fissure systems. (i) Maximum length
of the lava flow-field versus total erupted volume, showing that in most cases longer lava flow-fields are also more voluminous. (j) Lava flow-field area

versus total volume are clearly positively correlated.
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aligned eruptive fissures is located a couple of kilometers to
the E of the NE Rift, where the vents reach minimum
altitudes of about 850 m asl (Figure 1). All these vents are
associated with fractures with left lateral components of
motion [Neri et al. 2004]. The NE-ENE aligned fissures
represent a secondary rift zone, which indicates a buried
laterally-propagated dike system that filled a buried graben.
The magmatic and tectonic activities of this secondary rift
zone can be related to the development of an E-dipping
rotational detachment that is confined by the NE Rift and
the Pernicana Fault [Ruch et al. 2010].

The S sector of Etna hosts the S Rift, which occupies a
wider (~10 km) and longer (>16 km) area, with respect to
the NE Rift. Here, the eruptive vents propagate mainly to the
S (above 1,300 m asl; see rose diagram in Figure 5e) and to
the SE (below 1,300 m), and they are associated with fractures
with right-lateral motion [Acocella and Neri 2003]. These
latter often strike parallel (or close to parallel) to several faults
that cut the lower SE flank of the volcano (Figure 1, TF and
TMF). These faults are frequently invoked as margins of
blocks collapsing in slow motion towards the Ionian Sea
[Falsaperla et al. 2010, Solaro et al. 2010, and references
therein], which suggests the existence of a link between these
eruptive fractures and the local tectonic framework.

More in general, the kinematics characterizing the
eruptive fractures cropping out on the N and S flanks is
consistent with that of the Pernicana fault system (to the
NE), the Tardaria-Mascalucia fault system (to the SE), and
the Ragalna fault system (to the SW), confining the mobile
E and S sectors of the volcano (Figure 1) [Rust et al. 2005,
Solaro et al. 2010, and references therein].

These observations suggest a lack of shallow magma
storage beneath the NE and S Rifts [McGuire and Pullen
1989]. Moreover, most dykes that crop out in the Valle del
Bove (Figure 1) show sub-horizontal flow directions [Ferrari
et al. 1991, Acocella et al. 2009]. This leads to the proposal
of a similar lateral mechanism of magma emplacement
during the last approximately 45 ka, the age of the current
main feeding system [Branca et al. 2004].

Etnean rifts appear to be influenced by the regional
tectonic stress field. Kieffer [1985] suggested that the rifts are
the W boundary of a fault system that separates the Sicilian
continental crust and the Ionian oceanic crust. McGuire and
Pullen [1989] argued that only the NE Rift is related to the
regional stress field, because it is parallel to the maximum
compressive stress. Borgia et al. [1992] and Lo Giudice and
Rasa[1992] interpreted the NE and S Rifts as disjunction zones
that separate sectors of the volcano that are characterised by
different kinematics. In this context, the magma fills the rift
zones because of the collapse of the portion of the volcano
that is delimited by the Pernicana fault system to the N, and
by the Ragalna fault system to the SW (Figure 1).

Even though the NE and S Rifts may have a link with
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the spreading phenomena affecting the E to S flanks of Etna
[see Acocella et al. 2003], the role of the W Rift remains
unclear. The seismicity of this area is often deeper (>5-10
km) if compared to that of the E flank [Pataneé et al. 2002,
Mattia et al. 2007]. In several cases, earthquakes in this sector
heralded and marked the rise of magmatic intrusions, as in
1974 [Corsaro et al. 2009], 1991 [Ferrucci and Patané 1993],
and 1998-1999 [Bonaccorso and Patané 2001, Patané et al.
2003]. This suggests that for the W flank the possible
existence of a storage area under the W Rift, or a preferential
path used by magmas to reach the surface.

As noted by several studies [Wadge et al. 1975, Behncke
and Neri 2003, Allard et al. 2006], the activity of Mount Etna
(in terms of output rate and flank eruption frequency)
undergoes significant fluctuations over time. These
fluctuations do not occur in a random manner, but represent
various stages of the eruptive cycles on a scale of decades and
centuries [Behncke and Neri 2003]. As shown in Section 2,
short-term cycles last 20-40 years and consist of three distinct
phases: (I) a period of rest; (II) a period of summit activity;
and (IIT) a series of flank eruptions that occur at intervals of
a few years, with frequent summit activity during the
intervals between the flank eruptions.

The timing, frequency, and clustering of the flank
eruptions appear to be related to the instability of the E to S
sector of Etna, which is expressed in episodic slippage of
portions of the unstable sector. During such events,
displacement on a scale varying from centimeters to meters
can affect one or more distinct slide blocks [Solaro et al. 2010,
and reference therein], and this is commonly accompanied by
shallow seismicity along the faults confining the slide blocks
[Acocella et al. 2003, Neri et al. 2005, Walter et al. 2005]. In
general, the longer the eruptive fracture systems, the faster
and wider the displacement of the sliding blocks is [Neri et
al. 2004]. This means that the most dangerous eruptions
(characterized by vents at lower elevation, feeding large lava
volumes at a high rate; see Figure 6c, e, g, i) appear to be
related to periods of high dynamics of flank movement.

We thus envisage the following scenario for a feedback
mechanism between magma accumulation, flank instability
and slippage, and eruptions: (a) magma accumulation occurs
about 5-10 km below the sea level [Murru et al 1999, Palano
et al. 2009], just below the depth of the presumed basal
décollement plane of the unstable, slipping flank sector
[Bonforte et al. 2008, Ruch et al. 2010]; this causes inflation
of the volcanic edifice; (b) swelling of the volcanic edifice
leads to destabilization (at first slow spreading and fault
creep, followed by instantaneous flank slip accompanied by
shallow seismicity) of the unbuttressed E to S sector of the
volcano; (c) extension at the head of the active slide block(s)
facilitates magma migration from the central conduit system
and/or shallow eccentric reservoirs into radial flank fracture
systems (and into the rift zones), usually leading to lateral
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flank eruptions.

The observed patterns over the recent eruptive history
of Etna appear therefore to be controlled by the shorter-
term cycles, which might be involved in an effective
interaction with the shallow structure of the volcano and its
unstable portions.

5. Conclusions

In the present study, we have investigated the structural
elements of eruptions since 1900 at Etna, with the integration
of the database with the main parameters (frequency and
strike) of older eruptive fissures (up to approximately 2 ka BP).
This approach has allowed us to improve our understanding
of the dynamics of the summit and flank eruptions, with an
analysis of the possible links with the structural instability
that affects the volcano flanks.

At high altitudes (above 2,000 m asl), the eruptive
fissures have a scattered orientation, while at lower altitudes,
they mainly propagate towards NE, S-SE and W, marking
three rift zones. Over the last 110 years, which represents our
most complete volcano-tectonic dataset, the flank eruptions
lasted a median of 23 days, with eruption rates >5.7 m? s~'.
The mean interval required to develop a steady deformation
pattern is 20 h, with fissures that propagate at an average
speed of 0.05 ms~!. In the N sector, the eruptive fissures
developed slightly quicker (0.053 ms™) and grew for longer
(3,825 m), with respect to the fissures that have affected the
S sector (velocity, 0.04; length 1,840 m). Conversely, the
summit eruptions were usually longer (77 days), with lower
eruption rates (1-2 m’ s!), even if they were occasionally
characterized by short-lived violent paroxysms (eruption
rate, >50-100 m? s7?).

Longer eruptive fractures tend to produce higher
eruptive rates, greater lava volumes, and longer lava flows.
The longest eruptive fractures, moreover, develop wider
fracture fields.

The observed patterns in the recent eruptive history of
Etna also confirm the existence of a feedback mechanism
between magma accumulation, flank instability and
eruptions, which consists of: (a) magma accumulation at
shallow crustal levels (5-10 km bsl); (b) swelling of the
volcanic edifice, leading to the destabilization of the
unbuttressed sectors of the volcano; and (c) extension at the
head of the active sliding block(s), which facilitates magma
migration from the central conduit system into radial flank
fracture systems, thus feeding flank eruptions.

The most dangerous eruptions for human activities
(characterized by vents at lower elevation, i.e. close to inhabited
areas, feeding large lava volumes at high rates) appear to be
related to periods of intense dynamics of flank movements,
such as in the 1980s and at the beginning of the 21 century.

In this framework, continuous monitoring of the
volcano-tectonic structures that affect the Etna volcano is an
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essential tool to better define the relationships between
regional tectonics, flank dynamics and flank volcanic activity,
and thus to better understand the modalities (duration,
extrusion rates) of flank eruptions, which represent the most
dangerous type of eruptive activity at Etna.
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