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Abstract Flank instability and collapse are observed at
many volcanoes. Among these, Mt. Etna is characterized
by the spreading of its eastern and southern flanks. The
eastern spreading area is bordered to the north by the E–
W-trending Pernicana Fault System (PFS). During the
2002–2003 Etna eruption, ground fracturing along the
PFS migrated eastward from the NE Rift, to as far as the
18 km distant coastline. The deformation consisted of
dextral en-echelon segments, with sinistral and normal
kinematics. Both of these components of displacement
were one order of magnitude larger (~1 m) in the western,
previously known, portion of the PFS with respect to the
newly surveyed (~9 km long) eastern section (~0.1 m).
This eastern section is located along a pre-existing, but
previously unknown, fault, where displaced man-made
structures give overall slip rates (1–1.9 cm/year), only
slightly lower than those calculated for the western
portion (1.4–2.3 cm/year). After an initial rapid motion
during the first days of the 2002–2003 eruption, move-
ment of the western portion of the PFS decreased
dramatically, while parts of the eastern portion continued
to move. These data suggest a model of spreading of the
eastern flank of Etna along the PFS, characterized by
eruptions along the NE Rift, instantaneous, short-lived,
meter-scale displacements along the western PFS and
more long-lived centimeter-scale displacements along the
eastern PFS. The surface deformation then migrated

southwards, reactivating, one after the other, the NNW–
SSE-trending Timpe and Trecastagni faults, with dis-
placements of ~0.1 and ~0.04 m, respectively. These
structures, along with the PFS, mark the boundaries of
two adjacent blocks, moving at different times and rates.
The new extent of the PFS and previous activity over its
full length indicate that the sliding eastern flank extends
well below the Ionian Sea. The clustering of seismic
activity above 4 km b.s.l. during the eruption suggests a
deep d�collement for the moving mass. The collected data
thus suggests a significant movement (volume
>1,100 km3) of the eastern flank of Etna, both on-shore
and off-shore.
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Introduction

Flank instability is common during the lifetime of many
volcanoes and can either lead to instantaneous catas-
trophic failure and debris avalanches or result in gravi-
tational spreading and the episodic to continuous slippage
of the unstable flank sectors (Voight et al. 1981; van Wyk
de Vries and Francis 1997; van Wyk de Vries et al. 2001).
Non-catastrophic volcano spreading and flank slippage
has been particularly well studied at Kı̄lauea volcano
(Hawaii) (Delaney et al. 1998, and references therein) and
Mount Etna (Italy) (Borgia et al. 1992; Rust and Neri
1996; Borgia et al. 2000a, 2000b).

It is assumed that there is sometimes a very close
relationship of major displacements at the unstable
volcano flanks with eruptive activity. In the Kı̄lauea case,
Ando (1979), Swanson et al. (1976) and Dvorak et al.
(1986) invoke the forceful intrusion of magma into the rift
zones of the volcano as the prime trigger of displacement.
On the contrary, Delaney and Denlinger (1999) believe
dike intrusion to be rather a surficial response to deeper-
seated structural adjustments (see Parfitt and Peacock
2001 for further discussion).
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Since the early 1990s, research at Mt. Etna has
revealed that gravitational spreading affects a large sector
spanning the eastern to southern flanks of the volcano
(Rust and Neri 1996, and references therein; Froger et al.
2001). Until recently, many of the processes related to the
spreading, its rates, extent and causes, and its interrela-
tionship with magmatism were poorly constrained and
subject to debate (e.g. Bousquet and Lanzafame 2001).

The 2002–2003 eruption of Mt. Etna and related
displacement of a large portion of its eastern to
southeastern flank have provided an exceptional oppor-
tunity to constrain the unstable area and document its
behavior with high precision, and to propose rough
volume evaluations for the spreading portion of the
volcano. We have furthermore been able to define for the
first time the full length of the northern boundary of the
sliding sector, known as Pernicana Fault System (PFS),
and its kinematic feedback relationship with eruptive
activity. Here we discuss the events pertinent to the
eruption and the successive stages of displacement that
yield significant insights on the dynamics of, and
relationships between, flank slip, seismicity, and magma
transport and eruption.

Etna volcano and the extent of spreading

Mt. Etna is the site of frequent eruptive activity, which is
either focused at its four summit craters, or occurs from
radial fissures that are mainly concentrated in three so-
called rift zones (Gardu�o et al. 1997 and references
therein): the NE Rift, the S Rift and the W Rift (Fig. 1).
The classical model of eruptions at these rift zones
envisages lateral magma drainage from the central
conduit system rather than vertical magma ascent into
the rift zones from depth (Kieffer 1985; McGuire and
Pullen 1989; Ferrari et al. 1991; Tanguy and Kieffer
1993; Gardu�o et al. 1997; Bousquet and Lanzafame
2001).

Gravitational instability at Etna has been described at
various scales. Small mass flows and rock falls have been
reported during the 1999 summit eruption (Calvari and
Pinkerton 2002). On a larger scale, the Valle del Bove
depression has been interpreted to be the result of
shallow-seated collapse related to the emplacement of
dikes of lateral eruptions on the upper flanks (Bousquet
and Lanzafame 2001 and references therein). Still on a
larger scale, several studies present evidence for whole-
sale sliding of the eastern and southern sectors of the
volcano towards E and S, respectively (Neri et al. 1991;
Borgia et al. 1992; Lo Giudice and Ras� 1992; Rust and
Neri 1996; Gardu�o et al. 1997; Borgia et al. 2000b;
Froger et al. 2001). The mobile eastern portion is
bordered, to the north, by the E–W-trending transtensive
PFS, with a left lateral-normal motion (Fig. 1; Neri et al.
1991; Gardu�o et al. 1997; Tibaldi and Groppelli 2002).
The sliding southern sector is confined, at its western
margin, by the N–S-trending Ragalna fault system, with a
predominant dextral-normal motion (Fig. 1; Rust and Neri

1996). These two spreading areas are separated by NW–
SE-trending faults, with a normal to dextral displacement,
known as the Mascalucia and Trecastagni Faults (Fig. 1;
Lo Giudice and Ras� 1992; Froger et al. 2001). The front
of the spreading areas is probably characterized by
compression leading to the formation of an anticlinal
fold, which involves the sub-volcanic sediments at the
southern base of the volcano and continues eastwards
below the Ionian Sea (Borgia et al. 1992; 2000b).

Although there is general agreement on the surface
features (identification of the structures and their kine-
matics) of the mobile portions at Etna, the three-
dimensional extent of sliding is debated. Bousquet and
Lanzafame (2001) envisage a very shallow (1–2 km a.s.l.)
d�collement below Etna, interpreting instability as mainly
due to dike injection. A deeper d�collement, between the
volcanic pile and the sedimentary substratum (0–1 km
a.s.l.), was proposed by Kieffer (1985) and Lo Giudice
and Ras� (1992). An even deeper-seated (down to 6 km
b.s.l.) d�collement was assumed by Borgia et al. (1992) to
be a consequence of sub-edifice magma intrusion, form-

Fig. 1 Simplified geological and tectonic map of Mount Etna. The
boundaries of the unstable sector of the volcano are taken from
Borgia et al. (1992) and Rust and Neri (1996). The sedimentary
basement is made up of units of the Apenninic-Maghrebian Chain
(N and W sectors) and of early Quaternary clays (S sector). VB
Valle del Bove; AC Acireale; ZE Zafferana Etnea; PFS Pernicana
Fault System; F Fiumefreddo Fault; RN Ripe della Naca Faults; SV
Santa Venerina fault; TFS Timpe Fault System; TF Trecastagni
Fault; R Ragalna Faults. “Chiancone” deposit consisting of
reworked debris avalanche deposits related to the formation of
the Valle del Bove. Arrows along the faults indicate lateral
component of movement. The little gray star marks the termination
of PFS as known until 2002. Question marks indicate uncertainty of
some boundaries of the unstable sector before 2002

418



ing a plutonic complex within the sedimentary substra-
tum. According to these models, the depth of the sliding
plane is thus located somewhere between 2 km a.s.l. and
6 km b.s.l.. Recent studies suggest that both a shallow and
a deep d�collement can characterize, at the same time, the
eastward sliding of the volcano (Tibaldi and Groppelli
2002).

The PFS is a crucial feature to characterize the style
and the extent of the spreading of the eastern portion of
Etna. It develops eastward from the NE Rift (from
1,850 m a.s.l.), and was known, until the 2002–2003
eruption, to extend over a length of ~9 km, partly with a
prominent south-facing scarp. In its westernmost section,
between 1,500 and 1,850 a.s.l., the PFS is divided into
two main segments (Fig. 2), the more northerly of these
starting from the Monte Nero area of the NE Rift
(Gardu�o et al. 1997) and the more southerly from Piano
Provenzana. The PFS scarp shows its maximum height of
70–80 m between 1,000 and 1,500 m a.s.l. At lower
elevations (700–800 m a.s.l.), the PFS has a less defined
morphological expression and is characterized by left-
lateral faults with a dextral configuration. Approximately
9 km east of the NE Rift, at ~500 m a.s.l., the PFS
apparently ends abruptly (marked by the grey star in
Fig. 1). More than 2 km further to the east lies the ~3 km
long, E–W-trending Fiumefreddo fault, which is charac-

terized by transtensive kinematics. Even though there is
no evident surface connection between the PFS and the
Fiumefreddo fault (Fig. 1), the latter has been commonly
considered as the eastern continuation of the PFS (Lo
Giudice and Ras� 1992; Azzaro et al. 1998; Tibaldi and
Groppelli 2002). Shallow (<2 km) seismic activity
(2<M<3.5) accompanies at times the surface deformation
along the central and western portion of the PFS (Azzaro
et al. 1988, 1998), while, at other times, the fault
movement is characterized by aseismic creep (Obrizzo
et al. 2001).

A kinematic connection of the PFS, with a feedback
mechanism, to the episodic opening and eruptions of the
nearby NE Rift has been proposed by various workers
(Neri et al. 1991; Gardu�o et al. 1997; Tibaldi and
Groppelli 2002; Acocella and Neri 2003). In spite of this
assumed relationship, the PFS has shown continuous
activity between 1947 and 2002, a period when no
eruptions occurred from the NE Rift, with major surface
fracturing and seismic activity in 1984–1988 (Azzaro et
al. 1988).

Fig. 2 Generalized map of the
2002–2003 Etna eruption,
showing the lava flows erupted
from the N–S and NE-trending
fissures, to the south (F1) and
the north (F2, F3, F4 and F5) of
the summit craters, respective-
ly. The westernmost portion of
the PFS is shown as well
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Structural and geological observations during
the 2002–2003 eruption

Timing of events

After the July-August 2001 eruption (Acocella and Neri
2003; Behncke and Neri 2003; Billi et al. 2003;
Lanzafame et al. 2003), Etna started to re-inflate in
December 2001, suggesting renewed magma accumula-
tion at 3–4 km b.s.l. (Calvari and INGV-CT scientific
staff 2002). On 22 September 2002, an earthquake
(Md=3.7, focal depth=5 km; INGV 2002) accompanied
by surface fracturing occurred along the PFS. The most
evident fractures were observed at 1,450 m a.s.l., along a
portion of the PFS which had been locked at least since
the installation (in 1994) of extensimeters (Fig. 3; location
shown in Fig. 2).

Starting at 20:25 GMT on 26 October, a seismic
swarm affected the upper eastern flank of the volcano,
with hypocenters between 1 and 6 km b.s.l. (Patan� 2002).
During the night of 26–27 October, two fissure systems
opened on the S and NE flanks of the volcano, feeding
explosive activity and leading to the growth of two lava
flow-fields. In particular, a 1,000-m-long N–S-trending
eruptive fissure (labeled F1 in Fig. 2) opened on the upper
southern flank of the volcano, at 2,850–2,600 m a.s.l. A
few hours later, on the NE flank, four NE–SW-trending
eruptive fissures developed from 3,010 m a.s.l. (F2 in
Fig. 2), at the northern base of the NE Crater, to the lower
portion of the NE Rift (F3, F4 and F5 in Fig. 2), between
2,500 and 1,890 m a.s.l. The main portion of this ~4-km-
long fissure system (F3-F5 in Fig. 2) was formed by right-
stepping, NE–SW-trending, en echelon segments, with
moderate left-lateral shear (Table 1).

The two fissure systems showed different eruptive
mechanisms and products. F1, active until 28 January
2003, produced dense, voluminous ash columns at
variable rates and lava flows that extended up to 4 km
S and SW (Fig. 2). After the first few days, eruptive
activity focused in the upper portion of the fissure, where
a cluster of pyroclastic cones grew up to 200 m high. The
erupted lavas contain xenoliths of white quartzarenites

and are compositionally distinct from the products
recently erupted from the central conduit system, but
similar to the products of the lowermost two fissures of
the 2001 eruption on the S flank (Pompilio et al. 2002). In
contrast, F3–F5 on the NE Rift erupted only for 8 days
and its activity was mainly characterized by effusive
activity. Minor quantities of the same quartzarenite
xenoliths as those within the F1 lavas were found only
within a lava flow erupted on the last day of activity at F5
vent. The NE Rift lavas are compositionally similar to
those erupted from the central conduit system during the
past decades (Pompilio et al. 2002; Pompilio and
Rutherford 2002). Behncke and Neri (2003) estimate that
~30�106 m3 of lava and ~40�106 m3 of tephra were
erupted, of which nearly all tephra and about two-thirds of
the lava came from F1 on the southern flank.

On 29 October, a seismic swarm affected the eastern
flank of the volcano, damaging the village of S. Venerina
(Fig. 1). The earthquakes (with Mmax=4.4; 10:02 GMT)
were mainly aligned along a NW-SE direction (Zafferana-
Acireale trend, Fig. 1), with hypocenters located at depths
of 0 to 6 km (Patan� 2002). Dextral N120�–140�-trending
extensional fractures were observed in the epicentral area,
with horizontal displacements exceeding 0.04 m in the
town of S. Giovanni Bosco, about 4 km southeast of S.
Venerina. Contemporaneously, the nearby Timpe Fault
System (Fig. 1) was reactivated, with displacements of
several centimeters. On 26 November, a shallow Md 2.6
earthquake along the Trecastagni Fault (Fig. 1) was
followed by ground fracturing near Trecastagni, with a
N120� dextral transtensive movement and 0.02–0.04 m of
displacement. Movement of the eastern flank of the
volcano was thus confined between the PFS to the north
and the Trecastagni fault to the SE. No surface evidence
for movement was recorded at the Ragalna fault system
during the period of the eruption.

Deformation pattern along the PFS
and its new easternmost extent

During the 2002–2003 sequence of events the initial
deformation on the PFS was in its westernmost portion,
immediately after the 22 September earthquake. This
consisted of surface fractures with a left-lateral displace-
ment of 0.48 m (Table 1). At the end of October,
contemporaneously with the opening of the NE Rift
eruptive fissures, the westernmost PFS (Fig. 4) became
active again, with an almost purely left-lateral displace-
ment of ~0.7 m. The total displacement since 22
September measured in this portion on 12 November
exceeded 1.25 m at 1,450 m a.s.l. (Fig. 5). Further to the
E, the PFS moved with a decreasing left-lateral displace-
ment, reaching 0.38 m at 790 m a.s.l. (Fig. 6; Table 1).
Near Presa (Fig. 7) the deformation was transferred into
several subparallel E–W-trending segments with a dextral
en-echelon configuration and left-lateral kinematics;
furthermore these segments were linked by more or less
N–S-trending thrust faults (due to their small extent they

Fig. 3 Diagram showing the evolution of the deformation (since
1994) recorded by three extensimeters installed on rear side of the
stone wall shown in Fig. 5 (see point 3 in Fig. 4 for location)
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do not appear in Fig. 7). These thrust faults might
correspond to the more shallow of the two detachment
surfaces proposed by Tibaldi and Groppelli (2002) to cut
the surface near Presa. The overall deformation pattern, as
visible around mid-November along the western PFS and
the relationships between the PFS and the NE Rift are
shown in Fig. 4.

After 29 October, fracturing propagated further east-
ward, towards the Ionian coast, beyond the termination of
the formerly known PFS. Here, deformation was evident
on paved roads and showed an overall WNW–ESE trend;
the trace of this eastern portion of the PFS is shown in
Fig. 7 (to distinguish the previously known western
portion of the PFS from its previously unknown eastern
continuation, we term them “western PFS” and “eastern
PFS”, respectively). The eastern PFS thus continued in
the form of regularly spaced N80�E-trending fault
segments with a dextral en-echelon configuration, both
on a large and a small scale (Figs. 8 and 9). These faults
where mainly characterized by a left-lateral shear, with
minor normal displacement; the mean horizontal dis-
placement along single segments decreases from 0.08
(Gona) to 0.02 m at the coastline (Table 1).

An important feature of the eastern PFS is that it
coincides with man-made structures, which have been
previously displaced and partly repaired in the past few
decades. Along this fault zone, it is in fact possible to
distinguish the 2002 displacement from previous move-
ment. As an example, Fig. 9 shows a paved road displaced
by the eastern PFS, near the village of Gona (Figs. 7 and
9). Here, the 2002 left-lateral displacement (visible on the
white median strip of a road) reaches 0.08 m, but the 2002
fault zone is located in correspondence with a pre-existing
ruptured wall, which shows a left-lateral displacement of
1.37 m in the last ~70 years (the age of the wall). This

Fig. 4 Structural map of the
western portion of the PFS
during the 2002–2003 eruption
(as observed in mid-November
2002) and the NE Rift

Fig. 5 Fractured S.P. Mareneve Nord road (see Fig. 2 and point 3
in Fig. 4 for location) on the westernmost portion of the PFS, on 12
November 2002. Total horizontal displacement of the fractures is
>1.25 m, with a vertical component of ~0.5 m. Note vertical
displacement of stone wall in right background; extensimeters
mentioned in the text (see also Fig. 3) were installed on rear side of
this wall in 1994
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indicates that the 2002 fractures which constitute the
eastern PFS reactivated this structure, which has probably
been creeping in the past decades. The full, uninterrupted,
and measurable on-shore length of the PFS is therefore
nearly 18 km (Figs. 4 and 7).

As noted above, movement beyond the eastern termi-
nation (as known until the 2002–2003 eruption) of the
PFS was previously believed to be transferred along the
Fiumefreddo Fault (Fig. 7) (Azzaro et al. 1998; Tibaldi
and Groppelli 2002), lying a few kilometers to the north
of the newly ruptured eastern PFS. However, during the
2002 events, the Fiumefreddo Fault remained locked and
inactive.

Long and short term slip-rates along the PFS

The PFS has been studied for many years and has left
evident traces of activity in geological features (lava
flows and pyroclastic cones) as well as in man-made
structures (roads, walls, buildings, etc.). The activity on
both man-made and geological features is briefly sum-
marized in Tables 1 and 2, respectively, which quantify
the style of deformation of the entire NE sector of the
volcano, including the NE Rift and the full length of the
PFS.

Overall extension along the NE Rift is oriented N117�
and occurred at an average rate of 2.6€0.5 cm/year for at

Fig. 6 Evolution of the hori-
zontal displacement along a
fault splay cutting across a road
in the central PFS at Rocca
Campana, near the village of
Presa (see point 6 in Fig. 7).
The overall left lateral shear
(0.38 m on 12 November 2002)
is clearly visible at the dis-
placed white median strip

Fig. 7 Structural map of the
eastern, mostly (between Presa
and Fondachello) newly acti-
vated and previously unknown,
portion of the PFS developed
during the 2002–2003 eruption
(as observed in mid-November
2002)
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least 400 years prior to 2002. Similar values, 2.7€0.7 cm/
year, are obtained from the observed displacement of two
portions of a prehistoric (13.7€2.4 ka) pyroclastic cone
dissected by the western PFS (Tibaldi and Groppelli
2002).

Man-made structures, even though representative of a
much shorter time period, provide important information
about the more recent deformation. With this regard,
Table 1 shows the slip rates obtained from man-made
structures and the displacements observed during the
2002–2003 eruption (at different intervals) along the
entire PFS. In particular, Table 1 shows that the estimated
post-1930 slip rates for the entire PFS (excluding the
2002–2003 data) range from 0.8€0.2 to 2.2€0.1 cm/year;
there is a general tendency in the decrease of the slip rates
towards east. If, on the other hand, we include the
displacements observed during the 2002–2003 eruption
(keeping the time span constant), we obtain total rates that
range from 1.0 to 2.3€0.4 cm/year. These values are
indeed closer to the longer-term values obtained from the
geological features in Table 2.

The portion of the PFS with the largest displacement
during the 2002–2003 eruption is its western part,
between the NE Rift and Presa; here the horizontal
displacement ranges from 1.25 m (Villaggio Mareneve,
Table 1) to 0.26 m (Presa, Table 1). Conversely, the
measured displacement along the eastern PFS is between
0.08 and 0.05 m. From the observed horizontal displace-
ments, a daily slip rate of ~0.015 m (between September
and November) can be estimated for the western PFS,
while in the eastern PFS the slip rate is lower by more
than one order of magnitude (Table 1).

Nearly daily measurements of surface deformation
along the PFS revealed that its various portions moved
quite differentially. Table 1 shows that the western PFS
was mostly active between the 22 September earthquake

Fig. 8 Typical deformation pattern of the eastern PFS, across the
surface of the A18 Catania-Messina Highway (point 15 in Fig. 7).
Deformation is characterized by a set of ~E–W-trending en-echelon
fractures, arranged in a dextral configuration, with a predominant
left-lateral shear and a subordinate extensional component. At the
border of the highway, 0.33 m (of which 0.05 m is related to
movement through 22 December 2002 and 0.28 m is due to
previous episodes since 1971, when the highway was constructed)
of horizontal displacement is marked by the shift of the small
concrete wall in the foreground

Fig. 9 Paved road displaced by
the newly formed eastern PFS,
near Gona (see Fig. 7 for loca-
tion). Here the 2002 fault zone
shows left-lateral displacement
(of the white median strip) by
0.08 m (as observed on 22
December 2002). However, the
fault zone is located in corre-
spondence with a previously
unknown fault, which displaced
the walls on both sides of the
road in the last ~70 years (left-
lateral displacement of 1.37 m)
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and the beginning of November; conversely, activity at
the eastern PFS was focused between the end of October
and the beginning of November. Some portions of the
central (Vena-Presa area in Table 1) and the eastern
(Highway and Gona in Table 1) PFS remain active at the
time of writing (June 2003). The timing of the left-lateral
displacement along selected portions of the PFS (see
Table 1 for their locations) is shown in Fig. 10. It thus
appears that the deformation propagated from west to
east: it started from the NE Rift area and then migrated to
the eastern PFS; after early November, the western
portion became temporarily locked, with slight activity
continuing in the central and eastern portion, through late-
February 2003. Renewed fault slip accompanied by
shallow seismicity occurred at the western PFS on 13–
14 February 2003.

Discussion

The new extent of the PFS and its features in the context
of the 2002–2003 eruption

The 2002–2003 Etna eruption and the related deformation
have provided a unique occasion to recognize the
previously unknown on-land extent of the Pernicana
Fault System, from the NE Rift to the coastline; at present
we do not have the necessary data to define the features
and extent of its off-shore continuation. On land, the PFS
is nearly 18 km long and is characterized by consistent
kinematics, given by a predominant left-lateral and a
subordinate extensional component of motion. Despite its
continuity, the PFS can be roughly divided into two main
portions (western and eastern), characterized by differen-
tial times and amounts of displacement. The western PFS,
~9 km long (from the NE Rift to Presa), coincides with
the previously known portion of the fault. During the
2002–2003 eruption this was characterized by larger (at
least by one order of magnitude) displacements compared
to those of the eastern PFS, even though the long-term
slip rates are similar in both portions of the PFS (Tables 1

and 2). Moreover, the western PFS is associated with
shallow seismic activity (e.g. the 22 September 2002
earthquake), which is lacking along the eastern PFS. The
eastern PFS, ~9 km long (from Presa to the coastline), is
the newly activated aseismic portion recognized during
the 2002–2003 eruption. This portion is located on a
previously active but unknown fault zone with no
recorded historical seismicity.

The different deformation styles of the western and
eastern PFS may be partly related to the different physical
properties of their substratum. There is a thick pile of lava
flows in the western sector and in the eastern sector a thin
(locally even absent) volcanic cover overlying plastically
deformable marly-sands and clay sediments. As a conse-
quence, the higher compressibility of the more ductile
sediments to the east might be able to accommodate and
broaden the deformation, resulting in a more limited
surface expression. In contrast, the lava flows in the
western and central portion of the PFS are brittle and very
elevated susceptibility to fracturing, and thus strongly
focus any ground movement.

The 2002–2003 eruption and ground deformation
furthermore show that the Fiumefreddo Fault is probably
not, as previously thought (Lo Giudice and Ras� 1992;
Azzaro et al. 1998; Tibaldi and Groppelli 2002), the main
eastern continuation of the PFS. The Fiumefreddo Fault
remained locked during the 2002–2003 eruption and the
PFS propagated eastward, a few kilometers further to the
south, along a previously active but unknown structure.
While we cannot fully exclude some kind of genetic
relationship between the PFS and the Fiumefreddo Fault,
the field geometries (Fig. 7) and the lack of any
movement at the latter fault during the major 2002–
2003 slip event implies that its association with the PFS is
at best marginal. Evaluation of the exact location of the
active structures along the NE flank of Etna and their
availability for mobilization during an eruption is of
crucial importance because of the presence of villages and
major communication lines, such as the Catania-Messina
highway and the State Railroad (Fig. 7), all of which lie in
the area affected by the 2002–2003 ground deformation.

The 2002–2003 eruption has also allowed to further
test the kinematic connection between the NE-Rift and
the PFS. In fact, a feedback process between the opening
of the NE Rift and the eastward sliding (along the PFS) of
Etna’s flank has been proposed previously (Neri et al.
1991; Gardu�o et al. 1997; Tibaldi and Groppelli 2002;
Acocella and Neri 2003). During the event discussed here,
such a feedback was marked by (1) the 22 September
earthquake and associated surface rupture along the
western PFS (2) the eruption along the NE Rift five
weeks later, and (3) the subsequent activation of the
whole PFS (Fig. 11).

The fact that magma rose within the central conduit
system and then propagated laterally into the NE Rift,
rather than ascending vertically directly beneath it,
implies that the 22 September earthquake was not induced
by shallow (intra-edifice) magma movement. Instead, this
suggests that the earthquake was caused by gravitational

Fig. 10 Variation of the left-lateral displacement with time along
portions of the PFS
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instability on the eastern flank of the volcano, possibly
enhanced by sub-volcanic magma accumulation and
inflation (Patan� et al. 2003). The instability unlocked
the rift after 55 years of quiescence and thus served as a
primary trigger for the eruption there. The earthquake was
indeed immediately followed by a rapid withdrawal of the
magma that had been present until then within the NE
Crater. The eastward movement related to the 22
September earthquake (as well as the similar shallow
earthquakes on 26 October) may have led to a localized
decompression in the NE Rift area, hereby facilitating the
extrusion of magma. In this context, the magma emission
on the NE flank can be interpreted as a passive eruption,
which drained most of the central conduit system and
ended once this (relatively limited) storage area was
exhausted. The simultaneous eruption from the fissure on
the S flank (F1) may also have been somehow triggered
by these events; nevertheless, its prolonged duration
indicates constant supply from a shallow reservoir that is
independent from the central conduit system (Fig. 11).

Implications for flank spreading at Etna

The opening of the NE Rift during the 2002–2003
eruption resulted in the activation of the whole PFS. The
close association of the eruptive and deformative events,
the eastward decrease of displacement along the PFS and
the successive activation of its eastern segment suggest

that the opening of the NE Rift triggered the eastward
displacement on the eastern flank of the volcano. The area
thus mobilized extends from the NE-Rift to somewhere
beneath the Ionian Sea (Fig. 12).

Surface deformation migrated then southwards, reach-
ing, at the beginning of November, the Timpe Fault
System and, at the end of November, the Trecastagni
Fault (Fig. 2). Until late February 2003, no reactivation
has been observed along the Ragalna Fault, which is
believed to be the western boundary of the southern
portion of the spreading area at Etna (Fig. 2) (Rust and
Neri 1996). This indicates that, so far, the displacement is
limited to the E part of the volcano. It did not occur in a
single, instantaneous event, but showed a progression first
from west to east along the PFS and then from north (slide
block 1 between the PFS and S. Venerina) to south (slide
block 2 between S. Venerina and Trecastagni) (Fig. 12).
We assume that the clustering of the late-October shallow
earthquakes along a NW-SE direction, from Zafferana to
Acireale, marks the southern boundary of slide block 1.
Part of this area was also affected by fracturing and
anomalous radon emission before and during the initial
phase of the 2002–2003 eruption. Moderate ground
fracturing at Trecastagni marked, with dextral shear, the
southern border of slide block 2. Further movement of
this block cannot be excluded in the near future and might
even be followed by the activation of the (thus far
inactive) southernmost portion of Etna’s unstable sector,
between the Trecastagni and Ragalna Faults (slide block 3
in Fig. 12).

The observed sequence of events permit us to precisely
establish the timing of the various stages of displacement.
Movement started along the western PFS, before the
eruption, probably as a consequence of gravitational
instability, which, in turn, might have been enhanced by
the resumption of magma accumulation below the
volcano. The eruption-related rifting (i.e. the largely
passive intrusion of a dike) then led to the activation of
the whole PFS, including its previously unknown eastern
portion. Soon after the entire PFS had become activated,
the western PFS became temporarily locked, while the
central and eastern sectors were still characterized by a
slow but persistent activity that occurred in a creep-like
manner. This suggests a peculiar mode of propagation of
the deformation during the flank slip, which is in fact
characterized by deformation extending from higher
towards lower elevations, with a less pronounced but
prolonged activity in the more distal areas. The locking of
the western PFS and the more long-lived creeping along
the central-eastern PFS may be the result of the different
physical properties and behavior of the substratum (lavas
vs. clays) below the two respective portions. In fact, the
prolonged movement of the eastern PFS might in part be
related to the propagation of a pressure wave across the
viscous sub-volcanic clay sediments. During the 2002–
2003 eruption, the displacements along the PFS showed
an eastward decrease by more than one order of
magnitude. We believe that, over much longer time spans
(tens to thousands of years) as compared to the duration of

Fig. 11 Proposed model of spreading on the eastern flank of Etna.
Slippage occurs by means of a feedback process between volcanic
activity (mainly from the NE Rift) and gravitational instability of
the flank, bordered to the north by the PFS. The spreading area is
possibly confined to a depth of ~4 km b.s.l., where a deep
d�collement is inferred. Approximate scale is shown
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an eruption, creeping of the eastern PFS is able to achieve
the same long-term slip-rates as the western PFS
(Table 1).

The newly traced PFS, from the NE Rift to the
coastline, also yields insights on the extent and volume of
the spreading flank of the volcano. Field evidence
indicates that the mobile area on the eastern flank of
Etna reaches the Ionian Sea. Different depths (between
2 km a.s.l. to 6 km b.s.l.) have been proposed for the
d�collement below the eastern flank of Etna (Kieffer
1985; Lo Giudice and Ras� 1992; Borgia et al. 1992;
Bousquet and Lanzafame 2001). Focal depths of the
earthquakes on the eastern flank of the volcano during the
2002 slip event, distant from the magmatic conduits and
therefore not related to magma movement, may be taken
as an indicator for the thickness of the sliding mass. The
hypocenters of most of these earthquakes cluster above
~4 km b.s.l., with little evidence of deeper seismicity
(Patan� 2002). If we consider these earthquakes as an
expression of the deep readjustment of the 2002 slip
event, we obtain a depth of ~4 km b.s.l. for the basal
d�collement at Etna. This depth is close to the deep-
seated d�collement proposed by Borgia et al. (1992) to be
related to the intrusion of magma within a plutonic
complex beneath the volcano.

We believe that the shallower detachment surface
proposed by Tibaldi and Groppelli (2002), which is
considered by these authors to cut the topography in the
~N–S-trending thrust faults near the village of Presa
(Fig. 7), might well exist, but in the context of the 2002–
2003 slip merely represents a second-order structural
element.

Surface data (such as the extent of the fractured area)
and subsurface data (the distribution of the seismicity)
permit a rough evaluation of the volume of the moving
mass on the eastern flank of Etna (Table 3). At surface,
slide block 1 has an on-shore extent of ~210 km2, while
slide block 2 has an on-shore extent of ~157 km2

Fig. 12 Sketch map of Mt.
Etna, showing its unstable east-
ern flank, affected by differen-
tial movement during the 2002–
2003 eruption. Inset at upper
left shows a hypothetical NW–
SE section through sliding
block 1, parallel to its direction
of movement. W-PSF western
PFS; E-PFS Eastern PFS; M
Milo; SV Santa Venerina; ZE
Zafferana Etnea; TF Trecastag-
ni Fault; TFS Timpe Fault
System; R Ragalna Faults. The
front of the anticline that de-
limits the unstable sector is
modified from Borgia et al.
(2000b)

Table 3 Approximate volumes of the slide blocks on the eastern
and southern flanks of Etna, calculated considering only their on-
shore extent (minimum estimate, Fig. 12) and the possible
d�collement depth for the onshore area (minimum estimate),
inferred from the distribution of seismicity. Slide blocks 1 and 2
involve a minimum volume of 1,100 km3 of rock

Average
thickness (km)

Area
(km2)

Volume
(km3)

Block 1 3 210 630
Block 2 3 157 471
Block 3 ? 337 ?

Total 704 1101
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(Fig. 12). At depth, the seismicity below the eastern flank
suggests a d�collement at ~4 km b.s.l. If we assume, for a
safe estimate, that the d�collement rises from ~4 km b.s.l.
below the NE Rift to sea level at the coastline, the mean
thickness of the sliding mass is 3 km, of which ~2 km lie
below sea level and ~1 km above sea level (Fig. 12). This
gives an overall volume of ~1,100 km3 of material
moving towards the Ionian Sea. This volume has to be
considered a minimum estimate, as it does not take into
account any possible offshore continuation of the area
affected by slippage. The total volume mobilized during
the 2002–2003 eruption thus corresponds to about three
times the volume of the volcanic pile of Etna (Neri and
Rossi 2002), and by far the greatest proportion of rock
incorporated in the slide is represented by the sedimentary
substratum.

Conclusions

Our observations during the 2002–2003 eruption of
Mount Etna and the related slip of its unstable eastern
to southeastern sector lead to the following results:

1. Movement of the Pernicana Fault System along its full
18 km length occurred in a differential manner,
proceeding from fast but relatively short-lived dis-
placement in its western portion to much slower
movement in the eastern portion, which, however,
extended over a much longer time period;

2. The eastern half of the Pernicana Fault System, poorly
constrained until now, was for the first time surveyed
in detail during a slip event;

3. Slippage of the unstable sector affected two slide
blocks, the more northerly of which showed movement
a few weeks before the more southerly began to move
as well. Flank spreading at Mount Etna does thus not
occur in a simple, wholesale manner, but instead
consists of a precise sequence of distinct deformational
events in space and time;

4. Throughout the 2002–2003 eruption, no field evidence
for movement of the assumed third, southernmost slide
block of Mount Etna was found, although the contin-
ued movement of the other two slide blocks might
eventually be followed by an extension of the currently
mobile sector on the third slide block;

5. Structural field data and instrumental seismic data
permit to infer on the three-dimensional extent of the
mobile sector and to roughly calculate its minimum
volume at 1,100 km3, most of which is constituted by
the sedimentary substratum of the volcano;

6. The 2002–2003 eruption, and in particular the activity
on the NE Rift of Mount Etna, is interpreted to be a
rather passive response to the flank slip, which in fact
began five weeks prior to the eruption onset.

The available evidence indicates that the uprise of
magma from an eccentric reservoir below the southern
flank and the migration of magma from the central

conduit system into the NE Rift in 2002–2003 were but
the latest stage in a process that possibly started with the
sub-volcanic accumulation of magma, which, in turn, led
to inflation and accelerated structural instability of the
volcano. The major flank slip initiated in September 2002
occurred as a consequence of this instability and caused
the rapid decompression of the plumbing system of the
volcano, facilitating the uprise of magma to the surface.
While this model is quite clear in the case of the 2002–
2003 eruption, similar mechanisms might have acted
during some of the previous flank eruptions of Etna, and
our ongoing research is strongly focused in that direction.
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