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S U M M A R Y
The Pernicana Fault (PF) is the main structural element of Mt Etna and the northern boundary
of a section sliding to the southeast. Observed ground motion records in the damage zone of
the PF show strong variations of directional resonance in the horizontal plane. The observed
resonance directions exhibit an abrupt rotation of azimuth by about 30◦ across the fault,
varying from N166◦ on the north side to N139◦ on the south. We interpret the directional
resonance observations in terms of changes in the kinematics and deformation fields on the
opposite sides of the fault. The northern side is affected primarily by the left-lateral strike-slip
movement, whereas the southern side, that is subjected also to sliding, is under a dominant
extensional stress regime. Brittle deformation models based on the observed kinematic field
predict different sets of fractures on the opposite sides of the fault: synthetic cleavages and
extensional fractures are expected to dominate in the northern and southern sides, respectively.
These two fracture fields have different orientations (N74◦ and N42◦, respectively) and both
show a near-orthogonal relation (∼88◦ in the northern sector and ∼83◦ to the south) with the
azimuth of the observed directional resonance. We conclude that the direction of the largest
resonance motions is sensitive to and has transversal relationship with the dominant fracture
orientation. The directional amplification is inferred to be produced by stiffness anisotropy of
the fault damage zone, with larger seismic motions normal to the fractures.
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1 I N T RO D U C T I O N

Analysis of polarization and resonance effects in seismic data can
provide important information on key properties of the subsurface
structure and expected shaking hazard. Certain classes of structures
produce strong systematic effects on the local seismic wavefield,
within statistical variations generated by geometrical and material
heterogeneities. In zones with reduced seismic impedance (i.e. the
product of seismic velocity and mass density), the amplitude of
the seismic waves increases. This has been investigated extensively
in Engineering Seismology because of the clear implications to
damage distribution during earthquakes. Amplifications of the hor-
izontal ground motions are particularly important for effects on
buildings and structures (bridges, pipelines, etc.). There is a rich
literature on specific study cases and methods to estimate and pre-
dict local motion amplifications (e.g. Bard 1998). One of the most
common techniques is based on the spectral ratios of horizontal mo-
tions recorded during a given earthquake at close sites with differ-
ent near-surface geological structures (e.g. Borcherdt 1970; Tucker
et al. 1984; and later papers). The spectral ratios between horizontal
and vertical components (H/V ratios) generated by earthquakes or

ambient seismic noise at individual stations also give very useful
information on amplification-prone sites (Lermo & Chavez-Garcia
1993; Field & Jacob 1995). The theoretical basis of this method is
still debated (Nakamura 1989; Faeh et al. 2001; Bonnefoy-Claudet
et al. 2008), but it provides a very efficient tool for mapping different
seismic motions of nearby sites.

A typical condition that favours amplification of horizontal mo-
tions is the presence of compliant horizontal layers over stiffer
bedrocks. Such cases produce increasing amplitudes of the inci-
dent seismic input and increasing ground motion duration due to
seismic energy that is trapped and resonates between the free sur-
face and the bedrock interface. Vertical discontinuities have also
been shown to produce variations of ground motion (e.g. Irikura &
Kawanaka 1980). The best-known effects are those associated with
fault zone rocks having high crack density (e.g. Ben-Zion & Sam-
mis 2003, and references therein). In the top few km of the crust,
fault zones are composed of a fault core surrounded by a ‘damage
zone’ (Caine et al. 1996), characterized by the presence of an orga-
nized set of brittle deformations and dilations. The locally reduced
seismic impedance in such structures were shown to produce am-
plification of ground motion (e.g. Spudich & Olsen 2001; Cultrera
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et al. 2003; Peng & Ben-Zion 2006; Karabulut & Bouchon 2007;
Calderoni et al. 2010). If the fault zone of intense damage is rel-
atively uniform it produces fault-zone trapped-waves that can lead
to large motion amplification (e.g. Ben-Zion & Aki 1990; Li et al.
1994; Mizuno & Nishigami 2006). Observed fault-zone trapped-
waves consist primarily of Love-type with particle motion parallel
to the fault strike (e.g. Lewis & Ben-Zion 2010), but they can also
have Rayleigh-type components with other polarization angles (e.g.
Ellsworth & Malin 2011).

Various recent observations of ground motion in fault zone envi-
ronments documented a strong directional amplification with high
angle to the fault strike (e.g. Rigano et al. 2008; Di Giulio et al.
2009; Pischiutta et al. 2012). Using both volcanic tremor and local
earthquakes, Falsaperla et al. (2010) found clear motion polariza-
tions at stations in the crater area of Mt Etna, with polarization
directions varying among sites but everywhere transverse to the
orientation of the local fracture field. Pischiutta et al. (2012) com-
pared polarization directions in several different faults and con-
cluded that the polarization of amplified motion tends to be near-
perpendicular to the orientation of the predominant fracture field
expected from modelling. They interpreted the observations as re-
sulting from anisotropy of stiffness caused by oriented cracks in the
fault zone.

In this paper we apply the approach of Pischiutta et al. (2012)
to explain the polarization pattern observed in the Pernicana Fault
(PF) as described in previous papers (Rigano et al. 2008; Di Giulio
et al. 2009). The PF is the major tectonic element of the Mt Etna
volcano, extending from the volcanic crater to the coastline along 18
km, with an average strike of N110◦, and kinematics varying from
oblique to purely left-lateral strike-slip. The PF structure borders
to the North a large sector of Mt Etna (Fig. 1), which is charac-
terized by flank instability in the southeastern part of the volcanic
edifice (Acocella & Neri 2005). This instability produced a lateral
movement with horizontal displacements (Bonforte et al. 2008) up
to a ten of centimetres in a year during the 2005–2006 activity. Di
Giulio et al. (2009) performed a detailed investigation of ground-
motion properties in the zone (Piano Pernicana) where the PF shows
the largest deformation. They observed a large amplification of the
horizontal ground motion in the damage fault zone. This ampli-
fication occurs in a narrow frequency band around 1 Hz, and 2-D
array experiments indicated that it could not be related to the typical
resonance of soft upper layers. Moreover, the horizontal amplifica-
tion was found to vary in proximity of the PF trace: two different
polarization directions were observed on the opposite sides of the
fault. Di Giulio et al. (2009) called this amplification effect a ‘di-
rectional resonance’, an expression introduced by Bonamassa &
Vidale (1991) in the context of a study associated with aftershocks
of the 1989 Loma Prieta earthquake.

The results of this study demonstrate that the directional reso-
nances observed in the PF region change their polarization angle
consistently with variations of the expected fracture orientation be-
tween the northern and southern sides of the fault. We model the
fracture field across the fault as in Pischiutta et al. (2012), using the
in-house software FRAP (Salvini et al. 1999). In the northern side
of the PF, synthetic cleavage based on left-lateral strike slip kine-
matics is found to predominate. The expected synthetic cleavage
orientation is N74◦, in good agreement with the fracture directions
estimated in the field by Acocella & Neri (2005). The observed po-
larization is oriented N166◦ confirming the near orthogonal relation
to the cleavage trend. In the southern side of the fault, the major
role is played by the sliding movement towards N120◦ that is driven
by the instability of the volcano edifice in its southeastern flank. In

this case, extensional fractures predominate with an expected ori-
entation around N43◦. The observed polarization shows a narrow
distribution around N139◦, confirming again the near orthogonal
relation with the expected fracture orientation. Our main conclu-
sion is that the variations observed in directional resonances are
controlled by the different orientation of the predominant fracture
fields that develop in the opposite sides of the fault.

2 T H E P F I N M T E T NA V O L C A N O
T E C T O N I C F R A M E W O R K

Mt Etna is located along the Ionian coast of Sicily (Fig. 1), at the
front of the Apennine–Maghrebian Chain (Lanzafame et al. 1997;
Monaco et al. 2005, and references therein). It is the largest ac-
tive volcano in Europe with an elliptical base of 38–45 km and a
height of 3320 m through the accumulation of basaltic lava flows
and pyroclastic eruptive episodes during its 170 kyr of activity
(Romano 1982; Calvari et al. 1994; Corsaro et al. 2002; and ref-
erences therein). Volcanic activity occurs in the present at the four
summit craters and along flank fissures, mainly concentrated in
three ‘rift zones’ (Garduño et al. 1997; Behncke & Neri 2003) at
northwest, south and west (Fig. 1).

The northern and western sectors of the volcano grew over a
metamorphic and sedimentary pre-volcanic basement represented
by a southward verging system of thrusted nappes (the Apennine–
Maghrebian Chain) at the southern margin of the Eurasian Plate. In
contrast, the southern and eastern sectors of the volcano were built
on marine early Quaternary plastic clays, deposited in the foredeep
of the African Plate (Lentini 1982).

The volcano edifice lies on the western side of the Malta Es-
carpment, an important tectonic boundary separating the Sicilian
continental shelf (Hyblean Plateau) and the oceanic-affinity crust
of the Ionian Sea. This lineament strikes NNW–SSE and has a dis-
placement of 3 km (Hirn et al. 1997). On the Sicily onshore it is
represented by a series of active normal faults (the Timpe fault sys-
tem) with scarps up to 200 m (Lanzafame et al. 1997; Monaco et al.
1997; Corsaro et al. 2002).

Different models have been proposed to explain the complexity
of the tectonic environment where Mt Etna has formed. The pre-
dominant role can be deduced from field observations of faults,
fractures, dikes and scoriae cones. The PF represents the most pro-
nounced tectonic lineament of the Mt Etna structure (Fig. 1). Fault
evidence extends eastward from the NE Rift (around 1850 m a.s.l.)
to the coastline, for a total length of 18 km (Neri et al. 2004). Its
morphology is represented by a scarp (up to 80 m high) at elevations
between 950 and 1530 m; the lack of a clear morphological signa-
ture in the other zones has been related to the most recent lava cover
(Obrizzo et al. 2001). The PF is responsible for continuous damage
to man-made structures. Tibaldi & Groppelli (2002) estimated slip
rates at a centennial scale ranging from 1 to 2.7 cm yr–1. The fault
displacement varies from pure left-lateral (to the eastern side near
the coastline) to transtensional (near the intersection with the NE
rift, on the Mt Etna summit area). Fault movement is mainly accom-
modated through creeping (Obrizzo et al. 2001); however, large slip
episodes occurred during shallow (<3 km) earthquakes resulting in
high displacement-related damage despite the low high-frequency
content of these earthquakes (Milana et al. 2008).

The PF is the northern boundary of a large sliding movement that
affects the eastern to southeastern sector of the volcano (Neri et al.
1991; Borgia et al. 1992, 2000; Lo Giudice & Rasà 1992; Rust &
Neri 1996; Garduño et al. 1997; Froger et al. 2001). The sliding

 at U
niv of Southern C

alifornia on A
pril 12, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


988 M. Pischiutta et al.

Figure 1. Map of the main active structural elements of Mt Etna. White arrows represent the horizontal displacement vectors as measured by Bonforte et al.
(2008) between 2005 July and 2006 June. The upper panel shows Mt Etna in the seismotectonic framework of the central Mediterranean area (redrawn after
Monaco et al. 2005).

sector is limited to the West by the N–S trending Ragalna fault
system, with a predominant dextral–normal motion (Rust & Neri
1996; Acocella & Neri 2005) and to the South by the Trecastagni–
Mascalucia–Tremestieri fault system (Froger et al. 2001). Geodetic
surveys indicate an E to ESE relative movement of the sliding sector
as indicated by the white arrows in Fig. 1 (Bonforte et al. 2008;

Alparone et al. 2011). The relation between the PF and the sliding
is evident from the relative downthrown of the southern sector that
prevails on the movement of the fault.

The complexity of the tectonic framework of the PF led to dif-
ferent published interpretations. Some authors assert that the PF
represents mainly the lateral outcrop of the detachment surface of
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Figure 2. Directional amplification across the Pernicana fault at Piano Pernicana. The central panel shows the position of seismic stations on the topographic
map. Stations were installed by Di Giulio et al. (2009) along and across the fault (red line) along and across the fault. Particle motion (horizontal and radial
planes) along the two transects are shown at the right- and left-hand sides, calculated on 5 min bandpass filtered (0.5–2 Hz) ambient noise. The red and blue
histograms show the distribution of polarization angles at measurement sites indicated as red and blue dots, respectively.

the sliding sector (Borgia et al. 1992; Obrizzo et al. 2001; Neri
et al. 2004; Acocella & Neri 2005). Others interpret the presence of
the Pernicana regional fault as merely playing a triggering role to
the instability of the sliding sector (Monaco et al. 1997, 2005), and
decoupling the southern portion from the stable part to the north
(Alparone et al. 2011).

3 E V I D E N C E O F S E I S M I C S I G NA L
P O L A R I Z AT I O N I N T H E FAU LT Z O N E

Directional resonances at Piano Pernicana were investigated by Di
Giulio et al. (2009) through ambient vibration measurements and
records of local earthquakes. The main results of their paper are

redrawn in Figs 2 and 3 that describe the large horizontal am-
plification in the frequency band around 1 Hz with a preferential
direction of particle motion. Through shallow geophysical exper-
iments including 2-D arrays, Di Giulio et al. (2009) inferred that
the directional resonance in the fault zone could not be related to
typical vertical reverberation of seismic waves in soft upper lay-
ers. Moreover, an abrupt variation of the polarization angle was
found between the northern and southern sides of the fault at Piano
Pernicana.

Fig. 2 illustrates the variations of the ground-motion polarization
along and across the fault at Piano Pernicana. The red line in Fig.
2 indicates the main trace of the PF that separates the stable (to
the north) from the unstable (to the South) sectors. Records of
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Figure 3. Horizontal-to-vertical spectral ratios of ambient vibrations and three local earthquakes recorded at station #5 (redrawn from Di Giulio et al. 2009),
calculated after rotating the horizontal component from 0◦ (north) to 180◦ (south) at steps of 10◦. Bottom panels report single curves for each rotation step
that visualize the variation versus azimuth. The HVSRs amplitudes are also displayed as contour plots in the upper panels, as a function of frequency (x-axis)
and angle of rotation (y-axis).

ambient vibrations were bandpass filtered in the frequency range
0.5–2 Hz (where horizontal amplification is maximum, see Fig. 3),
and particle motions are plotted using the same amplitude scale for
all sites to show the spatial variations. Particle motions are plotted
in the horizontal plane (left-hand panels) as well as in the vertical-
radial plane (right-hand panels) where radial direction is defined at
each site by the predominant horizontal polarization. Measurements
close to the fault scarp exhibit the strongest amplitudes; however,
polarization is persistent for many hundreds of meters from the fault
scarp although motion amplitudes decrease. These plots indicate
that ground motion is substantially horizontal in the fault zone and
there is a variation in the direction of the horizontal polarization
between the northern and southern sides of the fault. The red and
blue histograms of Fig. 2 show the cumulative distribution of all
the measurement sites on the opposite sides of the fault. These
histograms indicate a variation by about 30◦ in the polarization
azimuth across the fault.

Azimuthal variations of the horizontal spectral amplitudes are
shown in Fig. 3, at one representative station (#5 in Fig. 2) in-
stalled a few tens of meters near the scarp of the PF at Piano
Pernicana; this station recorded both earthquakes and a long record
of ambient vibrations. The curves of the bottom panels of Fig. 3
represent the spectral ratios between azimuth-varying horizontal
components and the vertical motion, using both ambient vibra-
tions and local earthquakes. The spectra of horizontal motions were
computed after rotating the NS and EW components by bins of
10◦, from 0◦ (north) to 180◦ (south), as described in detail by Di
Giulio et al. (2009). The horizontal-to-vertical spectral ratios are
displayed in Fig. 3 as contour plots (in the upper panels) as well
as single curves for each rotation (in the bottom panels). Fig. 3
shows that horizontal ground motion near the fault scarp is a fac-
tor of 10 larger than vertical motion around 1 Hz for an azimuth
of N100◦–130◦, whereas the horizontal-to-vertical ratio tends to
unity in the transversal direction. The pattern is the same for am-
bient vibrations and earthquake records, indicating a near-site ef-
fect independent of source and long-path propagation of seismic
input.

To better visualize this variation in the polarization azimuth, in
Fig. 4 we show rose diagrams along and across the PF. They display
at each station the horizontal polarization direction as assessed by
Di Giulio et al. (2009) through the covariance matrix technique of
Jurkevics (1988). The results confirm to what extent ground motion
is amplified in the horizontal plane. The variation of polarization
across the fault is also plotted along the two transects AA′ and
BB′ using the transect diagrams computed with the package Daisy
(Salvini et al. 1999).

Different hypotheses have been proposed on the key mechanisms
that cause large directional amplifications. The local near-surface
1-D velocity structure inferred by Di Giulio et al. (2009) rules
out the resonance of soft upper layers over a stiff basement: nei-
ther the thickness nor the velocities are consistent with a 1 Hz
frequency peak. Moore et al. (2011) and Burjànek et al. (2012) as-
cribed strong amplification and polarization of the wavefield to res-
onances of large rock blocks in unstable slopes in Swiss Alps. They
modelled the block vibrations using a set of steeply dipping, compli-
ant tension fractures. However, directional resonances are observed
also in other fault zones where there are no large resonant blocks
(Pischiutta et al. 2012). In these cases, the resonant frequency
could be related to size and velocity of the fault damage zone.
The high density of oriented cracks within the damage zone causes
an anisotropic compliance of the rock that favours a directional
wavefield polarization at the resonant frequency. This is consistent
with results of Griffith et al. (2009) who numerically simulated
uniaxial compression tests on fractured rock with assumed crack
distribution taken from mapped fault zone rocks. They inferred
strong anisotropic reduction of the effective fault-normal Young
modulus, or increasing compliance with increasing angle between
the load and the main fractures direction.

Whatever the resonance mechanism is, the orientation of fractures
plays likely a major role on the direction of maximum amplifica-
tion. In the following, we address this problem by investigating the
relations between the observed dominant polarization and expected
orientation of cracks in the region around the PF. The latter is done
with a model that accounts for complex movements around the PF
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Figure 4. Ground motion polarization of each station is represented by rose diagrams (in red and blue to the north and south of the fault, respectively). The
polarization variations along the transects AA′ and BB′ are shown in the diagrams on the left- and right-hand side, respectively. They represent the polarization
distribution using a colour scale normalized to unity.

that include local left-lateral strike-slip as well as transtensional
oblique-slip.

4 M O D E L S O F B R I T T L E
D E F O R M AT I O N A C RO S S T H E P F

For several faults in Italy and California with normal and strike-slip
kinematics, Pischiutta et al. (2010, 2012) found a near orthogonal
relation between the horizontal polarization and orientation of the
main fracture field produced by the fault kinematics in the fault
damage zone. Using the same approach, we investigate the relation
between the horizontal polarization of amplified motion and the
strike of the fracture fields across the PF at Piano Pernicana (Figs
3 and 4). We also examine whether the variations in the deforma-
tion conditions on the two sides of the fault may produce different
fracture patterns.

In general, one or more fracture sets can develop in a fault dam-
age zone depending on the fault kinematics, acting stress field, rock
rheology and other site-dependent factors. Fractures accommodate
shear and dilatational brittle deformation fields that are organized
into ‘fracture cleavage’ patterns (Caine et al. 1996). This term de-
notes fracture sets with spacing significantly shorter than fracture
surface dimensions (e.g. Mandl 2000). They can include synthetic
cleavages (i.e. R planes according to the definition by Riedel 1929),
antithetic cleavages (R′ planes), extensional fractures (T planes),
and pressure solution surfaces (P planes). One set is usually the

most common because its development inhibits further significant
elastic stress accumulation and the growth of others. Due to the
silicatic nature of the volcanic rocks in the study area, minimal
pressure-solution surfaces are expected.

Through a combined numeric and analytic approach using the
FRAP Package (Salvini et al. 1999), we determine which fracture
type (synthetic cleavages, antithetic cleavages, or extensional frac-
tures) is most likely expected on the two sides of the PF, as well
as fracture orientations along the fault damage zone. We separately
model the two sides of the fault at Piano Pernicana to take into
account the different kinematic conditions. In the northern side of
the PF, fracturing is associated with the fault left-lateral strike-slip
kinematics. On the other hand, the movement of the sliding flank
combines with the fault kinematics leads to a transtensional be-
haviour in the southern side.

In the model the following parameters are fixed for both the
northern and the southern sides: density 2800 kg m–3, cohesion
5 MPa, Poisson ratio 0.25, friction angle 30◦, clay content 0 per
cent. According to the fault geometry in the investigated sector,
the PF is modelled as a surface with dimensions 10 km (along
strike) × 2 km (along dip) striking in the E–W direction and 70◦-
dipping towards south (Fig. 3). The fault surface is discretized into
a grid of quadrangular cells of about 330 × 50 m2. For each cell the
software computes the stress components, including the overburden
σ V, the fluid isotropic pressure within the rock pores PV, both
linearly increasing with depth, the regional stress tensor σ R and
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Figure 5. Panel (a) Graphic explanation of the Deformation function Df in terms of Mohr circles for shear fractures (Df SH) and for extensional fractures
(Df EX). Panel (b) Generation of shear fractures when the Df values for synthetic cleavages (Df SH) are lower than the extensional fracture ones (Df EX). In the
sector north of the fault this is recognized along the entire fault plane. Panel c) Generation of extensional fractures when Df = Df EX > Df SH. In the sector
south of the fault this occurs in the shallower part of the fault plane. In both panels (b) and (c) the Mohr circles are drawn for the acting stress conditions
calculated by the code at a given cell (on the westernmost part of the fault at about 800 m depth).

the ‘kinematic stress’ σ K. The latter represents the elastic stress
accumulation due to frictional motion associated with the fault
activity in each cell. The sum of all these components gives the
resulting stress tensor σ A. Fractures develop in the model when
σ A exceeds the strength of a cell given by the Coulomb–Navier
Failure Criterion (Mandl 2000). In the FRAP package approach,
the ability to produce fractures at each cell at a given time interval
is represented by the deformation function Df (Storti et al. 1997)
for shear (Df SH) and tensile (Df EX) conditions (Fig. 5). Df SH is
the difference between the shear strength of the material � and
the acting shear stress τ ∗, while Df EX is the difference between
the tensile strength (T) and the minimum component of the acting
normal stress σ 3A.

Df SH = � − τ ∗

Df EX = T − σ3A. (1)

The total deformation function Df is given by the smaller of
these two components, depending on the stress/strength conditions
in each specific case:

Df = min (Df SH, Df EX) . (2)

A graphical interpretation of the deformation functions Df SH

and Df EX is illustrated in Fig. 5(a). The Mohr’s circle is drawn
considering the minimum (σ 3A) and maximum (σ 1A) components of
the resulting acting stress tensor σ A with the Mohr–Coulomb failure
envelope. Fig. 5(b) shows the Mohr circle when shear fractures
develop (as synthetic or antithetic cleavages), when Df SH < Df EX

(so Df = Df SH). Shear fractures will form an angle � with the
maximum compressional component of the resulting acting stress
(σ 1A). Fig. 5(c) shows the Mohr circle when Df SH > Df EX (so Df =
Df EX). In this case, extensional fractures predominate, developing
normal to the minimum compressional component of the resulting
acting stress (σ 3A).

Based on the calculation of the acting stress tensor σ A (Fig. 5),
we compute the Df values of the different types of expected fracture
at each cell. Applying eq. (2), the predominant fracture type is
assessed along the fault. Fig. 6 shows the predominant fracture

types obtained for the two models, as well as their attitude (strike
and dip).

The model sensitivity was tested by varying the rheological pa-
rameters within realistic ranges (cohesion between 3 and 7 MPa;
friction angle ϕ between 25◦ and 35◦; rock density between 2700
and 2900; Poisson ratio between 0.22 and 0.28). Results produced a
maximum variation of 3◦ in the model (see Table 1), indicating that
fractures type and orientation mostly depends on the acting stress
conditions rather than on reological parameters.

The two sides of the fault are modelled varying the kinematics
and the regional stress (see the kinematic stress mode in left panel
of Fig. 6). The applied stress conditions are chosen to account for
both the contribution of the regional stress and the kinematic com-
ponent related to the fault movement. The regional stress orientation
(violet arrows in left-hand panel of Fig. 6) is set to be consistent
with the fault development. It is oriented with σ 1 at N40◦ and
σ 3 at N130◦, both lying on the horizontal plane, and vertical null
σ 2 axis.

In the northern side of the fault, kinematics is fixed to be purely
left-lateral strike-slip with a total displacement of 500 m. Frac-
ture orientation is independent of the amount of displacement
that influences only fracture density. Consistently with the fault
kinematics, we orient the slip vector in N90◦ direction with 0◦

plunge. The regional stress amplitudes are fixed as 4 MPa for
σ 1 and −8 MPa for σ 3, required to reach the fault failure con-
ditions with the chosen rheological parameters. This model pre-
dicts that synthetic cleavages predominate with an average strike
of N74◦ (Fig. 6, top right-hand panel). Their distribution is com-
puted using the Daisy Package (Salvini et al. 1999; available at
http://host.uniroma3.it/progetti/fralab/) and their strike is visualized
through a wind-rose diagram. The southern side of the PF lies on the
sliding southeastern flank of the volcano. Therefore an extensional
stress component is acting in this side. For this model we change the
applied regional stress condition to allow extension to play a higher
role. We set a null σ 1 horizontal regional stress and rotate the kine-
matic vector to N120◦ direction with 45◦ plunge. Thus we assumed
a fault slip parallel to the fault plane, fault movement producing no
transpression or transtension. We chose a 45◦ plunge to estimate
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Figure 6. Fracture models of the PF yielding the expected predominant fracture field (a) north and (b) south of the fault. The sketch on the left shows the
regional stress (σR) orientation (violet bold arrows), the different kinematic stress mode in the two fault sides (orange arrows), the acting stress (σA) orientation
(purple arrows); the three types of fractures that can develop (synthetic and antithetic cleavages and extensional fractures) are also drawn, the coloured ones
are the predominant fractures that are expected on the basis of the model (red and blue for synthetic cleavage and extensional fractures, respectively). In central
panels, the expected fracture type is represented along the fault plane, different colours representing the different fractures (see the legend). In panels on the
right-hand side, the expected fracture field is drawn in 3-D through squared planes. To better visualize the strike, a 2-D rose diagram (blue) is also produced.
For the synthetic cleavage model, the results of fracture measurements (in orange) in the field by Acocella & Neri (2005) are overlapped to the model rose
diagram.

Table 1. Variability of expected fracture orientations by varying rheological parameters in the two fault sides (bold characters indicate the values chosen for
the models).

Northern fault side Southern fault side

Poisson Synthetic cleavage Density Synthetic cleavage Poisson Extensional fracture Density Extensional fracture
module strike strike module strike strike

0.22 72◦ 2700 72◦ 0.22 42◦ 2700 42◦
0.25 72◦ 2800 72◦ 0.25 42◦ 2800 42◦
0.28 73◦ 2900 72◦ 0.28 43◦ 2900 43◦

Cohesion Synthetic cleavage Friction Synthetic cleavage Cohesion Extensional fracture Friction Extensional fracture
strike Angle strike strike angle strike

3 72◦ 25◦ 74◦ 3 42◦ 25◦ 44◦
5 72◦ 30◦ 72◦ 5 42◦ 30◦ 42◦
7 72◦ 35◦ 71◦ 7 42◦ 35◦ 41◦

the average movement vector of the hanging wall of the PF. It is
worthwhile to note that the model was processed also by consider-
ing plunge values between 30◦ and 60◦ (the latter represents a pure
normal fault), but this variation produced only negligible variation
in the predicted fracture azimuth (<2◦).

The southern side model yields predominant extensional frac-
tures, striking in the N43◦direction for near-surface conditions
(Fig. 6, bottom right-hand panel).

Acocella & Neri (2005) measured the deformation that affected
roads, walls, buildings and railroads during the 2002–2003 erup-
tion. They observed that deformation manifested as en-échelon seg-

ments oriented at angles between 6◦ and 35◦ to the fault strike,
and measured segments with an average N70◦ strike at Piano
Pernicana. Although in this case fractures are produced by the
strongly different brittle rheology between the paved road and
the underlying filling unconsolidated material, from the struc-
tural point of view their strike is nearly parallel to the syn-
thetic cleavage we have modelled. The observed fracture pat-
tern supports the reliability of the proposed fracturing model.
This consistency suggests that the measured deformations and ex-
pected synthetic cleavages were originated by the same left-lateral
kinematics.
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Figure 7. Comparison between the observed horizontal polarization (red and blue rose diagrams to the north and south of the fault, respectively) and the
fracture strike (black rose diagrams) modelled for the two sides of the fault. A perpendicular relation is found both in the northern and southern sides of the
Pernicana Fault.

5 D I S C U S S I O N A N D C O N C LU S I O N S

The fracture models for the two sides of the PF yield different ex-
pected fracture fields due to different acting kinematic conditions
(Figs 6 and 7). In the northern side of the PF, the acting stress
is mostly affected by the kinematic conditions associated with the
left-lateral strike-slip movement of the fault, which locally predom-
inates on the regional stress component. The model calculations
predict that synthetic cleavage is produced on that side with an
average strike of N74◦. On the other hand, the southern side of
the PF is involved in the sliding of the southeastern flank towards
the ESE, as shown by GPS surveys carried out by Bonforte et al.
(2008). The extensional component associated with this movement
strongly affects the acting stress field, leading to a high capabil-
ity of producing extensional fractures at the surface. The model
calculations for the sector south of the fault predict a N42◦ direc-
tion of extensional fractures. The different expected sets of dom-
inant fractures on the opposite sides of the PF are likely respon-
sible for the strong variation of directional resonance across the
fault.

Examining the angular relation between the polarization azimuth
of amplified motion and the predicted fracture field, we observe a
nearly orthogonal relation on both sides of the PF. In the northern
side of the fault the observed mean polarization is oriented N166◦,
forming an angle of 88◦ with the predominant fracture orientation
(synthetic cleavage); in the southern side the observed mean polar-
ization is oriented N139◦ forming an angle of 83◦ from the strike
of the extensional fractures. The results have a simple explanation
in terms of compliance (or stiffness) anisotropy of the damaged
rocks, with lower compliance in the direction normal to that of the
dominant sets of fractures. This is consistent with the previous seis-
mological observations and simulation results of Pischiutta et al.
(2012) in the context of the Hayward and San Andreas faults in
California, and the geological and numerical study of Griffith et al.
(2009) in the context of small faults in the Sierra Nevada.

The results help to reduce from the complexity associated with
observed amplified motion in fault zones and other environments
with highly fractured rocks. The directional resonance and possibil-
ity of sharp spatial variations of amplified motion across boundaries
of different kinematics should be considered in estimates of shaking
hazards on local scales. The lithology contrast across the PF may
produce additional effects on the generated seismic motion (e.g.
Ben-Zion 2001). This topic will be the subject of future work.
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