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S U M M A R Y
The Abruzzi region is located in the Central Apennines Neogene fold-and-thrust belt and has
one of the highest seismogenic potential in Italy, with high and diffuse crustal seismicity related
to NE–SW oriented extension. In this study, we investigate the detailed spatial variation in shear
wave splitting providing high-resolution anisotropic structure beneath the L’Aquila region. To
accomplish this, we performed a systematic analysis of crustal anisotropic parameters: fast
polarization direction (ϕ) and delay time (δt). We benefit from the dense coverage of seismic
stations operating in the area and from a catalogue of several accurate earthquake locations
of the 2009 L’Aquila seismic sequence, related to the Mw 6.1 2009 L’Aquila main shock, to
describe in detail the geometry of the anisotropic volume around the active faults that ruptured.
The spatial variations both in ϕ and δt suggest a complex anisotropic structure beneath the
region caused by a combination of both structural- and stress-induced mechanisms. The
average ϕ is NNW–SSE oriented (N141◦), showing clear similarity both with the local fault
strike and the SHmax. In the central part of the study area fast axes are oriented NW–SE,
while moving towards the northeastern and northwestern sectors the fast directions clearly
diverge from the general trend of NW–SE and rotate accordingly to the local fault strikes.
The above-mentioned fault-parallel ϕ distribution suggests that the observed anisotropy is
mostly controlled by the local fault-related structure. Toward the southeast fast directions
become orthogonal both to strike of the local mapped faults and to the SHmax. Here, ϕ are
predominantly oriented NE–SW; we interpret this orientation as due to the presence of a
highly fractured and overpressurized rock volume which should be responsible of the 90◦ flips
in ϕ and the increase in δt. Another possible mechanism for NE–SW orientation of ϕ in the
southeastern sector could be ascribed to the presence of a buried, deep NE–SW oriented fault
system. δt, both unnormalized and normalized, does not show any clear evidence of increasing
with increasing depth indicating that the anisotropy is confined primarily to the shallower
crustal layers (∼10 km depth). Interpolating δt show that higher values are found at the edges
of the main patches of the rupture related to the 2009 main shock, while lower values are
limited in the central part of the fault plane, where the coseismic slip was higher. We infer that
in the areas surrounding the ruptured region, lateral variations in material properties caused
overpressurized fluid conditions, while within the main shock ruptured area, high energy
released produced an open crack system such that overpressurization was not possible.
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1 I N T RO D U C T I O N

Seismic anisotropy is a common property of the Earth’s crust. In
recent years, there have been a growing number of studies that
recognized anisotropy in many different geological and structural

domains (Crampin & Lovell 1991; Tadokoro et al. 1999; Peng &
Ben-Zion 2004, 2005; Mizuno et al. 2005).

The most common method for recognizing seismic anisotropy
is the ‘Shear Wave Splitting’ technique. When a seismic wave
enters an anisotropic medium it splits into two orthogonally
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polarized components, namely fast and slow components, which
travel with different velocities as a function of their propagation
and polarization directions. The time lag between the S-fast and
S-slow component is the delay time (δt), which is a measure of
the intensity and/or the depth extension of the anisotropic layer.
When the observed delay time is close to zero the measure is called
‘null’ and it means that shear wave splitting did not occur. This
can be due to the absence of anisotropic structure beneath the sta-
tion, but it can also mean that the shear wave is initially polarized
parallel to either the fast or slow direction (Schutt et al. 1998).
In this case, the original seismogram shows a linearly polarized
S wave.

The model that is widely hypothesized to explain the majority of
observed crustal anisotropy is the stress-induced anisotropy (Nur
& Simmons 1969), known as extensive dilatancy anisotropy (EDA)
model (Crampin 1978; Crampin & Peacock 2005). In this model,
the shear wave splitting is caused by stress-aligned fluid-saturated
parallel, near vertical microcracks and pore throats or by preferen-
tial closure of fractures in rock by the in situ stress field (Boness
& Zoback 2004). The microcracks (EDA cracks) are aligned by the
regional stress field parallel to SHmax, the direction of horizontal
maximum active compressive stress (Crampin & Lovell 1991) and,
for nearly vertical propagation of seismic waves, shear waves are
generally polarized so that the fast components are parallel to the
strike of EDA cracks and fractures. Consequently, fast polarization
directions are aligned parallel to the SHmax. The delay time is a
measure of the intensity of the anisotropy, which in this case cor-
responds to crack density and/or the thickness of the fracture field
(Crampin 1994).

In some cases, the EDA model cannot explain the pattern of fast
directions. This is observed when the fast components are aligned
parallel to the structural fabric (Kaneshima 1990; Gledhill 1991),
as predicted by the structural-controlled anisotropy model (SAM;
Zinke & Zoback 2000). The SAM model describes such a pattern
of fast directions. In this model, the seismic anisotropy is con-
trolled by the intrinsic structural fabric of the rocks and is not
necessarily related to the active stress field. The shear wave split-
ting arises from the preferential alignment of macroscopic struc-
tural features such as finely layered sedimentary sequences (Backus
1962; Kern & Wenk 1990; Leary et al. 1990), pervasive fault-zone
fabric (Zhang & Schwartz 1994; Tadokoro et al. 2002), macro-
scopic aligned fractures (Mueller 1991; Zinke & Zoback 2000),
oriented anisotropic minerals giving rise to the foliation in meta-
morphic rocks (Brocher & Christensen 1990; Aster & Shearer
1992; Sayers 1994; Valcke et al. 2006; Kendall et al. 2007) and
alignment of grains (Balfour et al. 2005; Verdon et al. 2008). In
this model, the delay time measures the degree of fabric strength
(Savage et al. 1990).

The aim of this paper is to provide new insights in the anisotropic
properties of the L’Aquila area, which has been struck by a de-
structive Mw 6.1 earthquake on 2009 April 6, at 01:32 UTC
(Scognamiglio et al. 2010). Starting from the previous anisotropic
study available for the area (Pastori et al. 2012), we further in-
vestigated these issues taking advantage of the dense coverage of
temporary and permanent seismic stations operating in the area
soon after the occurrence of the main shock. The increased number
of seismic stations and the catalogue of accurate earthquake loca-
tions allowed us to collect thousands new splitting measurements,
which enabled us to better understand the causes of anisotropy and
its variations in space.

1.1 Seismotectonics of the area

The study area is located in the axial portion of the Central Apen-
nines fold-and-thrust belt formed during the Neogene-Quaternary
times as a response to the synchronous opening of the Tyrrhenian
backarc basin, the eastward rollback of the subducting Adria litho-
sphere and the eastward migration of the Apenninic compressional
front (Fig. 1; Malinverno & Ryan 1986; Rosenbaum et al. 2002).
The present-day structural setting of the L’Aquila area is the result
of several overthrust tectonic units belonging to the transitional do-
main between the Latium–Abruzzi carbonate shelf platform and the
Umbria–Marche pelagic basin. These two domains were separated
by the Olevano-Antrodoco tectonic Line (OAL), which developed
during the Liassic extension stage (Fig. 1; Castellarin et al. 1982;
Calamita & Deiana 1988; Bigi & Pisani 2005): northwest of the
OAL is the Umbria-Marche pelagic domain, southeast of the OAL
is the Latium-Abruzzi carbonate shelf platform.

Since the Early Pleistocene the central sector of the Apenninic
chain was affected by an NE-striking extensional tectonic regime
acting on an area previously controlled by compressive tectonics
(Barchi et al. 2000; Galadini & Galli 2000; Boncio et al. 2004).
The NE-oriented extension regime affects the axial and inner por-
tions of the belt, while compressive structures characterized the
external foredeep areas (Montone et al. 2012). At present, the
NE–SW active extension (Shmin) in the Central Apennines accom-
modates ∼3 mm yr−1 extension rate across the belt (D’Agostino
et al. 2008; Cheloni et al. 2014). The extension is controlled
by a complex and broad system of active NW–SE striking nor-
mal faults, which reactivate pre-existing compressional structures
(Patacca et al. 2008; Pizzi & Galadini 2009). Two dominant subpar-
allel fault sets, namely the Eastern Normal Fault System (ENFS)
and the Western Normal Fault System (WNFS), are composed of
adjacent, mostly SW-dipping and en-échelon arranged fault seg-
ments (Vezzani & Ghisetti 1998; Barchi et al. 2000; Roberts &
Michetti 2004). These normal faults controlled the formation of
large intermountain extensional basins, such as the L’Aquila basin,
interposed between the two previously major fault systems. The
L’Aquila region is an NW–SE elongated continental basin filled by
Plio-Quaternary continental sediments (Cavinato & De Cellis 1999;
Galadini & Galli 2000). It is located within the Middle Aterno Valley
basin, a northwest–southeast-trending tectonic depression located
between the Gran Sasso Thrust and the Monti d’Ocre morphostruc-
tural units (Fig. 1; Bagnaia et al. 1992; Blumetti et al. 2002; Boncio
et al. 2004; Blumetti & Guerrieri 2007; Civico et al. 2015a).

1.2 The 2009 L’Aquila seismic sequence

In 2009, a destructive seismic sequence hit central Italy destroy-
ing the L’Aquila town and the surrounding villages (Fig. 1). The
spatiotemporal evolution of the seismic sequence and the geometry
of the fault system responsible for the sequence have been accu-
rately reconstructed in the last years by several authors (Chiarabba
et al. 2009; Valoroso et al. 2013, and references therein) taking
advantage of thousands of aftershocks recorded at several seismic
stations. The sequence occurred in the region located between the
WNFS and the ENFS major subparallel normal fault systems and
is characterized by a long sequence of foreshocks and aftershocks.
The foreshock sequence started on 2009 January, the two largest
foreshocks were the Mw 4.1 on March 30 (at 13:38 UTC) and the
Mw 3.9 on April 5 (at 20:48 UTC). The Mw 6.1 main shock struck
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Figure 1. Schematic tectonic map of Abruzzi region with the traces of the Quaternary active normal faults (black lines) according to various authors reported
in the lower left inset. The main faults are labeled as follows: NMFFS: Norcia-Mt. Fema fault systems; MVMBFS: Mt. Vettore–Mt. Bove fault systems; LFS:
Mt. della Laga fault system; Mf: Montereale fault; Af: Assergi fault; CIFS: Campo Imperatore fault system; Pf: Pettino fault; SDf: San Demetrio fault; Ff:
Fossa fault; PPf: Piano di Pezza fault; OCf: Ovindoli-Celano fault; Cf: Campo Felice fault. The red traces are the coseismic surface ruptures (modified after:
Boncio et al. 2010; EMERGEO Working Group 2010) labeled as follows: MSf: Mt. Stabiata fault; Pf: Paganica fault; SGf: San Gregorio fault; Bf: Bazzano
fault. The dark red lines represent the Olevano-Antrodoco Line (OAL) and the Gran Sasso Thrust. The green box is the approximate surface projection of the
2009 main shock causative fault as modeled by Cirella et al. (2012) by joint inversion of strong motion, GSP and DInSAR data. Black arrows in the upper right
inset show the direction of the active extension across the Central Apennines (Montone et al. 2012). The upper left inset shows the 2009 seismic sequence (from
ISIDE: Italian Seismological Instrumental and Parametric Data Base; http://iside.rm.ingv.it/iside/standard/index.jsp). A clear cut-off of earthquake hypocentres
is recognized in correspondence of the southeastern termination of the Middle Aterno Valley, where the station FAGN is located.

the area on 2009 April 6 at 01:32 UTC (Scognamiglio et al. 2010)
and nucleated at ∼8.5 km depth, breaking a 15–18 km long fault
segment with patches of slip larger than 0.7 m. The fault plane was
associated with the Paganica-San Demetrio fault, a poorly known
tectonic structure before 2009 April (Boncio et al. 2004), which
matches the coseismic surface ruptures mapped by the EMERGEO

Working Group (2010) and Boncio et al. 2010. This surface frac-
ture was observed soon after the main shock and was interpreted
as a direct expression of fault rupture at seismogenic depth. The
focal mechanism solution for the main shock shows a pure normal
faulting mechanism (Pondrelli et al. 2010; Herrmann et al. 2011),
striking N138◦ and dipping about 54◦ towards SW.
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The aftershock distribution, whose sequence includes the largest
earthquakes Mw 5.6, April 7 (17:47 UTC) located at about 15 km
depth and the Mw 5.4, April 9 (00:53 UTC) occurred at about 9 km
depth, allows the delineation of a complex NW-trending extensional
fault system of about 50 km long. The large number of aftershocks
along with the occurrence of moderately sized earthquakes provided
enough data for estimating the stress field. Most of the aftershock
focal mechanisms show a predominant NW–SE striking focal plane,
which is coherent with the strike of the faults mapped in the region
(Scognamiglio et al. 2010; D’Amico et al. 2013). Pondrelli et al.
(2010) show a predominant T-axes orientation N60◦ in the north
and central sectors of the Abruzzi region, while moving towards
the southern sector, the T-axes orientation varies between N020◦

and N070◦. The results of the stress tensor inversion obtained using
the focal solution indicate homogeneous stress distribution with
subhorizontal σ3 trending N232◦ confirming an extensional stress
regime. These results are in agreement with the present-day NE-
trending horizontal extension (Montone et al. 2012).

1.3 Anisotropy in the crust

The close correlation between the direction of the fast shear wave,
the SHmax direction and the dominant fracture orientation make
seismic anisotropy a powerful tool to characterize the deformation
associated with a wide range of tectonic processes as well as the
fault zone fabric (Crampin & Gao 2008). In addition, it should be an
indicator of the presence of fluid-saturated cracks in rock volumes
(Zhang & Schwartz 1994; Crampin & Chastin 2003; Mizuno et al.
2005; Liu et al. 2008; Balfour et al. 2012).

A large number of studies show a sharp coherence between the
leading polarization direction and the maximum horizontal com-
pressive stress SHmax, implying that the EDA cracks are the pri-
mary causes of shear wave splitting (Margheriti et al. 2006; Gao
& Crampin 2008; Martin et al. 2014; Frietsch et al. 2015). Stress-
induced anisotropy has been suggested to explain the pattern of
seismic anisotropy in the central Japan (Hiramatsu et al. 2010) and
in the forearc of the Northern Cascadia subduction zone (Balfour
et al. 2012). On the other hand, SAM has been suggested for the
Karadere–Düzce branch of the North Anatolian Fault (Li et al.
2014), for the Eastern Betic Cordillera, Spain (Buontempo &
Wuestefeld 2013), around the Gulf of Corinth, Greece (Bouin et al.
1996), the Atotsugawa Fault, Japan (Mizuno et al. 2005) and in
Northern Cascadia (Matharu et al. 2014). Moreover, the anisotropic
properties within the fault zone and the surrounding rock volume
might often result from the mixture of both structural and stress-
induced mechanisms. In this case, it is quite difficult to discrimi-
nate which of the two mechanisms is responsible of the observed
anisotropy. The most common situation is a combination of stress-
aligned microcracks away from the fault and shear fabric controlled
anisotropy close to the damage zone, as observed around the San
Andreas Fault (Zhang & Schwartz 1994; Boness & Zoback, 2004,
2006; Cochran et al. 2006) near the Calaveras Fault, California
(Zinke & Zoback 2000), near Parkfield, California (Liu et al. 1997,
2008), in Northwest Turkey (Hurd & Bohnhoff 2012; Eken et al.
2013), around the Greendale Fault, New Zealand (Syracuse et al.
2012). In the Italian Peninsula, stress-induced anisotropy has been
suggested to explain the anisotropic structure in the Reggio Emilia
region (Margheriti et al. 2006), in the Umbria-Marche region (Pic-
cinini et al. 2006), in the L’Aquila surrounding (Pastori et al. 2012)
and beneath the Val d’Agri basin (Pastori et al. 2009). For the cases
in the Italian Peninsula, the contribution from structural-related

anisotropy cannot be completely ruled out because of the sharp co-
herence between the leading polarization direction and the strike of
active faults affecting the areas.

1.4 Previous studies of anisotropy in the region

Previous studies of seismic anisotropy in the L’Aquila surroundings
showed that the majority of fast directions are consistent both with
the strike of the main active faults and with the SHmax, which, in
regions undergoing extension, coincide. Pastori et al. (2012) anal-
ysed the S-splitting from earthquakes recorded throughout 2009
at three permanent stations. The obtained results show a predom-
inant fast direction WNW–ESE-oriented (about N122◦), which is
parallel to the strike of the active faults as well as the SHmax orien-
tation. These authors interpreted the observed anisotropy primarily
in terms of stress-aligned fluid-filled microcracks, as suggested by
the EDA model. The sharp coherence between the fast direction
and the strike of major faults bounding the basin allows these au-
thors to not completely rule out the contribution due to the inherited
structural fabric, as proposed by Zinke & Zoback (2000) model. In
another study, Lucente et al. (2010) investigate the role played by
the high pore-fluid pressure analysing the spatiotemporal variations
of vp/vs ratio and of the anisotropic parameters during the foreshock
sequence at the seismic station AQU located in L’Aquila town and
found an abrupt change in the elastic parameters, just before the
main shock occurrence. Such changes suggest to these authors to
consider a sequence of dilatancy and fluid-diffusion processes in
the rock volume surrounding the nucleation area, which is possibly
responsible for the 90◦ flips of the fast directions in some of the
events that occurred in the days around the main shock at AQU
station. Similarly, 90◦ flips in polarization due to fluid overpressure
has also been suggested by Pastori et al. (2012) to explain the rota-
tion of fast directions at the station FAGN, located SE of the main
shock. At this site, the average fast direction shows a predominantly
SSW–NNE strike (about N28◦), thus becoming perpendicular to the
SHmax and to the fast polarization directions observed at the other
stations in the area. Pastori et al. (2012) interpreted this rotation as
likely due to the overpressurized fluids in some pockets at the fault
rupture edge, hypothesizing that fluids are of primary importance in
the 2009 L’Aquila seismic sequence as also conceived by Terakawa
et al. (2013).

2 DATA A N D A NA LY S I S M E T H O D

Our data set consists of three-component waveforms, sampled at
125 sps. The three-component seismograms were recorded at 55
stations, belonging to two permanent and two temporary seismic
deployments (Fig. 2). The permanent network consists of four digital
broad-band stations (AQU, CAMP, FAGN, FIAM), which is part of
the Seismic National Network managed by the Istituto Nazionale
di Geofisica e Vulcanologia of Rome (INGV). We benefit from
data recorded at two stations (PRE1 and MTR2) of the permanent
regional seismic network managed by the INGV personnel based in
L’Aquila town.

Soon after the April 6 main shock, to better capture the seismic
sequence, two temporary deployments were installed within the
epicentral area. The first consisted of 33 INGV temporary broad-
band seismic stations (RM01, RM02, . . . RM33) operating until the
end of 2009 December. The second network consisted of 20 portable
broadband seismometers (LG01, LG02, . . . LG20) operating from
2009 May to July installed by the Laboratoire de Géophysique
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Figure 2. (a) Map of the hypocentral distribution of the well-located 3600 events used in this study and recorded during the 2009 seismic sequence (Chiaraluce
et al. 2011). The events are coloured as a function of depth. Stations used for splitting analysis are symbolized with triangles; red and green triangles are the
permanent national and regional stations, respectively; the blue and magenta triangles are the INGV and LGIT temporary stations, respectively, installed soon
after the 2009 April 6 main shock. The AQU station is in L’Aquila town. (b) Histogram showing the depth distribution of the seismicity: most of hypocentres
are confined between 8 and 12 km depth.

Interne et Tectonophysique of Grenoble. After 2009 June, the station
LG03 was replaced by the station RM26 (Margheriti et al. 2010).
We therefore discuss the results considering them as one station
(RM26/LG03).

For our analysis, we used a catalogue of 3600 well-located earth-
quakes with a magnitude range between 1.9 and 6.1 for foreshock
and aftershock sequences (Chiaraluce et al. 2011). Only earthquakes
recorded during 2009 have been analysed in this study. The hypocen-
tres are primarily confined within the upper 12 km, with the excep-
tion of April 7 aftershocks located at depth of 15 km, even if deeper
seismicity, up to 20 km depth, has also been located.

Due to the large amount of earthquakes to be processed, we used
the automated code ANISOMAT+ (Piccinini et al. 2013) to esti-
mate the anisotropic parameters, ϕ and δt. The code is automated
and this guarantees an unbiased assessment of the S-wave splitting
parameters. The code is based on the cross-correlation (CC) method
(Bowman & Ando 1987) assuming that the S-fast and S-slow hor-
izontal components have similar waveforms. The two horizontal
seismograms (the NS and EW components) are rotated in the hor-
izontal plane by 1◦ of increment of azimuth from 0◦ to 180◦. For
each azimuth, the CC coefficient between the two horizontal seis-
mograms is calculated for a range of times delay in a selected time
window. The azimuth for which the maximum absolute value of CC
coefficient is reached represents the polarization direction ϕ and

the corresponding value of time lag is the delay time δt between
the S-fast and S-slow components (for the complete description
of the code and how it works the reader is referred to Piccinini
et al. 2013).

Fig. 3 shows an example of analysis for the 2009 March 26
06:13:27 event observed at AQU station, which is one of the stations
that recorded the greatest number of events.

To accomplish a reliable estimate of the splitting parameters,
from the whole data set we selected only those waveforms that
satisfy these criteria, following the approach used by Peng &
Ben-Zion (2004):

(1) Seismic rays having a geometrical incidence angle ic ≤ 45◦.
This criterion allowed us to select waveforms coming from earth-
quakes close to the stations. This means that the analysis was per-
formed only on S waves recorded within the shear wave window.
The latter is defined by incidence angle at the free surface less
than the critical angle, ic = sin−1 (Vs/Vp), where Vp and Vs are the
P- and S-wave velocities, respectively (Booth & Crampin 1985).
This restriction guarantees that the S waves do not interact with any
free surface or horizontal interface, keeping the particle motion out
from complication deriving from S to P converted phases (Booth &
Crampin 1985), free surface effects (Nuttli 1961) and phase changes
at crustal discontinuities (Liu & Crampin 1990);
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Figure 3. Example of a well-constrained splitting measurement for the 2009 March 26 06:13:27 event at AQU station obtained by using ANISOMAT+ code
(Piccinini et al. 2013). The upper panel (a) shows the S picking on the N–S and E–W components. The time window used for splitting analysis is highlighted
in yellow. The middle panels show the rotated seismograms into fast and slow directions, the polarization vectors and the horizontal particle motions before
(b) and after (c) correction. The last panel (d) displays the estimate of cross-correlation value (blue dot), on the left side, and the fast polarization direction, on
the right side.
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(2) S-to-P amplitude ratio (calculated as the amplitude of a win-
dow starting at the S-wave onset divided by the amplitude of a time
window containing the P wave) > 4.

(3) The amplitude of the horizontal components larger than the
corresponding vertical component (H/V ratio). The criteria 2 and
3 let us to reject data with a possible contamination by the P-wave
coda (high S-to-P ratio) and to use only waveforms with small
S-wave amplitude on the vertical component (high H/V).

To improve the signal-to-noise ratio and clearly identify the shear
wave signal, prior to the splitting analysis all waveforms have been
bandpass filtered at 1–10 Hz using a bandpass Butterworth fourth-
order two-pass filter. We applied this filter on the basis of the domi-
nant frequency for local earthquake shear wave, which ranges from
5 to 10 Hz. Afterward, seismograms are windowed around shear
wave arrivals. We selected a time window length of about 0.35 s
centred on the automatic pick of S arrival (Di Stefano et al. 2006;
Aldersons et al. 2009), fixing the start of the windows 0.15 s before
the S arrival pick.

To guarantee consistency of results we consider only those mea-
surements showing a CC coefficient larger than or equal to 0.7.

The final collection consists of 3732 new individual event-station
pair splitting measurements including ‘null’ measurements. In this
study, we considered as ‘null’ results those measures with a delay
time lower or equal to 0.016 s. We also checked the initial polariza-
tion directions of these S waves to verify if null splittings are related
to fast and slow polarization directions (Wüstefeld & Bokelmann
2007).

3 R E S U LT S

The selection made on the base of the above criteria allowed us to
collect 1756 new high-quality splitting measurements at 23 stations.
The splitting analysis also yielded 1396 ‘null’ measures. Our results
reveal a quite complex pattern of fast directions and magnitude of
delay time values (Table S1, Supplementary material), which can
be probably attributed to the different properties characterizing the
different regions sampled by the seismic rays. The pattern of single
measurements (Fig. S1, Supplementary material) does not show a
homogeneous trend and it is quite difficult to recognize a preferred
orientation of the fast direction. Such a complexity could arise by the
changing of the anisotropic properties encountered by the ray while
moving through different sectors of the region from hypocentre to
the station, resulting in a lateral variation of anisotropy. The delay
time values range between 0.024 and 0.26 s. The average value of
splitting delay is approximately 0.07 s with standard deviation of
0.036 s. Similar δt values are in agreement with delay times found
in other regions, such as Karadere-Düzce Fault (Peng & Ben-Zion
2004) or Izmit region (Hurd & Bohnhoff 2012). The fast directions
are variable but the distribution for the whole data set shows a
predominant NNW–SSE orientation (N141◦) (Fig. 4b).

The rose diagram of the total ‘null’ directions has two main
peaks (Fig. 4b), one with a local maxima approximately parallel to
the main fast direction and one perpendicular to it, as expected for
the slow direction. Analysing the whole data set, the number of null
measurements (δt < 0.016 s) is about 30 per cent of the total and
at single stations the percentage of nulls is quite variable, ranging
between 10 and 80 per cent.

In the following paragraphs, we discuss only the results for 23
stations since they recorded more than eight ‘non-null’ high-quality
splitting measurements.

3.1 Spatial distribution of fast directions

In order to analyse the anisotropic results, at each of the selected
stations we have evaluated the rose diagram (Fig. 4a). To provide
a statistical analysis of the measurements at these stations we first
doubled the measured ϕ and then we applied the Von Mises method
to calculate the resultant length R and the mean fast direction ϕ̄

with the standard deviation σ (Table S1; Davis 1986; Mardia &
Jupp 2000; Cochran et al. 2003). For N measurements:

S =
N∑

i=1

sin (2ϕi ) (1)

C =
N∑

i=1

cos (2ϕi ) (2)

ϕ̄ = tan−1 (S/C) (3)

R̄ =
√

S2 + C2

N
(4)

σ = rad

2

√√√√√√√√√2x

⎛
⎜⎜⎜⎜⎝1.0001 −

√
N∑

i=1
sin (2ϕi )

2 +
N∑

i=1
cos (2ϕi )

2

N

⎞
⎟⎟⎟⎟⎠ (5)

The R-value expresses a quantitative measure of the strength of
alignment of the fast directions and varies between 0 and 1, where
0 indicate random orientation and 1 total alignment of data.

Looking at the station rose diagrams (Fig. 4) we note that the
majority of stations (FAGN, AQU, RM11, RM26/LG03, RM08,
RM07, RM01, RM24, RM02, RM06, RM09, RM10, RM29, LG19
and PRE1) show moderate scattered petals, with R-value between
0.3 and 0.65. Out of the 23 only 4 stations (RM03, RM05, RM14
and RM21) have R ≤ 0.3, indicating that ϕ̄ at these stations are
highly scattered. The scatter behaviour of fast directions might be
due to the presence of locally complex anisotropy structures or
to variation in time of the anisotropic parameters related to stress
changes during the seismic sequence.

There are only three stations (CAMP, RM04, RM32) that have
R-value ≥ 0.65, indicating that the ϕ̄ have a significant preferred
direction.

The average fast direction at each station is plotted over the cor-
responding rose diagrams on the map (Fig. 4a). At first glance, we
note three different patterns moving from the northwestern to the
southeastern sector of the region: the dominant shear wave polar-
ization varies from N–S to NW–SE and NE–SW. The N–S striking
trend of the averaged fast directions is well recognized for those
stations located in the northwestern boundary of the study area, and
to the most external sector of the right flank of the Middle Aterno
Valley (see RM29, RM10, RM09 and LG19): for these stations the
mean fast axes are not parallel to the main Quaternary normal faults
nor to the regional SHmax. Moving towards the internal sector of the
right flank of the Middle Aterno Valley, most of the stations show
dominant shear wave polarization about NNW–SSE. This trend of
ϕ is parallel both to the strike of nearby Quaternary normal faults in
the region and to the regional SHmax direction. At stations located
on the northeastern boundary of the study area, the mean fast direc-
tion rotates from NNW–SSE (at stations CAMP, RM11, RM32) to
ENE–WSW (at station RM26/LG03). This rotation of φ directions
seems to follow the strike of the Gran Sasso Thrust as well as the
Campo Imperatore normal fault systems and the Monti della Laga
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Figure 4. (a) Map of rose diagrams showing the fast polarization directions. The trend of each petal represents the ϕ direction and the length is proportional
to the number of measurements in the same intervals of ϕ (10◦) weighted by the δt of the measurements. The rose diagrams are only shown for stations with
≥8 good splitting measurements. For each station the mean fast direction (orange bar) is also reported. Also are reported the stress indicators available for the
study area (World Stress Map website: http://dc-app3-14.gfz-potsdam.de/pub/introduction/introduction_frame.html), the focal mechanisms of the main shock
(Mw 6.1, 2009 April 6 at 01:32 UTC) and of the two greatest aftershocks (Mw 5.4, 2009 April 7 at 17:47 UTC; Mw 5.2, 2009 April 9 at 00:52 UTC) (D’Amico
et al. 2013). (b) Rose diagram and mean fast direction for the whole data set of high-quality splitting results: most of fast directions are about NW–SE (N141◦),
coherent with the strike of faults and with SHmax. This result is in agreement with the frequency distribution of the Quaternary fault strikes and coseismic
surface ruptures: both the related rose diagrams show a predominant NW–SE mean strike of the Quaternary faults (modified after Galadini & Pizzi 2009) and
of the surface ruptures (modified after EMERGEO Working Group 2010). Rose diagrams for the whole data set of ‘null’ direction show bimodal distribution
(red bars), having one direction parallel to and the other one perpendicular to the mean fast direction, as expected for the slow direction.
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Anisotropy and fractures field near L’Aquila 1539

Figure 5. Equal area projection of splitting results plotted with respect to the backazimuth and geometrical incidence angle. For each equal area projection,
the circles represent the incidence angle from 0◦ to 45◦ in 15◦ increments. Equal area plots are shown only for those stations with the maximum number of
good measurements (blue bars scaled by delay time) and with good azimuthal coverage. For the same stations we have also reported the null measurements
(small red open circles). Stations are ordered moving from NW to SE through the study area.

fault systems, and could suggest an important contribution to the
anisotropy from the major Quaternary structural lineaments.

A different and interesting pattern of the mean fast direction is
found in the southeastern and in the southwestern sector of the study
area. In the southeastern sector, stations FAGN and RM14 returned
mean fast direction oriented NE–SW, almost perpendicular to the
orientations observed at the other stations and to the surface local
traces of faults. The station FAGN is installed southeast of the San
Demetrio fault and recorded large S-wave amplitudes that are in-
terpreted as trapped waves (Calderoni et al. 2012). It is possible
that trapped waves can modify the S-waves seismograms and, thus,
cause the 90◦ flips in orientation. Moving towards the southwestern
sectors stations RM04 and RM24 are closely spaced but show dif-
ferent fast direction orientations. The mean fast direction at RM04
is around 165◦N, while at RM24 is around 105◦N. Similar change in
fast direction between closely spaced stations could be attributed to
localized and heterogeneous anisotropic structures suggesting that
the source of the anisotropy could likely be shallow and very com-
plex. Moreover the mapped faults located in the area show a great
complexity, which should explain the strong difference between the
observations obtained at the two stations.

The results at each single station are also displayed on equal area
projections (Fig. 5). In this type of visualization the fast directions
are plotted with respect to backazimuth and incidence angle; this
should help to better recognize possible spatial variations of shear

wave splitting. Fig. 5 shows the four stations with better azimuthal
coverage; the plots related to the other stations are in the supple-
mentary material (Fig. S2a,b).

At stations AQU, RM07, RM26/LG03 and CAMP we can identify
patterns in the anisotropic parameters. At AQU, the fast directions
obtained for the subvertical incidence angles (0◦–15◦) are oriented
NW–SE, and the delay times are quite small (in the order of 0.060 s),
while for S waves with 15◦–45◦ incidence angle we found fast di-
rections also oriented ∼NE–SW. For AQU, the average direction
is well evident except for the presence of sparse orthogonal mea-
sures distributed over all the polar plot: these NE–SW measures
seems to have a delay time higher than the other measures. More-
over at AQU, the polarization direction of larger δt seems to gently
rotate moving from SE toward NE in the polar plot, suggesting
that rays pass through a subvertical set of fractures, as predicted by
the horizontal transverse isotropy (Backus 1962; Thomsen 1986).
RM07 shows larger delay times with directions striking NNW, while
smaller measures are clustered in the sector 150◦N–250◦N showing
polarization direction striking NE. At RM26/LG03, the measures
coming from the NW backazimuth sector are more homogeneous
than those located in the other sectors.

Analysing the ‘non-null’ measures the station CAMP shows a
sudden variation in polarization azimuth and in delay time magni-
tude for backazimuth between 170◦N and 220◦N. In this narrow
backazimuth range, polarization directions pattern change from
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Figure 6. Plot showing (a) unnormalized resampled and (b) path-
normalized delay time plotted versus the hypocentres depth for the whole
data set of good splitting measurements.

about 160◦N (SSE) to 110◦N (ESE), while the overall delay times
increase in the range 0.02–0.06 s.

3.2 Time delays of split shear waves and the depth extent
of anisotropy

Individual measurements of delay time vary between 0.024 and
0.26 s. Time delay up to 0.3 s is quite common in the highly het-
erogeneous crust if the strength of anisotropy is high (Barruol &
Mainprice 1993). The average value for the whole data set is δt =
0.068 ± 0.037 s (Table S1). Similar δt values are in agreement with
delay times found in other regions of Central Apennines in Italy
(Margheriti et al. 2006; Piccinini et al. 2006; Pastori et al. 2009)
or worldwide, (Saiga et al. 2003; Paulssen 2004; Peng & Ben-Zion
2004; Hiramatsu et al. 2005, 2010; Balfour et al. 2012). Fig. 6(a)
shows the variation of the delay time with depth. Overall, we do
not identify a clear increase of delay time with increasing events
depth, suggesting a possible source of anisotropy in the uppermost
crust. This trend is compatible with those observed in southern
Hawaii (Munson et al. 1995), along the rupture zone of the 1999
Hector Mine earthquake (Cochran et al. 2003) and in Wellington
region, New Zealand (Gledhill 1991). Along the 1999 Izmit Rup-
ture, Northwest Turkey (Hurd & Bohnhoff 2012), the absence of
correlation between the delay time and the depth lead the authors
to confine the anisotropy upon the shallowest earthquakes, as also
proposed in the Loma Pietra segment of the San Andreas Fault sys-
tem (Zhang & Schwartz 1994) and in other regions (Savage et al.
1989).

In Figs S3(a) and (b) (Supplementary material), we plot the δt
versus the hypocentral depth at stations with more than eight mea-
surements; the stations are ordered from NW to SE. At most of
these stations we observe that the delay time does not increase with
depth. Higher value of δt, up to 0.2 s, are found at stations RM21,

RM26/LG03, RM06 and RM07 and is associated to earthquakes
located around 7 km depth.

To investigate the pattern of the delay time we also consider the
normalized delay time [δtNORM], calculated by dividing each time
delay by ray length as commonly done in other studies (Liu et al.
1997; Gao et al. 2011; Martin et al. 2014). The advantage of this type
of representation is to make comparable δt from events located at
different depths (Gao et al. 1998; Crampin & Peacock 2005; Bianco
et al. 2006). The average of the normalized δt for the single stations
(Table S1) varies between 0.0014 and 0.0077 s km−1, while the
average value for the whole data set is 0.0056 s km−1. In Fig. 6(b),
we plot the path-normalized delay time versus hypocentral depth
at all stations. Our results show δtNORM larger than 0.02 s km−1 in
the shallower layers, confirming the hypothesis that the upper crust
could be the major source of anisotropy. The higher value of δt in
the upper crust suggests a high concentration of EDA cracks and
higher percentage of shear wave velocity anisotropy.

4 D I S C U S S I O N

Our analysis points to a clear anisotropic behaviour of the crust that
demonstrates the complex long-lasting history of tectonic deforma-
tion of the region and the 3-D variation of local stress orientation.
The increased number and close spacing of seismic stations installed
in the Abruzzi region and the large number of earthquakes recorded
during the seismic sequence allowed us to map the distribution of
fast shear wave measurements over the Mw 6.1 main shock source
area and the surrounding region. The observed individual S-wave
splitting data display strong spatial variability and complex pattern
of crustal anisotropy. The lateral variation of fast direction is reason-
ably due to both stress and structural mechanisms, as suggested by
the clear similarity between the local fault strike and the SHmax. The
rose diagram for the whole data set shows a predominant NNW–
SSE orientation (N141◦) of fast directions, almost perpendicular
to the regional Shmin, as indicated by Carafa & Barba (2013) and
also deduced from the World Stress Map (http://dc-app3-14.gfz-
potsdam.de/pub/introduction/introduction_frame.html; Heidbach
et al. 2008), and from the other stress indicators that indicate SHmax

striking NW–SE (Fig. 4). Focal mechanism solutions computed by
D’Amico et al. (2013) and Liu et al. (2009) using the earthquakes
of the 2009 seismic sequence all feature a dominant normal faulting
style with fault planes striking NW–SE. Similarly, Pondrelli et al.
(2010), computing 26 CMT (Centroid Moment tensor) data, show
T-axes perpendicular to the trend of the Apennines, revealing mech-
anisms with predominant normal faulting with ENE-extensional di-
rection. Moreover, we should note that the orientation of the mean
fast direction is also almost parallel to the averaged strike of the
local normal faults.

The NNW–SSE orientation of fast directions is compared both
with the fault strikes compilation available for the Central Apen-
nines (Pizzi & Galadini 2009) and with the tectonic surface ruptures
related to the 2009 earthquake (EMERGEO Working Group 2010;
Fig. 4b). The frequency distribution of the Quaternary fault strikes
clearly shows a preferred orientation of NW–SE, in agreement with
the mean fast axis orientation. Moreover, ESE-striking faults are
also represented, which could be related to the faults in the Gran
Sasso Thrust as well as Campo Imperatore fault system. The rose
diagram for the data set of tectonic surface ruptures again shows a
well-defined orientation of NW–SE.

Delay times, both unnormalized and normalized, do not show
any clear evidence of increasing with increasing depth. Similar
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Anisotropy and fractures field near L’Aquila 1541

Figure 7. Representation of the crack density values (ε) interpolated on a regular grid. Individual values of ε were interpolated using a nearest neighbour
algorithm (see the text for details). Blue box is the surface projection of the main shock fault plane as in Fig. 1. The red solid contours are the coseismic
slip computed by Cirella et al. (2012). Black and dark red lines are the traces of the Quaternary active normal faults and of the main thrusts, respectively, as
described in Fig. 1. The white star is the epicentre of the main shock; the orange triangles are the stations that return good splitting measurements.

results indicate that the anisotropy is confined primarily in shallower
crustal structures, in accordance with other results suggesting that
the anisotropy is kept in the upper crust (Cassidy & Bostock 1996;
Currie et al. 2004).

Looking at the overall distribution of the splitting parameters in
map view (Fig. S1 in the Supplementary material), we see that it is
quite difficult to discern some spatial pattern for the fast axes. To
better investigate the anisotropic pattern we therefore produce two
maps showing the interpolated values of both crack density (Fig. 7)
and the splitting parameters (Fig. 8). The delay time is a measure of
the intensity of the anisotropy, which in turns is related to the crack
density (ε) (Crampin 1994). We thus evaluate the average ε using
the formula ε = β(δt/L), where β is the average S-wave velocity,
δt is the delay time and L is the propagation length (O’Connell

& Budiansky 1974; Hudson 1981). Since most of our hypocentres
are distributed between 6 and 14 km depth, we can therefore as-
sume an average depth of ∼10 km. Considering L = 10 km, β =
3.0 km s−1 for carbonate rocks and the average δt = 0.068 s for
the whole data set, we obtain an average value of ε = 0.02. Follow-
ing Crampin (1994), this value is about to half of the 0.045 lower
limit, above which the rocks became heavily fractured. To map the
spatial distribution of the crack density (Fig. 7), the value of. ε

was evaluated for each single delay time projected at the midpoint
between source and receiver and then interpolated using a near-
est neighbour algorithm. We used a nearest neighbour algorithm
to interpolate our sparse δt measurements over a regular grid with
1 km spacing between nodes. The weighted average value of delay
times falling within a 3 km radius was assigned to each node, if
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Figure 8. Representation of the anisotropic parameters on a regular grid. Individual values of δt were interpolated using a nearest neighbour algorithm,
following the approach used for the interpolated crack density (see the text for details). We have also evaluated the average fast directions (white solid line)
obtained smoothing the raw splitting measurements over a regular grid. For details on the red solid contours, the blue box and the black and dark red lines see
Fig. 7. White star: epicentre of the main shock; orange triangles: stations that return good splitting measurements. We recognize three different sector, each
one characterized by a peculiar trend of ϕ: the NE-central sector, with predominant NNW–SSE oriented ϕ; the NW sector, with ϕ almost N–S oriented and
the SE sector, with most of ϕ oriented NE–SW. In the upper right inset are reported the distribution of the mean fast directions for stations with ≥8 good
measurements. The diagram in the upper right corner shows the comparison between δt and slip within the ruptured area (see the text for details). High values
of coseismic slip (>0.7 m) are associated to low values of delay times (∼0.06 s).

there is at least one value inside each of the 24 15◦ azimuthal sec-
tors. The same averaging procedure over a regular grid was applied
on the splitting parameters δt and using the appropriate directional
average functions on the ϕ. The results are shown in Fig. 8: the
smoothed value of delay times are given by the colour scale, while
the interpolated ϕ are shown as white solid bars. We applied this
simple averaging method because we did not observe a strong az-
imuthal dependence of the splitting parameter, implying our results
did not require the application of a delay time tomography technique

(Johnson et al. 2011). To better understand the relationships of the
spatial distribution of the crack density and splitting parameters
versus the crustal deformation induced by the 2009 L’Aquila earth-
quakes, on both the figures we superimposed the surface projection
of the main shock fault plane along with the patches of the larger
coseismic slip (Cirella et al. 2012). In general, we observe that the
study area is characterized by variable crack density and delay time,
implying the presence of a well-developed anisotropic fractured
rock mass.
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We note that there is a clear inverse correlation between the
regions of the fault with large slip and higher crack density and
delay time. In the area of main fault (black rectangle in Fig. 7), we
note that higher value of ε (>0.016) and of δt (>0.1 s) are confined
at the edges of the main fault patches that ruptured with the Mw 6.1
main shock, while the lower values of ε (<0.016) and of δt (<0.1 s)
are confined in the central part of the fault, where the coseismic slip
is higher. This is also well represented in the inset in Fig. 8, in which
the slip has been compared quantitatively to the delay time within
the fault area. The measures of two physical quantities have uneven
spatial distribution in the volume encompassing the main shock
fault plane. To make a comparison between delay time and slip
we therefore resampled δt and slip by a new interpolation over the
fault plane surface projection using a regular 2-km grid (we choose
this value because the slip points are more widely spaced than the
delay times). Then, for each point we plotted the corresponding
interpolated δt and slip values. It is quite clear that high values of
coseismic slip (>0.7 m) are associated to low values of delay times
(∼0.06 s). At the borders of the main shock fault plane, where
coseismic slip tapers to zero, there is much scatter in delay times
and values up to 0.13 s are found.

We can assume that the edges of the fault could act as a rheo-
logical barrier caused by lateral variations in crustal structure (as
also suggested by Di Stefano et al. 2011 and Cirella et al. 2012). In
this case, the presence of the barrier could be responsible for over-
pressurized fluids conditions, while within the main shock rupture
area high-energy release resulted in an open crack system, such that
high-pressure condition are not possible.

In the following, we subdivided the study region into three dif-
ferent sectors (central and northeastern sector; northwestern sec-
tor; southeastern sector), each one characterized by a different
anisotropic pattern. This leads us to hypothesis that multiple com-
peting and interacting mechanisms contribute with different inten-
sity to the observed anisotropy.

4.1 Central and northeastern sector

In the central and northeastern parts of the study area, the averaged
direction of fast axes shows an orientation generally coherent and
changing accordingly with the strike of the major Quaternary nor-
mal faults (Galadini & Galli 2000; Ghisetti & Vezzani 2002; Pizzi
et al. 2002; Boncio et al. 2010; Schlagenhauf et al. 2010; Pucci
et al. 2014). The match between the fast polarization directions and
the strike of the faults could be related to the complex network
of micro- and mesoscale structures (small faults, shear fractures,
joints, pressure-solution surfaces) aligned preferentially parallel to
the main fault, which develop in the damage zone as the blocks
on both sides of the fault move relative to each other (Ben-Zion
& Sammis 2003). Such an alignment gives rise to a distribution
of fault-parallel ϕ as predicted by the structure-related anisotropy
model (Zinke & Zoback 2000). This result is consistent with other
findings in China (Liu et al. 2004, 2005; Gao et al. 1995, 2011; Shi
et al. 2006; Wu et al. 2009), California (Savage et al. 1990; Cochran
et al. 2006) and Brazil (do Nascimento et al. 2002). Moving towards
the northeastern sector of the study area, we observe that the strike
of faults slightly deviates from the general NW–SE direction and
the fast axes rotate accordingly. In fact, the station RM26/LG03
and RM08 have fast axes oriented WNW–ESE, as the Assergi fault,
while moving towards RM32, RM11 and CAMP stations fast axes
rotate to N–S to follow the NNW traces of the Montereale and the
Laga faults (Galadini & Galli 2000). Similar rotation is also ob-

served at the station PRE1, located on the Pettino-Arischia active
fault, oriented WNW–ESE (Blumetti & Guerrieri 2007) and return
an E–W mean fast direction.

In the southweastern sector, the rotation of the fast axes from
NW–SE to E–W to mark the strike of the local faults is particularly
evident when moving from the station RM24, located on the Piano
di Pezza fault (Villani et al. 2015a,b) to the station RM04, located
on the northwest tip of the Ovindoli-Celano fault-systems (Pantosti
et al. 1996; Salvi et al. 2003).

The NW–SE fast polarization directions in the central part are
also in accordance with the direction of the SHmax. This is common
in the extensional regimes, as in the Abruzzi region, where SHmax

coincides with the strike of the main faults. A similar pattern of fast
directions is generally attributed to a widespread distribution of ver-
tically, fluid-saturated EDA cracks: the faster polarized shear waves
are parallel to the strike of the EDA microcracks and, together, are
polarized in the direction of the maximum horizontal compressive
stress (Gao et al. 1995, 2009; Leitner et al. 2001; Balfour et al.
2005; Sibson et al. 2011). It is, therefore, possible that the shear
wave splitting observed in our study region within the fault zone
and the surrounding crust could also be driven by the presence of
local fluid-filled crack system oriented almost in the direction of the
main structural lineaments. The presence of fluid-saturated crack
has also been supported by high value of Vp/Vs (up to 1.95) found
in the region, supporting the hypothesis that fluid-rich zones are
present within the seismogenic volume of the L’Aquila sequence
(Di Luccio et al. 2010). However, the consistency between the ori-
entation of fast axes with both the local fault trace and the regional
trend of SHmax making it quite difficult to isolate the stress-induced
contribution from the structural one suggesting the hypothesis that
both mechanisms act at the same time (Peng & Ben-Zion 2004; Liu
et al. 2008; Hurd & Bohnhoff 2012; Eken et al. 2013).

4.2 Northwestern sector

In the northwestern edge of the area, we observe a reorganization
of the fast directions from NNE–SSW (station RM21) to N–S (sta-
tions RM29, RM11 and RM09). These stations are located close
to the OAL, which is a regional overthrust consisting of a com-
plex set of crustal thrust ramps and oblique-slip faults, generally
trending NE, and >100 km long. Pizzi & Galdini (2009) suggest
that this first-order crustal structure represents a barrier separating
two different active and seismogenic extensional fault systems (the
Norcia and Mt. Vettore faults to the northeast and the Laga Fault
to the southwest). Moreover, they also note that this region displays
moderate background historical and instrumental seismicity that
could represent the activation of some minor transfer structures be-
tween the main aforementioned normal fault systems. These small
transfer structures are commonly observed in the overstep areas of
main extensional faults (Leeder & Gawthorpe 1987) and were also
reported by Bagh et al. (2007) in a study of microseismicity in the
central-southern Abruzzi. It is possible that the OAL and the minor
associated transfer structures control the rotation of fast directions
from NNE–SSW to N–S.

4.3 Southeastern sector

The anisotropic pattern becomes more complicated in the south-
eastern sector of the region, where fast directions significantly di-
verge from the regional SHmax, direction as well as from the trend
of the major normal faults. In particular, at the FAGN and RM14
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stations we found that the mean fast direction is oriented almost
perpendicular to SHmax and to the strike of the faults. In addition,
the southeastern sector returns the highest value of delay time.
Fig. 8 clearly shows pockets of large value of delay times, >0.07 s,
combined with interpolated fast direction oriented normal to the
SHmax. The 90◦ flip associated with increase in delay time suggests
that the rock volume here underwent different physical condition
with respect to the surrounding rock, which is probably related to
pore-pressure changes, stress and fracture field variations as well as
fluid migrations. In order to exclude any effect related to the cycle
skipping problem, we carefully inspected the corrected and shifted
waveforms to ensure that the 90◦ flipped direction was not due to
a technical problem. There could be at least two main mechanisms
that can explain this behaviour. The first mechanism is the pres-
ence of heavily fractured and overpressurized rock volumes. In this
case, microcracks are filled at high pressure and the fast and slow
component rotate by 90◦. Indeed, increasing pore-fluid pressure re-
organizes the geometry of the microcracks, which will be no longer
uniformly oriented by the regional active stress field along the direc-
tion of the maximum compressive stress. In this case, the fast and
slow components rotate by 90◦, becoming orthogonal to the plane
of the cracks (90◦ flips) (Zatsepin & Crampin 1997; Angerer et al.
2002; Crampin et al. 2002, 2004; Padhy & Crampin 2006). This is
in agreement with the higher crack density and delay time observed
in the southeastern sector. Increment in pore-fluid pressure is also
suggested by the progressive increase of Vp/Vs (up to 1.95) during
the seismic sequence, indicating the presence of overpressurized
fluid traps within the crust (Di Luccio et al. 2010). Moreover, in
the southeastern sector large (up to 10 times) amplitude fault-zone
trapped waves were observed, as reported by Calderoni et al. (2012)
at station FAGN. Trapped waves require a low-velocity fault zone
originated by different factors such as dilatant cracks, fluids con-
centrated near faults, and increased porosity (Sibson 1977; Wang
1984; Li & Leary 1990). Events responsible for the trapped waves
recorded at FAGN are clustered at the southeastern bottom end of
the fault responsible of the main shock fault. This cluster is lo-
cated within a seismogenic volume characterized by highest excess
of fluid pressure as inferred by the focal mechanism tomography
(Terakawa et al. 2013). In this case, the particle motion could be
rearranged following the anomalous amplification of the horizontal
component of the seismograms.

The second mechanism is the presence of faults that are aligned
at high angle with the dominant strike of the major Quaternary
faults in the area. In fact, the fast polarization directions can diverge
up to 90◦ from the direction of crack strike in case of intersect-
ing fracture systems (Rial et al. 2005). In this case, the resulting
geometry of cracks is more complicated than the simple vertical
distribution. Fast directions recorded at FAGN are located where
a sharp cut-off (Fig. 1, inset) of the 2009 aftershocks sequence is
located (Chiaraluce et al. 2011; Valoroso et al. 2013). This could
be related to a deep set of NNE-trending faults that act as a bound-
ary between the major seismogenic structures of the Paganica-San
Demetrio fault systems to the northwest and the Middle Aterno
Valley faults to the southeast. Recently published geological maps
(Pucci et al. 2014) and integrated shallow geophysical investiga-
tions (microtremor analyses, electrical resistivity tomography and
time-domain electromagnetic soundings) between L’Aquila and San
Demetrio towns suggest that NNE-trending normal faults played a
major role in the Early Pleistocene, prior to the activation of the
Paganica-San Demetrio fault systems (Civico et al. 2015b). It is
possible that these faults, although shorter and more fragmented

than the NW-trending faults, may control the distribution of mi-
croseismicity. Moreover, at the southeastern part of the study area,
the sharp termination of the Middle Aterno basin could suggest
the presence of a deep buried NNE-SSW structure. This inherited
structure does not produce evident recent deformation at the surface
but could control the lateral extension of the crustal faults affecting
the central portion of the study area. This deep structural element
could represent an obstruction to the fluid flows from the main
shock area, promoting overpressure phenomena in weak and fluid
saturated faults. This is reflected in the S-wave anisotropy pattern
caused by the dominant fracture orientation. Recall the 90◦ flip of
fast axes with the associated pockets of high δt; the abrupt cut-off of
seismicity, with hypocentres distributed along an NE–SW oriented
plane; the abrupt termination to southeast of the Middle Aterno
fault systems and the presence of the deep buried NE–SW structure
we can explain the anisotropic pattern in the southeastern sectors as
due to the presence of a transition zone that act as a barrier for the
fluids that escape from the hypocentral area during the nucleation.
It is therefore possible that events recorded at FAGN and RM14
passed through heavily fractured and overpressurized rock volumes
while the other stations, in which the ray paths come from a different
area and sample a different volume of rock, record the effects of the
fracture field generated by the regional stress field.

5 C O N C LU S I O N S

In this work, we present a detailed map of seismic anisotropy in the
Abruzzi region obtained using thousands of earthquakes recorded
during the 2009 April 6 L’Aquila seismic sequence by 55 closely
spaced stations operating in the area. The results have shown the ex-
istence of a well defined but complex anisotropic structure beneath
the region. We relate the observed pattern as due to the combination
of both the shear fabric of the fault zones, and to the presence of a
widespread distribution of stress-aligned fluid-saturated cracks. In
Fig. 9, we represent a sketch summarizing the different mechanisms
generating shear wave splitting in the crust in the different sectors
of the study area, according to our interpretation. SAM is observed
at the station located in the central, northwestern and northeastern
sectors, where fast polarization direction are predominantly aligned
NW–SE and thus parallel to the strike of local faults. At some sta-
tions, fast axes deviate from NW–SE and change their orientations
accordingly to the strike of the faults. However, fast directions in
the central sector are also aligned parallel to the maximum horizon-
tal stress active in the region, suggesting the role of stress-induced
anisotropy (EDA) driven by the presence of local fluid-filled crack
system oriented almost in the direction of the main structural linea-
ments. At the southeastern part of the region fast directions change
their orientation to become orthogonal to the strike of fault and to
the SHmax. Such deviations from the general trend are explained by
local structural complexities related to deep buried NE–SW fault
systems, or by zones bearing overpressurized fluids which are re-
sponsible for the 90◦ flips of fast axes and the generation of trapped
waves.

Delay times do not show any variations with depth, supporting the
hypothesis that most of the anisotropy is confined in the uppermost
crust. Notably, on an averaged map lower delay times correspond
to the regions of the main shock fault plane (black box in Fig. 8)
where large slip occurred, whereas lower values are confined to the
edges of the rupture patches.
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Figure 9. Sketch summarizing the two models of anisotropy in the Abruzzi region: structural-controlled anisotropy model (here called SAM) and stress-induced
anisotropy model (EDA). In the northwestern sector, the anisotropy is controlled by the Olevano-Antrodoco Line and associated minor transfer structures,
which cause fast axes oriented NNE–SSW and N–S (see the black bars in the upper right inset of Fig. 8). In the central sector, the anisotropy is presumably
controlled by the combination of both faults and fracture alignments, as predicted by SAM and by the fluid-filled microcracks alignments, as predicted by EDA.
To the southeast, the fast directions are oriented normal to the regional SHmax, direction and to the strike of the major normal faults. This pattern is thought to
be caused by two main mechanisms: (1) the presence of heavily fractured and overpressurized rock volumes: in such a case, the increasing pore-fluid pressure
causes the 90◦ flips of the fast axes; (2) the presence of buried NE–SW fault systems, which primarily control the orientations of fast directions.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Map of distributions of fast polarization directions. Fast
directions ϕ are displayed as a single measurement for individual
station–earthquake pairs and plotted as red solid bars at the midpoint
between the source and the stations. Each bar is oriented in the ϕ

direction with length proportional to the corresponding delay time,
δt. The results clearly show the high variability of ϕ and δt. On the
map are also shown the main structural lineaments (solid black and
dark red lines), the coseismic surface ruptures (green solid traces)
and the surface projection of main fault plane (blue box) (for more
detail see also Fig. 1).
Figure S2a,b. Equal area projection evaluated as in Fig. 5 but for
the other stations that return ≥8 good measurements. The stations
are ordered moving from NW to SE through the study area.
Figure S3a,b. Plots of individual resampled delay times versus
hypocentral depth for the stations with ≥8 good measurements.
The stations are ordered from NW to SE through the study area.
Table S1. Station name, number of measurements, mean and stan-
dard deviation of fast direction and of delay time, path-length nor-
malized delay times and the associated standard deviation and R-
value evaluated at 23 stations that return ≥8 high-quality splitting
results.
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/ggv536/
-/DC1).
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