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ABSTRACT An automatic analysis code, Anisomat+, was developed, tested and improved to
calculate anisotropic parameters: fast polarization direction and delay time.
Anisomat+ was applied on data coming from three zones of the Apennines in Italy. For
each area, anisotropic parameters have been interpreted to determine the fracture and
stress field taking into account the geological and structural settings. It was recognized
that the averages of fast directions are NW-SE–oriented at all sites, in agreement with
the orientation of maximum horizontal stress as well as with the strike of the main
fault structures. The mean values of normalized delay time range from 0.005 s/km to
0.007 s/km and to 0.009 s/km, respectively for L’Aquila region, Alto Tiberina Fault
area and Val d’Agri basin, suggesting a 3-4% of crustal anisotropy. Moreover, for each
area, the spatial distribution of anisotropic parameters is examined, and for L’Aquila
2009 seismic sequence also temporal distribution is discussed.
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1. Introduction

In the Earth’s crust, anisotropy may be caused by preferentially aligned joints or microcracks,
by layered bedding in sedimentary formations, or by highly foliated metamorphic rocks. Crustal
anisotropy resulting from aligned cracks can be used to determine the state of stress in the crust,
since in many cases cracks are preferentially aligned and/or opened by the active stress field and
oriented parallel to the direction of the maximum horizontal stress (SHmax). In tectonically active
areas, such as near active fault systems and volcanoes, anisotropy can be used to look for changes
in the preferred orientation of cracks that may indicate a rotation of the stress field.

Both seismic P and S waves may exhibit anisotropy and, for both, the anisotropy may appear
as a (continuous) dependence of velocity upon the direction of propagation. For S-waves, it may
also appear as a (discrete) dependence of velocity upon the direction of polarization. For a given
direction of propagation in any homogeneous medium, only two polarization directions are
allowed, with other polarizations decomposing trigonometrically into these two. Hence, shear
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waves naturally “split” into separate arrivals with these two polarizations; in optics this is called
birefringence, in seismology shear wave splitting (Barton, 2006). 

During the last decades, the study of seismic anisotropy has provided useful information for
the interpretation and evaluation of the active crustal deformation and the stress field in the light
of two anisotropic interpretative models, proposed by Crampin (1993), Zatsepin and Crampin
(1995) and Zinke and Zoback (2000), that will be described in the following sections. Shear wave
splitting analysis can yield valuable information on upper crustal structure, fracture field, and
presence of fluid-saturated rocks, being strictly related to stress-aligned, fluid-filled micro-cracks
(Crampin, 1984; Barkved et al., 2004). 

The automatic analysis code, Anisomat+, was developed to calculate anisotropic parameters,
fast polarization direction (ϕ) and delay time (δt), and it has been compared with other two
automatic analysis codes: Splitting Parameters Yield [SPY: Bianco and Zaccarelli (2009)] and
Shear Birefringence Analysis [SHEBA: Wuestefeld et al. (2010)]. It was observed that, if the
number of measures is large enough, at each station the average values of the anisotropic
parameters are comparable.

This work is aimed at constraining the crustal stress field and at providing information about
the presence and migration of fluids in three different sites of the Apennines: Val d’Agri basin,
Alto Tiberina Fault area and L’Aquila region. According to many investigators, the crack
alignment is generated by the active stress field, and the knowledge of crustal anisotropic
parameters can improve the understanding of the stress field perturbations and their effects on the
seismogenic structures. In turn, this can contribute to understand the mechanisms that cause the
seismogenic process: one of the primary goals of the geophysical research.

2. Seismic anisotropy and its relation with the crustal stress field and 
the presence of fluids

Seismic anisotropy is a commonly observed property of the Earth’s crust (e.g., Crampin and
Chastin, 2003, and references therein) and it can be quantified by the shear wave splitting, the
elastic equivalent of the birefringence phenomenon in optics. When a seismic shear wave travels
through an elastically anisotropic medium, its energy is split into two orthogonally polarized
components that travel at different velocities. The polarization direction of the fastest wave is
called fast direction (ϕ) and the lag of the slower wave is the delay time (δt).

There are at least two main interpretations for the shear wave splitting in the crust (Crampin
and Lovell, 1991): i) the intrinsic structural fabric due to aligned macroscopic fractures (inherited
from ancient tectonic phases) or aligned anisotropic minerals [the latter generally found in
metamorphic lithotypes, where they can cause rock foliation: Brocher and Christensen (1990)];
or ii) the presence of fluid-saturated micro-cracks or fractures, aligned or opened by the active
stress field (Crampin, 1993).

In the first case (Fig. 1a), ϕ is parallel to the strike of the fractures or of the mineral alignment,
thus it is not related to the active stress field, and δt measures the fabric strength (Zinke and
Zoback, 2000). In the second case (Fig. 1b), ϕ is typically polarized parallel to the direction of
the maximum horizontal stress, as suggested by the Extensive-Dilatancy Anisotropy model
[EDA: Crampin (1978)], δt is a measure of the intensity and/or thickness of the fractures field



419

Seismic anisotropy in the Apennine crust Boll. Geof. Teor. Appl., 53, 417-433

that would be sensitive to local variations of the stress field (e.g., variations related to the seismic
cycle). In this last interpretation, the dominant fracture direction, the crack density and therefore
the maximum horizontal stress direction can be estimated from anisotropic parameters.

The three selected areas are located along the Italian Apennines, a fold-and-thrust belt formed
by a deformed sedimentary cover overlying a crystalline crustal basement; this suggests that the
anisotropy may be interpreted as principally caused by fractures or microfractures alignment.

In this work, we take into account some interpretative models available in the literature.
Zinke and Zoback (2000) proposed a theory for which the local strain field and cracks
alignments are the sum of present and previous tectonics phases and are not necessarily
related to the active stress; therefore the anisotropic parameters variations are thus only space-
dependent. Differently, the EDA model (Crampin, 1993) and its development in Anisotropic
Poro Elasticity model [APE: Zatsepin and Crampin (1995)] propose that fluid-filled micro-
cracks are the main responsible for anisotropy and are aligned or ‘opened’ by the active stress
field; the local variations of the stress field might be therefore related to the evolution of the
pore pressure in time. In this case, the variations of the anisotropic parameters are both space-
and time- dependent. Following these latter theories and in accordance with Crampin and Gao
(2010), monitoring anisotropic parameter variations could be a potential tool for earthquakes
forecasting. These investigators consider the anisotropic parameters sensitive to the variations
of the stress field related to both the earthquake occurrence and the variations of fluid
pressure in the rock volume.

Fig. 1 - Main crustal sources of the shear wave splitting phenomena: a) aligned anisotropic minerals (mainly associated
to metamorphic rocks); b) filled-fluid micro-cracks or fractures (mainly associated to sedimentary rocks).
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3. Anisomat+: developing, testing and validating

Our first objective for this work has been to develop a semi-automatic code able to evaluate
the anisotropic parameters, fast direction polarization (ϕ) and delay time (δt), and then to apply
it to the crustal earthquakes located in selected test areas, aimed at characterizing the fracture
field of the crust and/or the microfracture field and consequently the stress field. In literature
many different techniques are proposed to calculate the anisotropic parameters, and all of them
present weaknesses as well as strength points (Silver and Chan, 1991; Zhang and Schwartz, 1994;
Crampin and Gao, 2006; Margheriti et al., 2006). 

Elaborating a large amount of data in a very short time is the primary advantage in using an
automatic code; in this way, generally, the errors due to the subjectivity are reduced, even though
the accuracy and robustness of each single elaboration may be affected by some bias. The main
goal of this automation has been to minimize the operator intervention during the analysis and to
allow the analysis of waveforms just as they are stored in the Italian Seismic Network archive
(http://iside.rm.ingv.it). The rationale behind this choice is that this code will be useful in the real-
time monitoring.

“Anisomat+” is a set of MatLab scripts able to retrieve crustal anisotropy parameters from
three-component seismic recording of local earthquakes. The code uses the waveform cross-
correlation method on the horizontal components of the seismograms allowing measuring the
similarity of the pulse shape between two S waves. These two waves have similar shape, mutually
orthogonal oscillation directions and travel with different velocities. The analysis procedure
consists in choosing the appropriate frequency range that better highlights the signal containing
the shear waves, and a time window for the analysis on the seismograms centred on the S arrival
(the temporal window contains at least one cycle of S waves).

To ensure the use of an appropriate waveform, Anisomat+ applies quality controls on: 1) the
geometrical incidence angle measured from the vertical, which ranges between 0° and 45°; 2) the
S-wave picking uncertainty; 3) the ratio between the amplitude of horizontal and vertical
components (AN-S E-W/AZ>1.5); 4) the signal to noise ratio (rmss./rmsp > 4).

The selection criteria applied on the data guarantee that shear wave energy mainly
concentrates in the horizontal plane. If the controls are passed, Anisomat+ determines the fast
polarization direction and delay time values by using the cross-correlation function. Thus, we can
get shear wave splitting parameters by rotating (with steps of 1°) the north and the east
components and calculating their cross-correlation coefficient: when the absolute value of cross-
correlation coefficient takes the maximum value, we regard the rotation direction as the fast-wave
direction and the amount of the lag time as the delay time of the slow-wave to the fast-wave.

Fig. 2 shows an example of the graphic output of Anisomat+ elaboration where horizontal
overlap of the fast and slow components, temporal variation of polarization vectors and particle
motion before and after delay time correction are shown.

To verify if the automatic analysis code works properly, we made several tests. The first step
was to compare the results from the automatic versions of Anisomat+ to those obtained by the
same code applied manually (Pastori et al., 2009). Then, in a second step we compared
Anisomat+ with a semi-automatic code called Splitting Parameters Yield [SPY: Bianco and
Zaccarelli (2009)], based on a different technique and independently developed under MatLab. In
both cases, the comparison was carried out on the same data set recorded in the Val d’Agri basin
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in Southern Italy. As third step, to
confirm the robustness of our
semiautomatic code, we compared
Anisomat+ to SHEBA, an additional
automatic code developed by the
University of Bristol team to estimate
anisotropic parameters automatically
(Wuestefeld et al., 2010). In this final
comparison we used the data set
recorded in the Alto Tiberina Fault
area in central Italy.

In general, the comparison
between Anisomat+ and the other
codes (Anisomat manual version,
SPY and SHEBA; Fig. 3) gave
consistent results. It is possible to
observe that the total results for both
fast polarization directions and
magnitude of the delay times is very
similar, although, looking at single
station results, one could find from
slight to strong differences.

In the comparisons made, we tried
to use the same input parameters
(filter, window length, etc.) taking
into account that each code uses
different initial conditions and
computational methods (covariance
matrix, cross-correlation or both).
Moreover, each of them was
developed to analyse a specific type
of data (volcanic seismicity for SPY,
well data for SHEBA and shallow and deep seismic events of tectonic nature for Anisomat+).
These differences in the codes are the reason for different single results; however, if the number
of measures is large enough, the average values of the parameters are comparable.

4. Case histories from three seismogenic areas along the Apennine chain

The Apennine chain represents the frame of the Italian peninsula and is traditionally divided
into three parts: northern, central and southern Apennines. This mountain chain is a fold-and-
thrust belt whose core is currently affected by SW-NE active extension, as shown by breakout
data and seismicity (Montone et al., 2004), as well as by geological and geomorphological
analyses (e.g., Galadini, 1999; D’Agostino et al., 2001). This extension is perpendicular to the
main active and inherited faults; moreover the normal faulting can be accompanied by oblique

Fig. 2 -Example of the graphic output of Anisomat+ elaboration.
The two top panels show the horizontal component rotated in
the fast and slow reference system before and after the delay
correction. The intermediate panel shows the polarization
vectors of the same time window. The bottom panels show
particle motion before and after the delay time correction.
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Fig. 3 – Schematic steps and parameters of analysis adopted for each comparison test. Anisomat+ was compared to
Anisomat (manual version), SPY and SHEBA; the total results gave generally consistent results.
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fault slip (e.g., Piccardi et al., 2006 and references therein). According with some investigators
[i.e., Di Bucci and Mazzoli (2002) for a discussion], the outer belt is instead still undergoing
shortening (e.g., Boncio and Bracone, 2009; Boccaletti et al., 2011).

For each part of the thrust belt, we selected a study area containing an intramountain
extensional basin filled by Quaternary continental deposits and located at the top of the Apennine
thrust sheets, which are mainly composed of marine sedimentary successions. For each study
area, we defined the dominant fast direction and the delay time. The results were then interpreted
in the light of the geological and structural setting. It was recognized that the average of fast
directions is oriented NW-SE at all sites, in agreement with the orientation of the strike of the
main fault structures and also with the active stress field [based on stress indicators as focal
mechanisms, e.g., Boncio et al. (2004); Cucci et al. (2004) and Chiaraluce et al. (2007) and
borehole breakouts, e.g., Mariucci et al. (2008, 2010); Fig. 4]. The space variations of the delay
time magnitude are used to define where the anisotropic medium is confined.

Fig. 4 - Italian stress indicators (for legend details see World Stress Map Rel. 2008, http://dc-app3-14.gfz-
potsdam.de/pub/stress_data/stress_data_frame.html), compared to the cumulated anisotropic results [average values of
fast directions (black lines) and normalized delay times] obtained for each studied areas: ATF=0.007 s/km; AQU=0.005
s/km; VA=0.009 s/km. It is possible to recognise a close correspondence between fast directions and the maximum
horizontal compressive stress [in agree with EDA model Crampin (1993)].
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4.1. Case 1: Val d’Agri basin

The Val d’Agri area, in the southern Apennines, has attracted the attention of geoscientists
over the past two decades. The presence of oil fields ranking as the largest in onshore Europe,
and the high seismogenic potential documented by historical earthquakes motivated geophysical
investigations that focus on the subsurface structure and seismotectonics (Borraccini et al., 2002;
Cucci et al., 2004; Shiner et al., 2004; Pastori et al., 2009; Valoroso et al., 2009). Nonetheless,
there is still an open discussion about the location of the seismogenic source of an M 7.0
earthquake occurred in that area in 1857 (Burrato and Valensise, 2008, and references therein).
Here, we investigated the upper crust of the Val d’Agri, trying to relate the anisotropy to the active
structures and the stress field. 

Fig. 5 shows the frequency diagrams of the fast polarization directions at stations having more
than 10 measurements. The length of rose petals is proportional to the number of measurements

Fig. 5 - Rose diagrams of the fast polarization directions obtained for the Val d’Agri basin. The size of the roses on the
map is proportional to the number of measurements. The bottom inset shows the total fast directions at all stations. The
mean fast directions are almost orthogonal to the minimum horizontal stress (Shmin) in the area, represented by the
double-headed red arrow (Cucci et al., 2004). The coloured area corresponds to the variation of the normalized delay
time.
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in the corresponding 10° interval. The lower inset shows the total fast directions at all stations.
We notice a NW–SE dominant fast direction at most of the stations (AG04, AG09, AG13,

AG14, AG18), whereas other measurements are slightly rotated in a more N100°E direction
(AG11 and AG17) or strike E–W (AG05). The remaining station, AG01, does not show a
preferential orientation, but the major petals display strikes coherent with the other results. As a
whole, in Val d’Agri we observe a dominant fast polarization direction striking NW–SE,
perpendicular to the current Shmin in the region as obtained from available active stress indicators
such as borehole breakout and T-axis of focal mechanisms (Cucci et al., 2004). Our findings also
agree with the recent finding of a NW-trending normal faulting mechanism, obtained by Valoroso
et al. (2009) by using the same data set.

For the region we estimated an average normalized delay times of 0.009 s/km. The estimated
values for single stations may vary strongly, ranging from 0.002 to 0.012 s/km. We found greater
values (> 0.01 s/km; stations AG09, AG14, AG18) at stations located along the SW margin of the
Val d’Agri basin, whereas lower values (below 0.01 s km-1) characterize both the sites AG04 and
AG11, along the NE margin of the basin, and the station AG05, located to the SE of the nearby
Vallo di Diano basin. This is shown by the colours in Fig. 5, which represent the interpolated
values of normalized delay times.

4.2. Case 2: Alto Tiberina Fault area

In the northern Apennines, the Upper Tiber River Valley hosts an important geological structure,
called Alto Tiberina Fault (hereinafter ATF). Defined in the literature as a low angle normal fault
[LANF: e.g., Boncio et al. (2000) and Collettini and Barchi (2002)], it attracted the attention of the
investigators since the end of the 1990s as an important tectonic structure, both for the
accommodation of significant amounts of structural extension and in terms of seismic hazard.

The ATF geometry is well known from a structural point of view (Barchi et al., 1998;
Chiaraluce et al., 2007; Mirabella et al., 2008); moreover, in the same area, earthquakes with
hypocenters down to 30 km were recorded during the so-called “Città di Castello experiment”
and preliminarily localized by Piccinini et al. (2003). Geological and seismological data show
that the ATF is an active fault system that separates a seismically active hanging wall block from
an aseismic footwall. In the hanging wall, minor synthetic and antithetic high-angle normal faults
root down into the ATF, which acts as a detachment, suggesting the simultaneous activity of the
whole normal fault system. The high-angle normal faults in the ATF hanging wall slip
seismically, generating both microseismicity and moderate magnitude earthquakes (5<M<6) such
as the 1984 Gubbio main shock (Chiaraluce et al., 2007). This allows us to characterize the
anisotropic behaviour of a rock volume above and below the ATF by computing the anisotropic
parameters. We are also able to compare the characteristics of the earthquakes related to the ATF
activity from those related to the high angle normal faults. This information is relevant when
assessing detailed seismic hazard and accurately constraining possible ground shaking scenarios.

Fig. 6 shows the rose diagrams of the fast polarization directions at stations having more than
10 measurements. In the total fast plot (Fig. 6, upper inset) we observe a dominant NW-SE
direction, i.e., the same orientation of the major faults exposed in the area [redrawn from
Mariucci et al. (2008)]. This direction is also perpendicular to the Shmin of the active extensional
stress field (Boncio and Lavecchia, 2000).
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In detail, the means of fast directions, at the selected 13 stations, are roughly parallel to the
main geological structures, even if there are stations with rotated directions (i.e., C002, B4, B5,
A003). If we consider only normalized delay times (shadowed area in Fig. 6), we observe higher
values, 0.01 s/km, located at stations C3 and C004, both located in the footwall of the Gubbio
Fault and where most of the seismicity occurs. These values suggest a percentage of anisotropy
A=3% [A=VSmean⋅δtn⋅100: Wuestefeld et al. (2010); VSmean is assumed 3.3 km/s according to

Fig. 6 - Results from the anisotropic elaboration (rose diagrams) shown along with earthquake localizations (blue dots)
and main structural features of the ATF area (from Mariucci et al., 2008). The size of rose diagrams representing the
polarization directions is proportional to the number of the measurements. Only the stations with more than 10
measurements are reported. The directions at each station, as well as the total of the measurements (upper inset), are
almost perpendicular to the Shmin, which strikes about NE-SW. Spatial variation of normalized delay time, represented
by the shadowed areas, and mean of fast directions (blue lines) are reported in the map. A comparison among mean
fast direction, minimum horizontal stress direction (Boncio and Lavecchia, 2000; Montone et al., 2004) and main
geologic structures (Mariucci et al., 2008) shows a general consistence.
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Piccinini et al. (2003)].

4.3. Case 3: L’Aquila region

The 2009 L’Aquila seismic sequence gave us the opportunity to study the shear-wave splitting
in the region where a Mw>6 earthquake (Pondrelli et al., 2010; Scognamiglio et al., 2010)

Fig. 7 - Two different representations of the obtained anisotropic results for the L’Aquila area: 1) fast direction rose
diagrams, with petal size proportional to the number of the measurements, along with earthquake epicentres (yellow
dots) and main structural features [red lineaments modified from EMERGEO Working group (2010)]; 2) mean fast
directions (blue lines) scaled to the normalised delay time computed at each station. Exception made for station FAGN,
the directions at the other stations and the total of the measurements (lower inset) are almost perpendicular to the Shmin,
which strikes about NE-SW.
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Fig. 8 - Temporal variation of the anisotropic parameters for the 2009 L’Aquila seismic sequence: delay time (A) and
fast direction (B) for AQU station (see Fig. 7). The large dots in A) represent individual measurements, whereas the
line is the interpolation of the mean values (small dots) calculated over 5 measurements by using a sliding window. In
B) the dashed lines represent the mean of the initial and Dominant Fast Direction (DFD) computed, respectively, before
and after the mainshock (indicated by the star). A secondary direction is recognized after the mainshock, given by the
90°-flips from the mean of DFD and also visible in the two rose-diagrams. In the bottom inset, the total fast
measurements are also shown; the two shadowed areas represent the standard deviation calculated for the mean values.
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occurred on April 6, 2009. According to some authors (Gao and Crampin, 2003, 2006; Crampin
and Gao, 2010), observations of shear-wave splitting at seismic stations located just above a
seismic sequence before and after the occurrence of a mainshock, might suggest that the time-
delays and fast directions of split shear-waves could provide a tool to monitor the stress build-up
before an earthquake and the stress release as the earthquake occurs.

The L’Aquila sequence occurred in a recently silent, yet very seismic region of the extensional
belt along the central Apennines. The seismic sequence started at the beginning of 2009 and it
was confined within the upper 10–15 km of the crust (Chiarabba et al., 2009). We analysed the
shear wave splitting resulting from data acquired by three stations of the Italian Seismic National
Network (AQU, CAMP and FAGN), during one year from January 1, 2009 to December 31, 2009.
The results were compared to the stress field and structural indicators of the area and some
hypotheses were discussed on the correspondence between temporal changes in anisotropic
parameters and the evolution of the seismic sequence.

In Fig. 7 the rose diagrams and the means [according to the Von Mises criterion: Mardia (1972)]
of fast direction polarization (blue lines) are shown; in the lower inset, the fast directions cumulated
for all stations are plotted. The fast directions are mainly WNW-ESE-oriented, about N122°, well in
agreement with the Shmin (Boncio et al., 2004; Mariucci et al., 2010; Pondrelli et al., 2010), except
for station FAGN, where a SSW-NNE fast direction (about 28°) was found. This direction, which
markedly differs from the general structural setting (EMERGEO Working Group, 2010), may be
related to the presence of peculiar seismic wavefields at station FAGN (Calderoni et al., 2010).

The delay time values follow the same pattern shown by the fast directions, that is, they are similar
each other at AQU and CAMP stations (about 0.005 s/km), whilst a higher value (0.007 s/km) is
found at FAGN station.

Looking at changes of anisotropic parameters in time, in particular while approaching the
mainshock, we observe some variations of the seismic wave propagation properties. Fluid over-
pressurization in fault structures has been suggested as a primary trigger of normal faulting
earthquakes (Sibson, 2000; Chiodini et al., 2004). In the only Italian case occurred in recent times
and comparable to the L’Aquila sequence (i.e., the 1997 Umbria-Marche sequence), there is
evidence for a major role played by fluids over the seismicity (Miller et al., 2004; Chiarabba et
al., 2009). From the a posteriori analysis of the temporal variations of anisotropic parameters
(Fig. 8) we observed an overall increase of the delay time (likely due to an increase of the aligned
fractures) and a 90°-flips of some of the fast directions (likely due to over-pressured fluids)
starting before the April 6 mainshock. The same trend of δt is observed around Julian days 170-
180 (end of June 2009); in this period, a seismic sequence started to the NW of CAMP station.
These a posteriori observations, which are quite scattered, are consistent with a possible complex
sequence of dilatancy-diffusion processes taking place in the rock volume where the earthquake
was preparing and the seismic sequence occurring. This may imply that fluids played a key role
in the fault failure process and in the development of the seismic sequence, as hypothesized by
Lucente et al. (2010) for the foreshock sequence.

5. Conclusions

In this work we analyzed several thousands of waveforms, recorded at more than 50 stations,
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getting about one thousand anisotropic measurements in terms of fast direction and delay time
from the three studied areas of the Apennines: Val d’Agri basin, Alto Tiberina Fault area and
L’Aquila region.

Overall the obtained results show that average anisotropic parameters are robust
measurements: NW-SE average fast directions and average normalized delay times ranging from
0.05 s/km to 0.09 s/km were found (Fig. 4). The mean values of normalized delay time range from
0.005 s/km to 0.007 s/km and to 0.009 s/km, respectively for L’Aquila region, Alto Tiberina Fault
area and Val D’Agri basin, suggesting a 3-4% of crustal anisotropy; this same percentage found
by Piccinini et al. (2006) in central Italy by studying the 1997 Umbria-Marche seismic sequence.
This percentage of differential shear wave anisotropy testifies (in the EDA frame interpretation)
a crack density ε = 0.045 (ε = Nα3/V, where N is the number of cracks of radius α in volume V),
the critical crack density at which nearby cracks begin to coalesce to form through-going
fractures (Crampin, 1993).

These values can be related to different causes, such as the active stress field and the pre-
existing crustal structures and tectonic style. Moreover, they provide information about the
presence and migration of fluids at depth.

In each area we found a close correspondence between the average fast polarization direction
and the orientation of the minimum horizontal stress (Fig. 4), as suggested by the EDA model
proposed by Crampin (1993). However, the NW-SE direction found along the Apennines is also
the strike of the main pre-existing geological structures (both compressional and extensional);
therefore, the observed anisotropy may also have been driven by the inherited fracture fields,
following the interpretation proposed by Zinke and Zoback (2000). A connection between the
temporal variations of the anisotropic parameters and the possible stress changes (in term of pore-
pressure changes, stress and fracture field variation, fluid migration, etc.) related to the L’Aquila
mainshock and the associated seismic sequence was however observed, and these variations are
compatible with those predicted by APE model. Therefore, the observed temporal variation of
anisotropic parameters suggests that the anisotropic results are related to the active stress field
and its possible perturbations, and that they could be better interpreted following the EDA-APE
model.

Since this technique was applied in areas where earthquakes occur, and therefore where
faulting process has produced fractures, it is difficult to separate the contributions to anisotropy
of fractures and microfractures. 

These areas, in fact, are affected by an extensional tectonic regime where the strike of the
active faults is parallel to that of the maximum horizontal stress, and where the cracks opening
(that records the active stress field during an earthquake) increases as well the fracturing degree
of the rock mass, making it difficult to discriminate which process is more relevant.

To conclude, we think that a systematic study of the spatial and temporal variations of
anisotropic parameters at stations distributed over the Italian territory could provide a new key
for the understanding of the seismogenic process, even in view of their future, possible
application as warnings for strong earthquakes.
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