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S U M M A R Y
We measure crustal anisotropy parameters from several hundreds of aftershocks (M L > 2.5) of
the 1997 Umbria–Marche seismic sequence which occurred in a carbonatic fold and thrust belt
in the shallow crust of central Apennines (Italy). The analysis of shear wave polarization shows
clear S-wave splitting with prevalent fast direction ∼140◦N and average delay times of 0.06 s.
The observed fast direction is parallel to the strike of the activated normal-fault system and to the
maximum horizontal stress (σ 2) active in the region. This is explained by the presence of stress-
aligned microcracks or stress-opened fluid-filled cracks and fractures within the sedimentary
coverage, even if the role of structural anisotropy cannot be completely ruled out since the
maximum horizontal stress is subparallel to the major structural features of the area (main
thrusts and normal faults). The peculiar spatio-temporal evolution of the seismic sequence
gives us also the opportunity to investigate temporal variations of anisotropic parameters.
We analyse those seismograms whose ray paths sample the crustal volume containing two of the
major fault zones, before and after the occurrence of normal faulting mainshocks (M w > 5). We
observe variations of the anisotropic parameters during the days before and after the occurrence
of mainshocks and we interpret them in terms of temporal variations of anisotropic parameters.
This interpretation is consistent with temporal variations of the local stress condition and of
the fluid pressure in the studied crustal volume proposed in the literature. However, since the
spatial sampling of the selected ray paths varies with time, we cannot exclude the contribution
of spatial variations of anisotropic parameters.
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I N T RO D U C T I O N

Seismic shear wave anisotropy in the crust has been recognized in
different tectonic settings and in a wide variety of rocks (Crampin
& Lowell 1991; Tadokoro et al. 1999; Zinke & Zoback 2000;
Crampin & Chastin 2003). When a seismic shear wave travels into an
anisotropic medium, its energy is split into two components: fast and
slow with orthogonal polarization directions and different propaga-
tion velocities. Several causes have been proposed to explain the
S-wave anisotropy in the crust. There is a structure-related ori-
gin due to the preferential orientation of minerals (McNamara &
Owens 1993; Meltzer & Christensen 2001) or of fractures (Zinke
& Zoback 2000). Other theories correlate the S-wave anisotropy
with the presence of fluids and with the active stress field which
opens cracks or aligns microcracks in the rock volume (Extensive-
Dilatancy Anisotropy, hereafter EDA model, Crampin 1978).

The goal of this study is to investigate seismic anisotropy in the
upper crust of the central Apennines, a carbonatic fold and thrust
belt that underwent several compressional and extensional tectonic
phases testified by the presence of a complex fault mesh (Chiaraluce
et al. 2003).

Based on different observations and numerical modelling, many
authors suggested the fluid involvement in the earthquake nucle-
ation process as well as in the migration of seismicity during the
1997 Umbria–Marche seismic sequence. Ripepe et al. (2000) mod-
elled the Vp/Vs variations of the foreshock sequence in terms of a
dilatancy model. Chiarabba & Amato (2003) found a high Vp/Vs for
the whole aftershock sequence, while Miller et al. (2004) proposed
that seismicity located on the hanging wall of the normal-fault sys-
tem may be driven by the coseismic release of trapped high-pressure
fluids (CO2) propagating through the damage zone created by the
main shock. Antonioli et al. (2005) have estimated an average value
of the hydraulic diffusivity for this area by analysing seismicity
migration; they found that the orientation of the maximum flow
direction is consistent with the strike of the major faults. These re-
sults further motivated our study: we aim to observe the presence
of temporal variations of the crustal anisotropy parameters, fast-
polarization direction and time delay between fast and slow waves.
To reach this goal, we use seismograms recorded at several selected
recording sites to investigate the deformation and the state of stress
of a small area located on the hanging wall of the main fault system: a
highly fractured volume where two secondary (M > 5) main shocks
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ruptured distinct normal faults during the sequence. We select those
seismic stations and a large subset of ground motion time histories
to sample the volume containing the faults before and after their
activation.

T H E 1 9 9 7 U M B R I A – M A RC H E S E I S M I C
S E Q U E N C E A N D DATA S E L E C T I O N

The Umbria–Marche seismic sequence started on September 3 with
a M w = 4.5 foreshock (Fig. 1, Amato et al. 1998; Ripepe et al.
2000). The foreshock occurred midway between the two main events
of September 26. These two events with M w = 5.7 and 6.0 occurred
within nine hours and within about 3 km of distance from each other,
showing clear opposite rupture directivities (Pino & Mazza 2000;
Hernandez et al. 2004). Both these events nucleated near the base
of the seismogenic volume at about 6 km of depth and ruptured
two fault segments dipping ∼35◦–40◦ to the south-west (Chiaraluce
et al. 2003). A few days later, two other shocks with M w > 5 struck
the same area: the first on October 3 at 4.7 km of depth (M w =
5.2) and the second on October 6 (M w = 5.4) at 5.4 km of depth.
While it is clear that the latter event ruptured an almost parallel
fault segment positioned in the hanging-wall block of the structures
activated by the September 26 main shocks, two alternative models
have been proposed for the October 3 shock. The former assumes

Figure 1. Focal mechanisms, locations and epicentres (stars) of some of the M w > 5 mainshocks of the 1997 Umbria–Marche sequence. The solid triangles
show the location of the seismic stations whose seismograms are analysed in this study. The circles show the locations of the selected earthquakes: the solid
circles indicate the foreshocks, while the open circles indicate the aftershocks of the two September 26 main shocks. The surface projections of the main fault
segments, which ruptured during the 1997 seismic sequence are also drawn. The bottom inset displays a cartoon to point out how the ray paths of the analysed
events sample the volume ruptured by the main faults of October 3 and 6.

that this event ruptured a subparallel fault located on the hanging
wall of the main shock, while the second model assumes that this
event is located on the same fault plane of the main shock (see
Nostro et al. 2005). In the subsequent days, seismicity migrated to
the south, where M w = 5.2 and 5.6 events occurred on October
12 and 14, respectively. These events contributed to elongate to the
south the activated fault system up to 45 km of length, but they are
located outside the region of interest in this study (see Chiaraluce
et al. 2003, 2004).

To perform our analysis, we selected a subset of earthquakes
from the foreshock and the aftershock sequences whose epicentres
are shown in Fig. 1. We have chosen those events located in the
footwall of the October 3 and 6 earthquakes to analyse S waves that
sampled their fault zones (see Fig. 1, bottom inset), using wave-
forms recorded at four seismic stations that operated in the area be-
tween September 10 and October 19. Only stations POP and CPQ
recorded the foreshock sequence. The other two stations, FRAN
and FOR9, were deployed just after the occurrence of the two main
events of September 26. Sampling rate of the stations FRAN and
FOR9 was 100 sps, and 66 sps for CPQ and POP. We used 98 events
from foreshock sequence and 200 events from the aftershock se-
quence (white circles in Fig. 1, erh, erz < 0.2 km and ML > 2.5).
Due to the small magnitude and the paucity of local stations before
September 26, we could locate only 22 foreshocks (erh, erz < 1 Km
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and ML > 2.5; grey circles in Fig. 1). We assume that the remaining
76 foreshocks have similar sources and location because they have
been chosen by selecting those waveforms with a similar �t(S − P)
(�t < 1.5 s for CPQ and <1 s for station POP) and a similar wave-
form shape (maximum value of cross-correlation function higher
than 0.6).

The selected event–station pairs have epicentral distance not
greater than hypocentral depth (which range down to 7 km) to
guarantee an almost vertical incident angle for the S waves (our
polarization analysis will discard any S wave with incident angle
>35◦). The final data-set consists of 700 event–station pairs with
well-distinguished shear wave first motion and good signal-to-noise
ratio.

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

In order to measure the anisotropic parameters, we develop a nu-
merical code based on the covariance matrix decomposition method
(CMD) (Montalbetti & Kanasevich 1970). To identify the direction
of polarization (D) of the fast S wave, we compute the covariance
matrix over the three components of the recorded seismic signal
(Zhang & Schwartz 1994) on a time window containing the first
S-wave arrival; we divide it in subwindows with a length compa-
rable with the expected time shift between the two split S waves,
so that in our computations we isolate the polarization direction of
the fast wave and rotate the seismograms in the fast–slow reference.
The polarization of the S wave can be determined from the compo-
nents of the eigenvector associated with the largest eigenvalue, λ1.
The azimuth of shear wave polarization D is determined from the
normalized eigenvector:

D = tan−1 [uew × sign(uz)]

[uns × sign(uz)]
,

and the shear angle S by the angle between the normalized eigen-
vector and vertical axis:

S = cos−1(uz).

Rectilinearity R of the ground particle motion is indicated by the
combination of three eigenvalues and physically describes the aspect
ratio of the elliptical particle motion:

R = 1 −
(

λ2 + λ3

2λ1

)1/3

,

where λ1, λ2 and λ3 are the three eigenvalues of the covariance
matrix; u z, uns and u ew are the three components of the eigenvec-
tor relative to the largest eigenvalue (λ1). The split delay time is
quantified by cross-correlation and its quality can be estimated by
maximal waveform similarity (cross-correlation index) in the pulse
shapes of the two split S waves (e.g. Bowman & Ando 1987; Iidaka
& Niu 1998).

In our case, the seismic signals recorded by the stations are first
filtered using a fourth-pole Butterworth bandpass filter on the fre-
quency band 0.1–5.0 Hz, which guarantees a good signal-to-noise
ratio considering that the earthquakes have generally 2.5 < M L <

3.5. Next, by selecting a time window of 2 s across the onset of
S wave (Fig. 2, grey area), we apply the covariance matrix decom-
position on a moving subwindow with window length (wl) at least
of six samples overlapping each other by wl/2 samples, obtaining a
shift resolution of at least two samples. Finally, by choosing the max-
imum value of rectilinearity R, we rotate the horizontal components
of the seismograms into the associated direction of polarization az-
imuth D, obtaining the fast and slow components of shear waves. In

order to ensure the goodness of the obtained results, we also perform
a visual inspection of the two polarigrams of the seismic traces be-
fore and after the cross-correlation time-shift correction. We show
two examples in Fig. 2.

We further select from the initial data set only those waveforms
which have a cross-correlation index between the corrected seismo-
grams larger than 0.75 and delay time shift greater than two samples
(0.02 and 0.03 s), which represents the lower bound of resolution
for our method. Our final results consist of 270 fast directions and
delay time measurements.

A N I S O T RO P Y PA R A M E T E R S

The final data set of polarization directions and delay times is shown
in Fig. 3. The frequency plots represent the frequency distribution
of the fast direction at each station normalized to the respective
delay time, which means that the length of each petal (class of
fast directions) of the rose diagram is proportional to the sum of
delay times in that range of φ. The dominant fast-polarization di-
rection is 140◦N (Fig. 3 inset) and the average delay time is around
0.06 s. Fast directions vary from station to station with some con-
sistent features: 140◦N direction is dominant at POP and is present
at all the stations; 100◦N is the most frequent direction at FOR9
and is clearly recognizable at CPQ and FRAN. These two directions
correspond to two normal-fault systems: 140◦N–170◦N is the strike
of the main normal faults (red faults in Fig. 3), related to the exten-
sional stress regime active in the region from Upper Pliocene. The
direction around 100◦N may be related to a secondary normal-fault
system acting as transfer faults in the active stress regime (green
faults in Fig. 3), inherited from the Upper-Miocene compressional
tectonic phase (M. Barchi, personal communication, 2000).

Delay times vary up to 0.14 s at FOR9 and reach slightly lower
maximum values at CQP, POP and FRAN. We calculate an average
normalized delay time in the studied volume of about 0.01 s km−1.
Assuming a shear wave velocity of about 2.8–3 km s−1 for the
carbonates, which represents the main crustal litho type for this
area (Bally et al. 1986), the inferred value (0.01 s km−1) represents
a differential shear wave anisotropy ranging from 3 to 4.5 per cent,
according to the values available in the literature (e.g. Crampin 1993;
Rowland et al. 1993). These values are similar to those found by
other authors in different geological settings (Crampin 1993).

Tests

To verify the hypothesis that S-wave polarization is influenced by
the anisotropy of the crust and to avoid the risk that our S-wave po-
larization results might be contaminated by azimuthal bias, or might
depend on focal mechanisms, we perform two different tests. First,
we analyse 10 earthquakes located outside (northwards) the study
area (Fig. 4) and we perform the polarization analysis of the wave-
forms recorded at POP station. The results for the northern events
show fast directions and delay times consistent with our previous
results (Fig. 4, inset) obtained from the whole data set, suggesting
that the polarization of the shear waves is due to the presence of
anisotropic crustal volume in the studied area and does not seems
to be azimuth-dependent.

Secondly, we select three events from our main data set with
different focal mechanisms in order to compare theoretical and ob-
served S-wave polarization directions (Bernard & Zollo 1989). We
found that for different focal solutions the observed polarization di-
rections at station CPQ differ from the synthetic solutions (Fig. 5a),
but coincide with them after removing the anisotropy effect (Fig. 5b).
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Figure 2. Examples of shear wave splitting analysis at stations FOR9 and CPQ. The three components of the seismograms oriented in the geographical reference
system are shown in the top panel where the analysed window is indicated by the shaded area. The middle and bottom panels show the seismograms in the
selected S window rotated in the fast–slow reference system together with their particle motion and polarigram both before and after removing the time shift,
between fast and slow components, calculated by the cross-correlation analysis.

These results corroborate our conclusion that seismic waves prop-
agate inside an anisotropic medium and that the polarization of the
very first arrival of the S wave is affected by crustal anisotropy. For
this test, we choose two almost co-located events (1 km differences
in the hypocentral depth) and, although they have different focal
solutions, their S-wave theoretical polarizations at CPQ are similar
(about ENE). The observed polarizations for these events, instead,
are different, suggesting that the two ray paths, although very simi-
lar, sample a volume with different anisotropic characteristics.

T E M P O R A L V E R S U S S PAT I A L
VA R I AT I O N S O F A N I S O T RO P I C
PA R A M E T E R S

The possibility of observing temporal variations of the anisotropic
parameters in the Umbria–Marche sequence is particularly intrigu-
ing because of the subsequent activation of six adjacent normal-fault
segments within a small time interval. This behaviour has been in-
terpreted both in terms of elastic–stress interaction (Cocco et al.;

Nostro et al. 2005) and fluid flow in the fractured seismogenic vol-
ume (Miller et al. 2004; Antonioli et al. 2005). To investigate tempo-
ral variations of anisotropic parameters, we then focus our attention
in a ten days time window centred around the October 3 and 6 events.
We cannot exclude the possibility that some of the observed vari-
ations in the anisotropic parameters that we are going to describe
are influenced by spatial change in anisotropy. In Fig. 6, we plot the
epicentral distribution of the analysed earthquakes, indicating with
a different scale of grey the events occurred on different days: the
epicentral distribution is quite uniform in the first six days of Octo-
ber and tends to cluster in the southern area in the subsequent four
days. Seismicity shown in Fig. 6 migrated in time over a distance
of nearly 3 km. In Fig. 7, we plot the variation of fast direction (φ)
and normalized delay time (hereafter δt) observed in the ten days
around the October 3 and 6 events (represented in Fig. 7 by the verti-
cal bars above the asterisks on the horizontal axes). Each solid circle
in Fig. 7 represents the daily mean of the φ or δt, while the error
bars represent their standard deviations. We report only estimates
computed for days having more than five measures; we have enough
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Figure 3. Structural map (courtesy of M. Barchi) of the area interested by the northern cluster of the Umbria–Marche seismic sequence. Frequency plots of
the fast direction are shown for each station and also for the total event–station pairs in the right upper inset. Red rectangles show the surface projections of the
mainshock fault planes: (1) M w = 4.5; 22:07; 97/09/03, (2) M w = 5.6; 00:33; 97/09/26, (3) M w = 5.9; 09:40; 97/09/26, (4) M w = 5.2; 08:55; 97/10/03,
(5) M w = 5.4; 23:24; 97/10/06. The shaded area depicts the epicentres distribution of the events analysed in this study. The colours red and green identify
faults and fast directions which strike about 140◦N and 100◦N, respectively.

Figure 4. Sensitivity of inferred S-wave polarization to event location. We
selected 10 events located north of the investigated area and we analysed the
waveforms recorded at POP. The inferred polarization directions and their
delay times are coincident with those resulting from our data set as shown
in the frequency plot diagrams. The frequency plots represent frequency
distribution of the polarization direction of the first S-wave arrival at POP
normalized to the respective delay time. The dominant polarization direction
is 140◦N.

daily measurements at stations CPQ and FRAN, while at FOR9 and
POP data are enough only around the October 6 earthquake. We
observe clear fluctuations of the φ and δt; in particular, the two
predominant fast directions, about 140◦N and 100◦N, observed in
the frequency distribution of the anisotropic parameters (shown both
in Fig. 3 and in Fig. 7), are found at different stations in different
time windows.

At station CPQ, normalized δt remains stable around 0.01 s km−1,
but we observe that after the occurrence the October 3 event φ

changes from 100◦N direction and aligns in Apenninic direction
(140◦N). A different behaviour is observed after the October 6 earth-
quake; at that time the prevalent φ returned to be ∼E–W.

At FRAN, anisotropic δt is almost stable, while angle φ has also
significant fluctuations but in the opposite direction compared to
CPQ: after the October 3 earthquake, φ is about E–W; after the
October 6 earthquake, the φ becomes 140◦N. At station POP, we
observe φ changing from 140◦N (which is the dominant direction
at this station as documented by the frequency plot) to 100◦N af-
ter the October 6 shock occurrence and back towards NW–SE on
October 10. The δt decreases from about 0.015 to 0.007 s km−1 and
a couple of days after reaching the minimum δt, it increases again
reaching its maximum of about 0.02 s km−1. At station FOR9, the
fast-polarization direction (φ) shows a prevalent E–W orientation
and a quite strong decrease of δt from 0.02 to 0.007 s km−1 after the
occurrence of the October 6 event. Both POP and FOR9 are located
very close to the activated fault system and their normalized delay
times (δt, averaged along the whole S wave path) seem to be more
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Figure 5. Sensitivity of inferred S-wave polarization to focal mechanisms.
(a) We have selected three events and we have computed the theoretical po-
larization expected at CPQ. We have therefore compared it with the observed
polarization at CPQ. They differ for all the three events, but they coincide
(b) after removing the effect of the anisotropic propagation as shown for one
event in the bottom panel.

Figure 6. Epicentral map of the analysed earthquakes that happened be-
tween October 1 and 10. A different scale of grey is used to plot events oc-
curring each day. The epicentres after October 6 are clustered in the southern
area (shifted about 3 km).

variable and sensible to earthquake occurrence than δt at CPQ and
FRAN, which are about 5 km far away from the faults: this suggests
that the portion of the volume interested by active faulting is the
locus of the main changes which influence anisotropic parameters.

Different authors have recently documented temporal variations
of time-delay splitting and fast-polarization directions (Liu et al.
1993; Tadokoro et al. 1999; Crampin & Peacock 2003; Saiga et al.
2003; Teanby et al. 2004), but no unequivocal evidence was found
(Gao et al. 1998; Crampin & Chastin 2003; Liu et al. 2004). On
the other hand, other authors proposed that the main source of vari-
ation in the anisotropic parameters is the different sampling of the
crust (i.e. Cochran & Vidale 2003), suggesting that only doublets
or multiplets can be used to investigate temporal variations (Peng &
Ben-Zion 2004).

Our results and the proved presence of high fluid pore pressure
variations in the studied crustal volume let us to speculate that the
observed variations of the anisotropic parameters may be related to
transient changes in the state of stress of the investigated volume.
At the same time, because of the absence of doublets in our data set
and because of the migration of the seismicity shown in Fig. 6, we
cannot exclude the contribution of spatial variations of anisotropic
parameters (Peng & Ben-Zion 2005).

D I S C U S S I O N

The analysis of shear wave polarization from a relatively large num-
ber of seismic events in central Apennines has revealed a clear
S-wave splitting. This feature affects at least the shallower portion
of the crust (0–6 km). Evidence of a similar anisotropy in the upper
kilometres of the crust has been reported in almost all rocks and tec-
tonic settings (Crampin & Chastin 2003, and references therein); in
extensional regimes, there are reports for Erzincan basin (Gamar &
Bernard 1997) and for the Gulf of Corinth (Bouin et al. 1996). The
presence of diffuse limestone and marls-limestone lithologies in the
study area suggests that the origin of anisotropy is not related to any
preferred orientation of crystals and it is, instead, due to the align-
ment of fluid-filled cracks and fractures with prevalent direction of
140◦N (Fig. 3). This average φ = 140◦N calculated by the polariza-
tion analysis is parallel to the maximum horizontal stress active in
the area, which corresponds to the σ 2 direction of the regional stress
field (Montone et al. 1999). The coincidence between the dominant
fast direction and the maximum horizontal stress supports the in-
terpretation in terms of stress related seismic anisotropy induced by
stress-aligned EDA cracks (Crampin 1978) or stress-opened frac-
tures. However, also the presence of shear fabric directions related
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Figure 7. Variations of anisotropic parameters with time. (A) Frequency distributions of fast directions normalized to δt at each station for the entire observation
interval of this study (about a month) are plotted together with variations of fast direction; (B) and normalized delay time; (C) in the 10 d around the October
3 and 6 events. Each solid circle represents the daily mean of the φ or δt, while the error bars represent its standard deviations (only days with more than five
measures are included). The vertical bars above the asterisks on the horizontal axes display the occurrence of the October 3 and 6 events. The colours red and
green in the frequency plots and in the fast direction variation plots identify fast directions which strike about 140◦N and 100◦N, respectively.

to structural features can be the cause of anisotropy, since the maxi-
mum horizontal stress is subparallel to the major thrust and normal
faults in the area.

The average value of normalized delay time, of about 0.01 s km−1,
allows us to define a percentage of differential shear wave anisotropy
of 3 to 4.5 per cent, assuming a mean P-wave velocity of 5 km s−1 and
a Vp/Vs ratio of 1.89 (Chiarabba & Amato 2003). This percentage of
differential shear wave anisotropy testifies (in the EDA frame inter-
pretation) a crack density of ε = 0.045 (ε = Nα3/ν, where N is the
number of cracks of radius α in volume ν) which is the critical crack
density at which nearby cracks begin to coalesce to form through-
going fractures (Crampin 1993). It is possible that these conditions
are present in the volume investigated in this study, considering that

the 1997 Umbria–Marche seismic sequence was characterized by
a large number of moderate M w > 5 earthquakes and thousands
of aftershocks and that fluid flow and seismicity migration played
an important role in the seismogenic process (Ripepe et al. 2000;
Miller et al. 2004; Antonioli et al. 2005). Most of the aftershocks
have normal-faulting mechanisms oriented along the Apennines and
we observe a fast-polarization direction consistent with an ‘open’
fracture field (associated with large δt) in the Apenninic direction
(φ = 140◦N).

The details of shear wave splitting analysis enhance a quite com-
plicated setting where it is difficult to differentiate between spatial
and temporal variations of anisotropic parameters. The presence of
two main φ = (140◦N and 100◦N) directions, that coincide with
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the strike of the major and secondary normal-fault systems present
in the region (Fig. 3), strengthens the hypothesis of spatial related
variations of seismic anisotropy. The explanation can be the pres-
ence of shear fabric directions coincident with those of the present
faults. On the other hand, the analysis of the splitting parameters ob-
served during the first 10 d of October and the independent evidence
of fluid pressure changes (Ripepe et al. 2000; Miller et al. 2004;
Antonioli et al. 2005) lead us to take into account temporal vari-
ations of anisotropic parameters in relation to the occurrence of
the October 3 and 6 events. Then, temporal variations observed in
our data set might be related, according to the Anisotropic Poro
Elasticity model (APE; Zatsepin & Crampin 1997), to transient
stress changes caused by repeated earthquakes (Nostro et al. 2005)
and/or to the temporal evolution of pore pressure (Cocco & Rice
2002). APE model suggests, in fact, that when a population of mi-
crocracks originally aligned to the principal stress direction is filled
by high-pressure fluids, the fast-polarization direction can rotate up
to 90◦ becoming orthogonal to the plane of the crack (Crampin &
Peacock 2003). This high pore pressure condition might be present
in patches of the crustal volume investigated in this study (Miller
et al. 2004) and might explain our φ and δt fluctuations. In this
study, the change in fast-polarization direction is about 40◦. This
can be explained by the presence of pre-existing large-scale frac-
ture fields oriented about 140◦N (the dominant one) and 100◦N (the
secondary one). However, since fluids are responsible for fault reac-
tivation in this area (Collettini et al. 2005), the interference between
split waves in the high-pressure crustal patches and split waves in
the normally pressurized crust can result in fast direction rotations.
The decrease of delay time in correspondence to the fast direction
rotations towards 100◦N at POP may support the hypothesis of the
interference; in fact, the observed time delays contain the cumulative
effects of S-wave propagation along its whole path (both through
the high-pressure patch and the normally pressurized crust).

C O N C L U S I O N S

We find crustal anisotropy in the Apenninic fold and thrust car-
bonatic belt. The analysis of shear-wave polarization has revealed a
clear S-wave splitting with prevalent fast direction of about 140◦N
and average delay times of 0.06 s. The fast direction is parallel to
the strike of major normal-fault system of the area and to the max-
imum horizontal stress (σ 2) active in the region. The delay time
value testifies a highly fractured crustal volume with a crack density
near the critical value. We know that this portion of the carbonatic
fold and thrust belt was interested by different tectonic phases tes-
tified by the presence of a complex fault and fracture pattern. For
this reason, we do not expect any preferred orientation of crystals
inducing the seismic anisotropy signals. With this background, the
presence of the observed coherent seismic anisotropy can be re-
lated to the presence of stress-aligned microcracks or stress-opened
fluid-filled fractures. However, the role of structural anisotropy can-
not be completely ruled out since the maximum horizontal stress
is subparallel to the major structural features. The observed direc-
tions of S-wave polarization are interpreted as alignment direction
of fluid-filled fractures or cracks located in the sedimentary cover-
age of the studied crustal volume. The presence of high-pressure
fluids in the investigated crust (Miller et al. 2004) induced us to
speculate that variation in the observed anisotropic parameters dur-
ing the evolution of the sequence may be due to transient changes in
the stress field and consequently in the fluid pore pressure related to
the occurrence of two moderate-size earthquakes in the investigated
volume.
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