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Abstract We present the largest dataset of anisotropic high‐quality parameters (~12,000) for the
Amatrice‐Visso‐Norcia seismic sequence and investigate the physical mechanisms causing crustal
anisotropy and its relation with crustal deformation, stress field, fluids, and earthquake generation. We
performed shear wave splitting analysis on ~40,000 aftershocks recorded at 31 seismic stations during the
first six months of the sequence following the 24 August 2016 Mw 6.0, Amatrice mainshock. Automatic and
manual‐revised P‐ and S‐picking and high‐precision locations are used to delineate the fracturing pattern
and spatio‐temporal variations in the anisotropic parameters: fast direction polarization (φ) and delay time
(δt). The mean φ strikes N146°, parallel to the extensional Quaternary fault systems, and to the NW‐SE local
active SHmax as proposed by the extensive dilatancy anisotropy model. Locally, φ directions outline the
pattern of microscale and mesoscale structures that we relate to structural‐controlled anisotropy. Temporal
variations of anisotropic parameters allowed us to deduce stress‐induced and pervasive fluid‐filled
stress‐aligned crack systems as the prevalent anisotropic mechanisms in some sectors. Higher δt (>0.072 s)
and higher anisotropy percentage (>1.5–2.0%) are found at the boundaries and in the western side of the
activated fault systems, where heavily fractured carbonates are present. The fault network along with
the lithological heterogeneities present in the area may act as a structural barrier along which fluids are
channeled or trapped, thus causing overpressured fluid zones. Observations of shear‐wave splitting
parameters during a seismic sequence can monitor the buildup of stress before earthquakes and the stress
release as earthquakes occur.

1. Introduction

The study of seismic anisotropy in the upper crust represents a powerful tool to obtain information on the
crustal structure, space, and time evolution of the microcracks associated with the fault activity, and the pre-
sence of fluid‐saturated rock volumes. Crustal volumes around the fault zones are characterized by one or
more narrow band of damaged rocks with high crack density and different seismic properties with respect
of the surrounding crustal volume (Ben‐Zion & Sammis, 2003, and references therein), which reflect the pro-
cesses of stress and displacement accumulation on the faults (Hiramatsu et al., 2010; Martin et al., 2014;
Mizuno et al., 2005; Zhang & Schwartz, 1994). Changes in the physical state and properties of material lead
to change in the local stress field through time (Casey, 1980), which in turn controls the geometry of cracks
in the crust causing anisotropy of the shear wave velocity. The measure of seismic anisotropy from local
earthquakes in the upper crust is quite difficult to quantify, due to the complex crustal tectonic structure,
local and regional stress variations, and local‐scale heterogeneities.

In this work, thanks to the knowledge of the many Quaternary active faults, of the fold‐and‐thrust struc-
tures, and the presence of thousands of earthquakes recorded during the first 6 months of the seismic
sequence by the local dense seismic network (Moretti et al., 2016), we have been able to determine the shal-
low anisotropic structure above the aftershocks. In particular, we were interested in exploring the complex
local controls on anisotropy and its relations with the seismogenic structures responsible for the long term
Amatrice‐Visso‐Norcia seismic sequence. Therefore, we have compared our results with the main findings
from other different seismological and geological studies, which allowed us to interpret the seismic aniso-
tropy in the study region as due to a combination of stress‐ and structural‐induced shear wave splitting
mechanisms and where also the different lithologies of the sedimentary layers present in the area play an
important role.
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In the following sections, we first describe our dataset and analysis methodology. Then, we provide a
detailed description of the results: ~40,000 high‐quality splitting measurements to investigate temporal var-
iations. Afterward, we subdivide the splitting results into three distinct epochs of the sequence, whose var-
iation in time reflects the variation of the geometry of the fracture field and of the physical state of the crust.

1.1. Seismotectonic Setting

The study area is located in the axial portion of the central Apennines, a Neogene fold‐and‐thrust belt devel-
oped as response of the subduction of the Adriatic lithosphere under Eurasia plate, which promoted since
the Late Miocene the coeval opening of the Tyrrhenian back‐arc basin and the eastward migrating thrust
accretion (Rosenbaum & Lister, 2004; Vezzani et al., 2010). The structure of the central Apennines
(Figure 1) is characterized by NW trending and NE verging Neogene thrusts that in some cases invert or reu-
tilize preexisting faults inherited from previous extensional phases affecting the sedimentary multi‐layer.

The shallow structure of the chain is composed by a stack of NE‐verging thrust sheets mostly made of a >3‐
km‐thick multilayer of Triassic‐Oligocene shallow‐to‐deep water carbonates (Umbria‐Marche domain) and
overlain by >2‐km‐thick Miocene foredeep turbiditic deposits (Laga Flysch; Butler et al., 2006; Ciarapica &
Passeri, 2002). Compression due to NNW trending thrusts was active betweenMiocene and Early Pliocene in
the axial part of the chain (Barchi et al., 1998), and it is still active to the east, in the external part. A wide-
spread process of postorogenic extension affected the axial part of the belt the since Late Pliocene (Cavinato
& De Celles, 1999; D'Agostino et al., 2001; Lavecchia et al., 1994). This caused the generation of a complex
network of normal faults that control the generation of intramontane basins and play a major role in the
present‐day seismicity.

Figure 1. Tectonic setting of the study area. The red lines are the major active extensional fault systems: Mt Vettore‐Mt
Bove fault system (VBFS), Monti della Laga‐Gorzano fault system (MLGFS), Preci‐Visso‐Norcia Fault System (PVNFS),
and Colfiorito Fault System (CFS). The green lines represent the Neogene contractional structures: Mt. Cavallo Thrust
(MCT), Mts. Sibillini Thrust (ST), and Gran Sasso Thrust (GST). In the upper right inset the colored boxes show the
seismogenic source projections of the strongest events (Buttinelli et al., 2018; Chiaraluce et al., 2017; Scognamiglio et al.,
2018; Tinti et al., 2016): Mw 6.0 on 24 August 2016 (orange box), Mw 5.9 on 26 October 2016 (pink box), Mw 6.5 on 30
October 2016 (blue boxes), and Mw 5.5 on 18 January 2017 (green box).
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In the study area (Figure 1), the Mts. Sibillini Thrust (ST) is a regional contractional structure (Centamore &
Rossi, 2009; Lavecchia, 1985), being N to NNW trending in the northern part, and NNE trending in the
southern part. It juxtaposes the carbonate thrust sheet of the Mts. Sibillini on the Laga Flysch, and its com-
plex structure is related to a poly‐phased deformation involving inherited Mesozoic structures (Calamita
et al., 2012; Di Domenica et al., 2012). The active normal faults are mostly NW trending and SW dipping,
organized in subparallel and overstepping segments forming systems up to 25–30 km in length (Galadini
& Galli, 2000; Roberts et al., 2004; Tondi & Cello, 2003). Their relationships with thrusts may be due to
cross‐cutting or reactivation, depending on whether the former cut or invert Miocene thrusts and/or preoro-
genic normal faults (Pizzi & Galadini, 2009; Tavarnelli, 1999).

The most important active extensional faults in the study area are the Mt. Vettore‐Mt Bove fault system
(VBFS) and the Monti della Laga‐Gorzano fault system (MLGFS), which display a right‐stepping relation,
with the ST crossing their relay zone. The ~25‐km‐long VBFS is composed of several, NNW‐SSE trending
splays that bound the western side of the Mts. Sibillini range (Figure 1). This fault system shows evidence
of Holocene activity provided by structural data (Lavecchia et al., 1994) and paleo‐seismological investiga-
tions (Galadini & Galli, 2003); moreover, it was considered capable of generating M > 6.5 earthquakes
(Boncio et al., 2004). The 30‐km‐long MLGFS consists of NNW‐SSE‐trending segments with evidence of
Late Pleistocene‐Holocene activity and comparable seismogenic potential (Boncio et al., 2004; Galadini &
Galli, 2003; Galadini & Messina, 2001).

Active extension is characterized by NE directed geodetic velocity field in the 1.5‐ to 3‐mm/year range
(Cheloni et al., 2017; D'Agostino et al., 2011; Serpelloni et al., 2005) and is testified by instrumental seismicity
(Chiarabba et al., 2005; Chiaraluce et al., 2017; Michele et al., 2016), T axes of Regional Centroid Moment
Tensors (https://doi.org/10.13127/rcmt/euromed; Pondrelli, 2019), and Time Domain Moment Tensor
(http://cnt.rm.ingv.it/tdmt) solutions of Mw > 4 events and present‐day stress indicators (Heidbach et al.,
2016; Mariucci & Montone, 2016), as reported in Figure 2.

The kinematic of activated fault systems (VBFS andMLGFS) and the SW‐NE trending tensional active stress
regime characterizing the Umbria‐Marche‐Abruzzo region (Ferrarini et al., 2015) are compatible with the
focal mechanisms of the strongest events, mentioned above, with NNW‐SSE striking focal planes showing
a normal dip‐slip mechanism.

The recent seismic sequence that hit Central Italy was caused by the activation of the VBFS andMLGFS. The
sequence occurred in the northern sector of central Apennines and is characterized by a long sequence of
moderate earthquakes, which activated a complex system of normal faults and rupturing a total length of
about 60 km. Overall, the seismicity is elongated NW‐SE between two other recent destructive sequences:
the Colfiorito sequence to NW in 1997 (Chiaraluce et al., 2003, and reference therein) and the L'Aquila
sequence to SE in 2009 (Valoroso et al., 2013, and reference therein). It is confined by the Mt. Cavallo
Compressive Front (Mt. Cavallo Thrust) to the north and by the Gran Sasso Thrust to the south. The after-
shocks are mainly concentrated between 2‐ and 15‐km depth, with a shallower cluster located in the north-
ern part of the study area below Muccia village.

In detail, the sequence started with the 24 August 2016, Mw 6.0 mainshock located close to villages of
Accumoli and Amatrice. The mainshock nucleated between the overlapping southern VBFS and northern
MLGFS en echelon segments (Lavecchia et al., 2016) and has been followed, on 26 October 2016, by two
Mw 5.6 and Mw 5.9 earthquakes close to Visso village nucleated on the northern portion of the VBFS.
The sequence culminated with the 30 October 2016 earthquake near Norcia (Mw 6.5), which reactivated
the entire length of the VBFS and part of theMLGFS and giving rise to the strongest Italian earthquake since
the 1980 Irpinia earthquake, Mw 6.9 (Bernard & Zollo, 1989). The sequence continued on 18 January 2017
with 4 M >5 earthquakes in the southern termination of the MLGFS near Montereale village.

1.2. Shear Wave Splitting in the Crust

In sedimentary rocks, such as the Umbria‐Marche stratigraphic sequences involved in a poly‐phased defor-
mation with the generation of fold‐and‐thrust complex structures, shear wave splitting phenomenon is a tool
to investigate the anisotropic pattern in the Earth's crust.

Shear‐wave velocity strictly depends on its propagation and polarization directions: when a shear wave tra-
vels into an anisotropic volume, it splits in two components, called fast and slow, that propagate with
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orthogonal polarization direction and different seismic velocities. The polarization direction of the fast
component is called φ, usually oriented parallel to the crack orientations; the lag between fast and slow
arrivals is called delay time (δt) and measures the anisotropic strength.

When a shear wave does not show splitting, we are observing a null measurement and it is identified by a
delay time value proximate to zero. The S‐wave splitting may not occur for two reasons: (1) the presence
of an isotropic media and (2) the S‐wave travels with the initial polarization parallel to the fast or slow direc-
tions of the anisotropic media (Schutt et al., 1998). In this second case, even if we cannot observe the splitting
of the shear wave, we can use the results since they identify the direction of one of the anisotropy axis.

In regions dominated by strong tectonic processes, especially if still active such as in our study area, the main
causes that could generate seismic anisotropy in the crust are the presence of (i) parallel aligned fluid‐filled
vertical micro‐cracks, (ii) macroscopic structural features, such as fractures or major faults, and (iii) aniso-
tropic minerals with some preferred symmetry (Crampin & Lovell, 1991). Moreover, the active stress field
can affect the orientation of faults, fractures, and microcracks.

Crampin and Peacock (2008), according to the extensive dilatancy anisotropy (EDA)model (Crampin, 1993),
suggested that anisotropy is primarily caused by the presence of vertical parallel fluid‐filled microcracks

Figure 2. Present‐day stress indicators for the Central Italy area (Heidbach et al., 2016;Mariucci &Montone, 2016). The red
and blue arrows represent the orientations of the regional maximum (SHmax) and minimun (Shmin) horizontal stress,
respectively. Color of the lines indicates stress regimes: red for normal faulting (NF) and green for strike‐slip faulting (SS);
symbol centered on the lines specifies the analysis method used to define the stress indicator and the length of the lines
represents the measurement precision: A‐quality indicates that the stress orientation has a precision of ±15°; B‐quality of
±15°–20°; C‐quality of ±20°–25°. TDMT solutions (http://cnt.rm.ingv.it/tdmt) of earthquakes with Mw ≥ 4 and T axes
(blue lines) of Regional Centroid Moment Tensors (RCMT) definitive solutions (Pondrelli, 2019) are also reported.
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aligned or “opened” by the active stress field and pervading most of the rocks in the crust. In this case, the
maximum stress acting on the horizontal plane (SHmax) closes vertical cracks perpendicular to it and leaves
opened those parallels (Nur & Simmons, 1969). As a consequence, φ will be parallel to the SHmax direction
and δt will measure the intensity and/or thickness of the fracture field.

If EDAmodel is the main cause of anisotropy, temporal changes of splitting parameters are expected. For the
Italian region, observation of temporal changes in fast direction and delay time are reported by Lucente et al.
(2010) for the 2009 L'Aquila sequence and Pastori et al. (2018) for the 2011–2012 Pollino seismic swarm.
Variations in time of anisotropic parameters have also been observed worldwide, as by Yoshida et al.
(2012) for the 2011 Tohoku‐oki earthquake (Japan) and Wesson and Boyd (2007) for the 2002 Denali fault
earthquake (North America). The Anisotropic‐Poro‐Elasticity (APE) model (Zatsepin & Crampin, 1997)
describes these changes as due to the reorientation of the microcracks; consequently, the shear‐wave polar-
izations will display approximately orthogonal orientations (90°‐flips). Pore pressure variation causes the
microcracks to reorganize their geometry by opening and closing fluid‐filled microcracks.

Specifically, lowering of effective stress allows cracks not parallel to the direction of maximum compression
to open, while the increasing pore pressure widens cracks parallel to maximum compression. The previous
stress‐parallel polarizations for near‐vertical propagation of faster split shear‐waves are changed (by 90°‐
flips) and become perpendicular to the previous directions (Crampin et al., 2000).

According to the EDA model and its evolution in APE model, the local variations of the anisotropic para-
meters are both time and space dependent.

On the other hand, if anisotropy is caused by the alignment of macroscopic fractures or anisotropic minerals
as suggested by the structural‐controlled anisotropy model (SAM; Zinke & Zoback, 2000), the fast direction
will be parallel to the macroscopic structural features or minerals and do not depend directly by the active
stress field. In this case, the fast direction does not change with time and delay time measures the fabric
strength. In this model, the variations of the anisotropic parameters are space‐dependent.

2. Data, Seismic Network, and Analysis Code

To estimate anisotropic parameters, we used three‐component seismograms recorded from 24 August 2016
to 28 February 2017, period that includes all the M 5+ of the seismic sequence. We used the recordings from
31 stations, belonging to permanent and temporary seismic networks, managed by the personnel of the
Istituto Nazionale di Geofisica e Vulcanologia (INGV). The 14 permanent stations (AQT1, CAMP, CESI,
CSP1, FDMO, FIAM, GIGS, GUMA, LNSS, MMO1, NRCA, RM33, SMA1, and TERO) are part of the
National Seismic Network (RSN, doi.org/10.13127/sd/x0fxnh7qfy), while the 17 temporary stations
(T1202, T1204, T1211, T1212, T1213, T1214, T1215, T1216, T1217, T1218, T1241, T1242, T1243, T1244,
T1246, T1247, and T1299) have been installed within the epicentral area by the SISMIKO working group
(Moretti et al., 2016) soon after the occurrence of the 24 August 2016 mainshock (Figure 3).

The list of local events has been extracted from ISIDe (Italian Seismological Instrumental and Parametric
Data‐Base; http://terremoti.ingv.it/iside, ISIDe Working Group, 2016), the INGV earthquake database,
and the waveforms from EIDA database (European Integrated Data Archive; https://eida.rm.ingv.it/,
Mazza et al., 2012). P‐ and S‐phase pickings are obtained from automatic (Scafidi et al., 2016; Spallarossa
et al., 2014) and human‐revised procedures (Bollettino Sismico Italiano BSI, https://cnt.rm.ingv.it/bsi),
while event locations are computed by means a nonlinear inversion method proposed by Michele et al.
(2016) and Chiaraluce et al. (2017). Events with magnitudes Mw ≥ 3.6 have been discarded to preserve
the seismograms from source effects that could complicate the splitting analysis. In Figure 3 we reported
only the events used in the anisotropic analysis.

The anisotropic analysis has been carried out only if were satisfied the following criteria: the geometrical
incidence angle at the station, ic ≤45° (ic = sin−1 (Vs/Vp), where Vp and Vs are the P‐ and S‐wave velocities,
respectively; Booth & Crampin, 1985). This criterion ensures that we are using only the real S‐direct arrival
phases inside the shear wave window (SWW, assuming near‐vertical ray arrivals below the stations within
the 45° cone area), while avoiding the contamination by P to S converting phases (Booth & Crampin, 1985;
Peng & Ben‐Zion, 2004). Though the initial dataset consists of 55,461 events, only 39,357 are within
the SWW.

10.1029/2018TC005478Tectonics

PASTORI ET AL. 5

https://doi.org/10.13127/sd/x0fxnh7qfy
http://terremoti.ingv.it/iside
https://eida.rm.ingv.it/
https://cnt.rm.ingv.it/bsi


Due to huge number of events, we estimate the crustal anisotropic parameters, delay time (δt), and fast
polarization direction (ϕ) by using the automatic and quick Shear Wave Splitting tool: Anisomat+ code
(Piccinini et al., 2013).

Before running Anisomat+, we had to set up the code for local earthquakes, using the following configura-
tion: (1) bandpass Butterworthfourth‐order two‐pass filter with corner frequencies of 1‐12 Hz (cf1 and cf2,
respectively) and (2) analysis window length of ~0.35 s, computed following the relation WL=PRE+DUR;
PRE=0.15 s before S‐picking and DUR=C 1/cf2 where C coefficient is 2.5; this value is set in order to involve
more than a whole cycle of the filter corner frequency. The code is based on the cross‐correlation (CC)matrix
method (Bowman & Ando, 1987), measuring the similarity between the two horizontal components of
the seismogram.

In the horizontal plane the NS and EW components are rotated by steps of 1° (from 0 up to 180°); for
each step of rotation on the analysis window CC coefficient, delay time and fast direction are computed.
The best constrained anisotropic results are found for that angle for which the maximum CC value
is measured.

The code applies several quality controls on the waveforms such as (1) S‐to‐P amplitude ratio ≥ 4, to
reject the events without a clear S‐wave onset on the horizontal components, and (2) H/V ratio ≥ 2, to
select the waveform with shear wave energy mostly localized in the horizontal plane (for the complete
description of running flow, parameter configuration, and quality controls refer to Piccinini et al.,
2013). In Figure 4 an example of analysis window and results is reported for the 24 August 2016 at
06:25:14 event recorded at the NRCA station. Afterward, Anisomat+ output file consists of 34,456
event‐station splitting measurements.

Figure 3. Map of the seismicity recorded in the first 6 months of the sequence and used for the anisotropic analysis. The
events are colored as a function of the depth. The light blue and magenta triangles represent the permanent (AQT1,
CAMP, CESI, CSP1, FDMO, FIAM, GIGS, GUMA, LNSS, MMO1, NRCA, RM33, SMA1, and TERO) and temporary
(T1202, T1204, T1211, T1212, T1213, T1214, T1215, T1216, T1217, T1218, T1241, T1242, T1243, T1244, T1246, T1247, and
T1299), seismic stations respectively. The black boxes represent the seismogenic source projections of the strongest
events (red stars): Mw 6.0 on 24 August 2016, Mw 5.9 on 26 October 2016, Mw 6.5 on 30 October 2016, and Mw 5.5 on
18 January 2017. Histograms show the depth and magnitude distribution for the used events. The magnitudes range from
M 0.1 to 3.6; we cut magnitudes higher more than 3.6 to preserve the seismograms from source effects.
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3. Results

With the aim to create a high‐quality splitting dataset, we considered acceptable only those measurements
having a cross‐correlation coefficient CC ≥ 0.75, which allowed us to obtain 11,865 no‐null (δt > 0.02 s) sin-
gle measurements and 15,322 null results (δt ≤ 0.02 s)

The remaining 7,269 measurements have been discarded by Anisomat+ quality controls, as previously
described. In the following paragraphs, we discuss the results in terms of spatial and temporal distribution
of fast direction polarization and delay time.

Figure 4. Example of splitting analysis and result for the 24 August 2016 at 06:25:14 event recorded at NRCA station by
means Anisomat+ (Piccinini et al., 2013). The upper panels display the rotated components into fast and slow direction
before and after delay time correction, respectively. The middle panels show the polarization vectors and the particle
motion before (on the left) and after correction (on the right). The last two panels display the results in terms of maximum
cross correlation value (blue dot in the left colored plot), for which the most reliable delay time and fast direction (circular
plot on the right) are computed.
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3.1. Spatial Distribution of Fast Directions

We present the results for the largest anisotropic high‐quality dataset ever collected before for the Italian
Peninsula (Figure 5). At each station, the mean values of fast direction, evaluated using circular mean
MatLab function (Fisher, 1995; Jammalamadaka & Sengupta, 2001; Zar, 1999), and the associated delay
times are reported as tilted, grayscale colored and with different length bars.

Figure 5. Map of the whole anisotropic results. For each station, the mean fast direction is plotted as grayscale colored bar
that represents the number of no‐null measures and their length is proportional to the delay time value. In the upper
panel, the orange and green rose diagrams represent the fast and null directions for the total high‐quality results,
respectively. The mean fast direction is about NW‐SE (N146°; solid black line), while the null direction shows double
orientation (N55°±90°; solid and dashed black lines), with one direction parallel and the other perpendicular to the mean
fast direction, as expected for the slow component. Both the fast and null directions are coherent with the strike of the
main faults, the geometry of the seismogenic sources for the strongest events, and the SHmax.
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Generally, a N146° mean fast direction for the whole study area is clearly
visible in the total rose diagram (orange petals). Furthermore, also, the
total null rose diagram (green petals) is reported, showing mean value
of N55° which is at 90° with ϕ direction, as expected.

Overall, two main fast orientations are recognizable: NNW‐SSE and NW‐

SE trends. Some exceptions are represented by the mean directions found
at stations: T1211, T1217, T1218, T1243, T1246, T1247, AQT1, CSP1,
FDMO GUMA, LNSS, and MMO1 where different trends are visible.

The grayscale color of the bars represents the number of no‐null mea-
sures: black is for the station NRCA and T1216 that collected the major
number of results (between 1,000 and 2,000); the light grey is for the most
external stations (AQT1, CSP1, GIGS, GUMA T1211, TERO), that gath-
ered the lowest number of measurements (between 0 and 10). Such distri-
bution of results can be explained considering only the events located
inside the SWW, having near‐vertical ray arrivals below the stations.
The bar length is proportional to the mean delay time 0.064 s evaluated
for the whole area. At each station, the average of δt ranges from 0.024 s
to 0.090 s; higher values, with respect to the δtmean, are found at stations
mainly located in the southern part of the study area (CESI, SMA1, T1204,
T1212, T1218, T1242, T1244, T1246, and T1299).

Though this map summarizes crustal anisotropy pattern, its interpreta-
tion is not thus immediate. Therefore, to provide a clearer representation
of our results, we plot the interpolated values of fast directions, by means
the Tomography Estimation of Shear wave splitting and Spatial Averaging
(TESSA) program (Johnson et al., 2011). First of all, we assume that the
shear wave splitting measures are accumulated along the ray‐path (e.g.,
Crampin, 1991; Zhang et al., 2007); therefore, the total anisotropy is sim-
ply the sum of the anisotropic structures sampled by the seismic rays.

To accomplish the fast direction spatial averaging, we first gridded the
study region using a regular gridding system (see the supporting informa-
tion for details); since we have made comparisons over time, the data
points are in this case anchored always at the same locations.

For each grid box we computed (1) rose diagram of fast value, (2) mean
fast direction, (3) standard error of the mean, and (4) standard deviation
of the data. If the standard deviation of the data is less than 30° and the
standard error of the mean is less than 10°, the mean rose diagrams of
the fast values and the mean fast direction are plotted in the center of
block. Therefore, the fast spatial interpolation is not performed when less
than 10 rays pass through the block.

The data are weighted according to the errors from the input file and the
weighting regime chosen, in our analysis 1/d, where d is the distance of
the grid block from the station.

To achieve a reliable result and to use similar block size setting, when
compared to the delay time spatial grid interpolation, we used 2‐km

square boxes and a node spacing of 1 km. Figure 6 shows interpolate values of the fast axis, seen as both
rose diagrams (Figure 6a) and average bars (Figure 6b) resulting from each block having the
aforementioned features.

In the study area different mean fast polarization directions are detectable that could suggest the presence of
complex and strong seismic anisotropy anomalies in the crustal volume investigated from Swaves. To clarify
these different trends, we have identified six sectors where similar features are recognized (Figure 7). For
each of these sectors, we inferred the predominant orientations: in sectors 1 and 2 the dominant ϕ

Figure 6. Spatial averaging for the 11,865 no‐null measurements. (a) Rose
diagrams (orange petals) of fast polarization centered on each grid box.
(b) The black bars are the mean fast polarization direction for those grid
boxes having standard error and standard deviation of less than 10 and 30°,
respectively.
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orientation is NW‐SE; sector 3 shows the major variability, at least three orientations are delineated from
NE‐SW to E‐W and NW‐SE; sector 4 ϕ ranges between N‐S to NW‐SE; in sector 5 the mean ϕ strikes NE‐
SW, and finally, in sector 6 E‐W averaged ϕ values are displayed.

Areas with few data could display poorly reliable results, such as observed in the external boundaries of the
region (i.e., sectors 5 and 6). Conversely, in areas well covered by data, we observe noticeable variations in
splitting results, which could be attributed to the presence of local complexities such as localized and hetero-
geneous 3‐D anisotropic structures. Similar behavior is recognized through the sector 3, characterized by a
great changing in fast direction over a small area.

All things considered, the fast direction polarization is in agreement with the NW‐SE strike of the main
Quaternary faults, with the NW‐SE striking plane of the focal mechanisms and with the NE‐SW local exten-
sion observed from the horizontal coseismic displacements, as expected by the EDA (Crampin, 1993) and
SAM (Zinke & Zoback, 2000) interpretative models.

3.2. Delay Time to Estimate the Intensity of Anisotropy

Both the absolute δt values, ranging from 0.024 to 0.29s, and the average δt value for the area 0.064 ± 0.03s,
are comparable with those found in previous studies in Central Italy: 2009 L'Aquila sequence (Baccheschi
et al., 2016; Lucente et al., 2010; Pastori et al., 2012), 2010 Pietralunga sequence (Guerri et al., 2012), and
2000–2001 Città di Castello experiment (Piccinini et al., 2003).

Figure 7. Summarized map of six sectors where similar mean fast directions are recognized. sectors 1 and 2: NW‐SE ϕ
direction; sector 3: the major variability, with ϕ direction varying from NE‐SW to E‐W and NW‐SE; sector 4:
ϕ direction between N‐S to NW‐SE; sector 5: NE‐SW ϕ direction; sector 6 E‐W ϕ direction. External areas report poorly
constrained results due to the errors caused by poor data coverage (i.e., sectors 5 and 6). The upper right inset shows the
total distribution of the mean fast polarization direction in the six chosen sectors.
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Figure 8 shows the geographical distribution the interpolated absolute δt values obtained using the nearest
neighbor algorithm. The spacing nodes used tomap the delay time are comparable to those used in fast inter-

polation, that is, a regular grid of 2‐km spaced nodes (with 6‐km searching
radius centered on each node).

The projection on the map of the interpolated δt reveals higher values in
two main areas: (1) in a large region between Cascia and Norcia and (2)
between Amatrice and Accumoli, in both cases with an estimated value
greater than 0.072 s confined along the boundaries of the major
seismic sources.

To estimate the lateral and deep extent of the rock volume interested by
anisotropy, we correlate the value of the resampled δt (see the supporting
information for details) with the hypocentral depth (Figure 9).

From the shape of the correlation distribution is clear that the greatest
density and increasing δt values are visible up to ~10–12 km, while from
12 to 15 km we observe a decreasing in number and magnitude of δt,
reaching the lower value between 15 and 25 km.

Figure 8. Map of the delay time values interpolated using a nearest neighbor algorithm on a regular grid of 2‐km spaced
nodes with 6‐km searching radius centered on each node. Higher delay time values (greater than 0.072 s), which
means greater than the mean value of δt computed for the study area) are found in two main areas: (1) in a large region
between Cascia and Norcia and (2) between Amatrice and Accumoli.

Figure 9. Plot showing delay times increasing with hypocentral depth up to
10–12 km, and suggesting crack closure due to the lithostatic pressure
growing with depth from 12 to 25 km.
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The observed increasing delay time could be due to the occurrence of the majority number of cracks and
microcracks, which provides to crustal anisotropy around 1.5–4.0% for carbonatic rocks (Crampin, 1994).
Because of the increasing with depth of the lithostatic pressure below Earth's surface, we infer that cracks
and microcracks could be closed by pressure and consequently at this range of depth the S‐wave anisotropy
may be produced by other causes, that is, the alignment of anisotropic minerals such as biotite, orthopyrox-
ene, and amphibole (Rabbel & Mooney, 1996) aligned by the ductile deformation existing in the lower crust.
A recent study of Pizzi et al. (2017) identified the upper edge of the brittle‐ductile transition at 10–12 km,
confirming the rheological model proposed by Boncio et al. (2004) for the Norcia‐Mt. Vettore area. It could
suggest that not only the shallower layers are seismically anisotropic but that the strength of anisotropy is
the result of all the layers crossed by the S wave.

Since we observed an increasing trend of δt value with hypocentral depth, hereinafter we discuss the results
in terms of normalized delay time (δtn), calculated by dividing each time delay by hypocentral depth.
Figure 10 shows a map of those interpolated values. Single measurements of normalized delay time range
between 0.00089 to 0.06746 s/km and the mean for the study area is 0.0063 s/km.

High values of δtn (>0.007 s/km), greater than the mean value, are found at the borders of the Norcia seis-
mogenic source borders (on the east and west side), along the northern border of the Visso source and at the
southern termination of the Amatrice source.

Figure 10. Map of the normalized delay time values interpolated using a nearest neighbor algorithm on a regular grid
of 2‐km spaced nodes with 6‐km searching radius centered on each node. The yellow‐orange‐red areas indicate the highest
δtn values (greater than 0.007 s/km) .
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Considering the spatial distribution of the hypocenters, these high δt value areas are located mainly in
the western side of the activated fault systems. We interpret this region as heavily stressed volume/area
where fluids can be channeled or trapped, because of the multiple intersections between faults and
sedimentary layering.

Conversely, the eastern area of themajor fault systems is characterized by lower values of δtn (less than 0.005
s/km). Here, we suppose that fluids preferentially migrate away along relatively high‐permeability hydraulic
path generating a complex diffusivity fluid system without the possibility to be stagnant.

3.3. Spatio‐temporal Variation of Anisotropic Parameters

The anisotropic pattern varies in time and space, suggesting the presence of complex and strong seismic ani-
sotropy anomalies in the crustal volume. In this regard, to correlate anisotropic spatio‐temporal variations
with seismic sequence evolution and the activated fault systems, we plotted the splitting results for three dif-
ferent time periods, based on the occurrence of the largest earthquakes:

1. 24 August to 25 October starting with Mw 6.0 Amatrice mainshock;
2. 26 October to 17 January starting with Mw 5.9 Visso aftershock followed by 30 October Mw 6.5 Norcia

earthquake; and
3. 18 January to 28 February starting with Mw 5.5 Montereale aftershock.

Three left panels in Figures 11a–11c show the evolution of the used aftershocks; noteworthy, the great
amount of the seismicity is recorded in the second period and covers the largest part of the study area, while
the rays illuminated smaller volume in the other two periods.

In the first period (Figure 11a) the rectangle represents the Amatrice source (Tinti et al., 2016), in the second
(Figure 11b) the Norcia and the Visso source projections (Chiaraluce et al., 2017; Scognamiglio et al., 2018),
and in last period (Figure 11c) the Montereale activated plane (Buttinelli et al., 2018).

In parallel, for each temporal period we show the main results in terms of delay time and pattern of fast
polarization directions in Figures 11d–11f.

In the first period (Figure 11d) there are two δtn peaks (~0.009–0.010 s/km): the first one is recognizable at
the northern edge of the Amatrice seismogenetic source, where roughlyWNW‐ESE fast directions are found.
The second one is located in correspondence of the southern edge of the seismogenic source in proximity of
Amatrice village, where none particular fast orientation is observed.

The second period (Figure 11e) includes the largest seismicity distribution and the strongest aftershocks that
struck the area during the sequence. The area, where in the first period higher value of δtn and an anomalous
ϕ orientation have been observed, now it is characterized by lower value in δtn (from 0.0025 s/km up to 0.004
s/km) and three different ϕ directions, fromNE‐SW to E‐Wand NW‐SE, that well reproduce the geometry of
the activated fault systems. In addition, the epicenter of the strongest earthquake (Mw 6.5) falls in the area
with higher δtn values (~0.009–0.010 s/km). Conversely, in the southern border of the box, the patch of
higher δtn is still recognizable, even if has a smaller size.

Among the numerous models for the rupture geometry of the Norcia source on 30 October 2016, proposed in
the literature (Cheloni et al., 2019; Pizzi et al., 2017; Liu et al., 2017; Walters et al., 2018; Xu et al., 2017), the
observed anisotropic results seem to be according to seismogenic source solution proposed by Scognamiglio
et al. (2018). In fact, the strike of ϕ axes follows the boundaries of a source modeled on two separated fault
planes; δtn peaks are located in correspondence of the south‐western and the northern edges on the second
N210° fault (see supporting material for details)

In the last period (Figure 11f) the variability in fast direction seems to follow both Quaternary and inherited
tectonic structures and the activated seismogenic sources; the δtn peaks are visible in the western part of the
Norcia and along the north termination of Monti della Laga‐Gorzano Fault activated fault planes. This latter
area did not rupture during the 24 August 2016 mainshock (Papadopoulos et al., 2017; Pavlides et al., 2017)
and remains, over time of our analysis, characterized by higher values of δtn. This region could be considered
as a heavily stressed, maybe caused by overpressurized fluid conditions, as observed in previous studies in
the same area (Baccheschi et al., 2016; Pastori et al., 2012).
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Figure 11. Seismic sequence evolution of aftershocks and maps of the temporal and spatial evolution in terms of delay
time and fast polarization direction patterns divided in three different time periods: (a–d) from 24 August 2016, when
Mw 6.0 Amatrice mainshock occurred to 25 October 2016; (b–e) from 26 October 2016, when Mw 5.9 Visso earthquake
followed 2 days later by the strongest aftershock Mw 6.5 Norcia to 17 January 2017; (c–e) from January 18th 2017, when
the last strong earthquake Mw 5.5 Montereale aftershock occurred to 28 February 2017. In each map the activated seis-
mogenic source (black box) and event location (green star) are reported. See the text for details on the interpretations.
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4. Discussions

To improve the knowledge of the crustal deformation, the physical mechanisms controlling crustal aniso-
tropy, and its relation with regional and local SHmax in the Central Apennines, we have studied the shear
wave splitting phenomenon observed on waveforms recorded during the Amatrice‐Visso‐Norcia long
seismic sequence.

The anisotropic pattern has been described by using splitting parameters: fast direction polarization, delay
time value normalized, and unnormalized (φ, δt, and δtn, respectively).

In the studied area, we deduced that the principal sources of crustal anisotropy could be located in the shal-
lower layers up to 10‐ to 12‐km depth and can be explained as caused by the tectonic stress acting in the area
as well as by the existing and inherited geological major structures (Araragi et al., 2015; Zinke & Zoback,
2000). From 12‐ to 20‐km depth other mechanisms controlling crustal anisotropy (i.e., the alignment of ani-
sotropic minerals, lithological type, and layering) could bemore widespread than was shown in previous stu-
dies (e.g., Boness & Zoback, 2006; Yang et al., 2011).

The Central Apennine has been affected by multiphased contractional and extensional deformation started
in the Early Tertiary. A postorogenic Quaternary extension of the fold‐and‐thrust belt is still ongoing and
striking SW‐NE as documented by instrumental seismicity (Chiarabba et al., 2018; Chiaraluce et al., 2017;
Michele et al., 2016), stress data (Mariucci & Montone, 2016), geodetic measurements (Cheloni et al.,
2017), and geological studies (Bonini et al., 2016; Lavecchia et al., 2016; Walters et al., 2018).

These superimposed tectonic phases are responsible for the present fault system architectures, which are
constituted by several segments striking between NW‐SE and NNW‐SSE (Ferrarini et al., 2015; Lavecchia
et al., 2016; Pizzi & Galadini, 2009). The complexity of tectonic structures inherited from past compres-
sional tectonics that segment the Quaternary extensional active fault systems and by the interaction
between the activated fault planes could cause the great variability and complexities evidenced in the
anisotropic pattern.

We observe considerable local directional variations in different parts of the studied area, as reported by the

fast directions oriented at a various angle with respect to the dominant SHmax. These variations well describe
the structural complexity and the stress variability, leading us to hypothesize that these two sources of ani-
sotropy could interact, add up or prevail over one other. Indeed, we note a strong correspondence between
the strike of the major Quaternary extensional fault systems (MLGFS, VBFS, and PVNFS) and the inherited
compressive structures (ST) and the main fractures and coseismic surface ruptures (EMERGEO Working
Group, 2016; Brozzetti et al., 2019; Villani et al., 2018), as reported in Figure 12.

The resemblance between fast direction and the alignment of microscale and mesoscale structures (such as
main faults, shear fractures, cracks, and ruptures) lead us to suppose that the SAM, as predicted by SAM
(Zinke & Zoback, 2000), could act as the main mechanism responsible for the observed anisotropy.

On the other hand, we also observed the correspondence between fast direction and stress regime as pro-
posed by the EDAmodel (Crampin, 1993). In fact, the mean fast direction and the mean null measurements
strike N146° and N55°±90°, respectively. These values are approximately perpendicular to the regional
Shmin (Figure 2) inferred from the World Stress Map (http.//www.world‐stress‐map.org; Heidbach et al.,
2016) and from the Italian stress map (Mariucci &Montone, 2016). The orthogonality between the fast direc-
tion and the Shmin stress indicator is widely observed worldwide, that is, in the Shillong‐Mikir Plateau of
Northeast India (Bora et al., 2018), in the Kyushu area in Japan (Savage et al., 2016), and in Southern
California (Li & Peng, 2017). Moreover, previous studies on seismic anisotropy focused on the Italian penin-
sula invoke the EDAmodel to explain the observed pattern of fast axes (Baccheschi et al., 2016; Guerri et al.,
2012; Pastori et al., 2009, 2012, 2018; Piccinini et al., 2003). For this reason, we can hypothesize that in the
study area, the fast direction well reflects the structural and active stress complexities; thus, it is difficult
to distinguish the predominant contribution between these two main sources of anisotropy in the crust.

The possibility to discriminate between stress and structural anisotropy is quite complex in extensional
regime due to the coincidence of the SHmax direction and the strike of major faults. We tried to discern
between sources of anisotropy by overlapping the interpolated fast measurements made for the three
selected periods (Figure 13).
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In almost all sectors we observe a slight rotation of fast axes to be aligned with Quaternary extensional struc-
tures and/or inherited compressive structures and the activated fault planes as well as to the SHmax.

In sector 1 the few fast axes are mainly oriented parallel to the SHmax. (NW‐SE). In this sector, only the Mt.
Cavallo Thrust inherited compressive structure is reported and its strike is not in according to the ϕ direc-
tions. Here, we can assume that the dominant anisotropic is mainly stress controlled (dominance of EDA
model). In sector 2 the fast axes are aligned with Quaternary fault systems and the activated seismogenic
sources strictly related to the SHmax. In this contest, we suppose that the sources of anisotropy are mainly
stress‐controlled (dominance of EDA model), but we cannot exclude also a structural –control. In sector 4
φ strikes almost N‐S, according to the orientation of the inherited compressive structures, and along
Montereale source φ is oriented NW‐SE according to the SHmax direction and the strike of major fault

Figure 12. Rose diagrams of fast directions for the recorded dataset: mean fast directions strike NW‐SE (N146°), coherent
with the mean direction of null measurements N55°±90° and stress indicators. This result is also in agreement with
(a) the frequency distribution of the coseismic ruptures on unconsolidated deposits and along fault plane on bedrock
(modified after EMERGEO Working Group, 2016) and the main geometric properties of the coseismic surface data
subdivided in (b) coseismic ruptures with offset indicating the occurrence of two directional peaks of strike at N135°–140°
and N155°–160°, respectively, (c) coseismic ribbons on bedrock displaying twomodal peaks at N135°–140° and N145°–150°,
respectively, and (d) the strike of coseismic fractures showing one sharp peak at N135°–140° (Villani et al., 2018).
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systems. Such a pattern of fast axes allowed us to hypothesize that for this sector, the anisotropy is both
stress‐ and structural‐controlled (EDA and SAM models).

In sector 3 a different and interesting pattern is found. In fact, a clear rotation in the fast axes direction with
time (Crampin et al., 2000) is observed, with φ rotating from NNW‐SSE during the first period and to NNE‐
SSW during the third period. This reorientation over time could be related to the over‐pressurized fluid state
caused by the preparatory phase of Mw 6.5 Norcia earthquake, occurred in this rock volume on 30th
October. Therefore, we can suppose that the prevalent anisotropic mechanism is driven by the stress‐
induced anisotropy and the presence of pervasive fluid‐filled stress‐aligned crack systems, as predicted by
the EDA‐APE models.

In the external boundaries of the study area, sectors 5 and 6, a small number of data were recorded. Thus, we
cannot make reliable consideration about the dominant source of anisotropy.

The evidenced structural complexities and the observed local stress variations are confirmed by other stu-
dies focused on the Amatrice‐Visso‐Norcia seismic sequence, that is, Lavecchia et al. (2016), Buttinelli
et al. (2018) and Walters et al. (2018). Lavecchia et al. (2016) identified, for the Mw 6.0 Amatrice main-
shock, at the intersection between the Gorzano Fault and Redentore‐Vettoretto Fault, the area with the
highest stress values (computed using Von Mises stress field distribution), that also well represent a bilat-
eral rupture spreading on two separated planes joined at about 8‐km depth on a single fault surface.
Buttinelli et al. (2018), considering the interaction between the irregular geometries of normal faults
and the reactivations of the inherited compressive structures, suggest overpressured fluids as responsible
for the partial remobilization of unbroken segments of the fault system as modeled by the static stress
changes on the fault.

Figure 13. (a) Map of the interpolated fast measurements for the three selected periods reported in the key. The mean
direction estimated by means of Tomography Estimation of Shear wave splitting and Spatial Averaging (TESSA) pro-
gram (Johnson et al., 2011) is superimposed to evidence the variation in time of fast axes. The main seismotectonic
structures are also reported: active extensional faults, contractional structures, and seismogenic source projections of the
strongest events of the Amatrice‐Visso‐Norcia Seismic Sequence. (b) Summarizing sketch of the interpretative anisotropic
models acting in the different sectors.
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Walters et al. (2018) infer that intersections between major and secondary faults controlled the size and the
arrest of rupture for the three mainshocks, channelizing fluids that promoted multisegment ruptures.
Conversely, fault intersections could act as a structural barrier causing the fluid to be trapped and, conse-
quently, overpressurized. The distribution of the delay time value (both normalized and unnormalized)
seems to support this interpretation.

Higher values of normalized delay time (δtn > 0.01 s/km) illuminated two main areas, between Cascia and
Norcia and between Amatrice and Accumoli (Figure 10) both located on the western side of the major fault
systems in which the majority of the earthquakes also occurred. This area can be considered as a heavily
fractured zone in which fluids are preferentially channeled and in some cases trapped with minimal hydrau-
lic connectivity to the free surface. The trapped fluids, due to the tectonic and lithostatic loading, reach over-
pressured state, and this condition within fault zones would have important effects on the genesis of
earthquakes, either by reducing the effective normal stress through high pore pressure, or by generating high
pore pressure from frictional heating of the fault zone (Miller, 2013).

Instead, the eastern side of the major fault systems is characterized by lower values of δtn (less than 0.005
s/km) leading us to suppose that for this area fluids preferentially migrate along relatively high‐permeability
hydraulic pathways up to the free surface generating a complex diffusivity system.

The physical state or migration of fluids is well described by the APE model as the variations of anisotropic
parameters. Such variations can monitor the evolution of filled fluid micro‐cracks under stress changing
conditions, which in turn are related to the variation of effective elastic constants. To better investigate
the difference in anisotropic behavior between western and eastern side of the major fault systems, we plot
at each station the percentage of anisotropy (Figure 14) computed using the formula proposed byWuestefeld
et al. (2010):

A ¼ VSmean*δt=rð Þ*100

where VSmean is the mean S‐wave velocity, r is the source‐receiver distance, and the δt is the delay time
between the fast and slow wave arrivals.

Figure 14. (a) Map of the percentage of anisotropy estimated at each station: greater values (>1.5–2.0%) are recorded at
stations located in the western side of the activated Quaternary fault systems and on carbonatic Umbria‐Marche succes-
sion (see the text for details). The shadow box identifies the zone of the simplified geological and structural map in b
(modified after De Guidi et al., 2017).
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Figure 14a shows that the percentage of anisotropy greater than 1.5 to 2.0% is recorded at stations located in
the western side of the activated Quaternary fault systems (Figure 14b; modified after De Guidi et al., 2017).
Beyond the strictly correspondence between anisotropy and structural elements, we also observed a litholo-
gical control, especially for eastern stations on Miocene foredeep turbiditic deposits (Laga Flysh). The imbri-
cate thrust zone causes the overlaying of turbiditic succession with consequent: sediment consolidation,
pore closure, and dewatering. The presence of accreted sediment could be related to the low Vp/Vs value
(1.80) up to 4‐km depth, as proposed by Chiarabba et al. (2018). At deeper layers, high Vp/Vs values (up
to 1.95) are found, probably related to the Upper Triassic ‐Miocene carbonatic Umbria‐Marche succession.

5. Conclusions

In this study we present a large shear wave splitting high‐quality data collection for the Central Apennines.
The 11,865 measures of fast polarization direction and delay time show great variability in space and time
and highlight structural complexity of the study region, which, indeed, in the past was affected by superim-
posed and multiphased contractional and extensional tectonic phases.

The mean fast direction strikes N146°, but locally different patterns are recognized. We believe that the pre-
sence of seismic anisotropy is caused by the active stress responsible for the presence of pervasive fluid‐filled
stress‐aligned crack systems (EDA‐APE models) in sector 3. In the other sectors, anisotropy seems to be
influenced by both stress and structural complexity (EDA and SAM models). We cannot discern between
models in extensional regime due to the coincidence of the SHmax direction and the strike of major faults.

The mean delay time for the area is 0.064±0.03 s, with single values in the range of 0.024–0.29 s; the δtn dis-
tribution in space helped us to define the most fractured rock volumes in the crustal region interested by the
Amatrice‐Visso‐Norcia seismic sequence.

The different lithologies present in the study area probably played a role in determining the intensity of seis-
mic anisotropy at shallow depths, with high value of δtn characterizing the carbonate rocks with respect to
the turbiditic deposits.

The higher values of normalized delay time (δtn> 0.007 s/km) are located in the western side of the activated
fault systems, while the eastern part is characterized by the presence of lower δtn values (less than 0.005
s/km). The rocks on the western side of the major seismogenic faults activated during the AVNSS are heavily
stressed and in some patches, especially at the edges and at the intersections between faults, probably con-
tain fluids channeled, trapped, and overpressurized. It is very interesting to note that one of the volumes
with higher δtn in the period before 26 October is very close to nucleation hypocenters of the followingmain-
shocks: 26 October Mw=5.9 and 30 October Mw=6.5, testifying the relation between the overpressurized
fluid state and probably the preparatory phase of a strong earthquake.
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