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Abstract

We present a new approach to estimate the predominant direction of rupture propaga-
tion during a seismic sequence. A fast estimation of the rupture propagation direction is
essential to know the azimuthal distribution of shaking around the seismic source and the
associated risks for the earthquake occurrence. The main advantage of the proposed
method is that it is conceptually reliable, simple, and fast (near real time). The approach
uses the empirical Green’s function technique and can be applied directly to the wave-
forms without requiring the deconvolution of the instrumental response and without
knowing a priori the attenuation model and the orientation of the activated fault system.
We apply the method to the 2016-2017 Amatrice-Visso-Norcia high-energy and long-last-
ing earthquake series in central Italy, which affected a large area up to 80 km along strike,
with more than 130,000 events of small-to-moderate magnitude recorded until the end of
August 2022. Most of the selected events analyzed in this study have a magnitude
greater than 4.4 and only four seismic events have a magnitude in the range of 3.3-3.7.
Our results show that the complex activated normal fault system has a rupture direction
mainly controlled by the pre-existing normal faults and by the orientation of the reac-
tivated faults. In addition, the preferred direction of rupture propagation is also con-
trolled by the presence of fluid in the pre-existing structural discontinuities. We
discuss the possible role of fluids as a cause of bimaterial interface. Another important
finding from our analysis is that the spatial evolution of seismicity is controlled by the
directivity.
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Introduction
Rupture directivity is a key factor in ground motion and the
associated risk leading to significant amplifications in the for-
ward rupture propagation direction and deamplifications in
the backward direction. The directional effect (Douglass
et al., 1988), which can have catastrophic effects on the azimu-
thal distribution of damage in the epicentral area of strong
seismic events, has also been observed in moderate events.
Different approaches to the study of source directivity are
described in the literature. Some authors used source, path,
and site deconvolution to model the azimuthal variations of
the rupture propagation direction, whereas other authors used
the empirical Green’s function (EGF) technique to deconvolve
the signal from the transfer function of the sensor, from the
crustal attenuation effects of the path and of the site. Using
the spectral ratios estimated for each station, the site-specific
amplification or attenuation is taken into account and a more
accurate representation of ground motion is obtained. The
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target and EGF event pair must be co-located to have the same
path from source to station. The directivity has been observed
in many different areas for medium (Seekins and Boatwright,
2010) and small (e.g., Tomic et al, 2009; Chen et al., 2010;
Kurzon et al, 2014; Ross and Ben-Zion, 2016; Folesky
et al., 2016) earthquakes. The directivity has also been analyzed
for recent earthquakes in Italy. The 1997 seismic sequence in
Umbria and Marche (M,, 5.5) was studied by Pino et al. (1999)
and Cultrera et al. (2008), the 2002 M,, 5.7 Molise earthquake
by Gorini et al. (2004), and the 2009 L’Aquila earthquake by
Malagnini et al. (2012), Akinci et al. (2010), Tinti et al. (2014),
and Calderoni et al. (2015). Directivity appears to be a feature
of some fault systems. Calderoni et al. (2017) have shown that
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the same area activated during the L’Aquila 2009 and Amatrice
2016-2017 seismic sequences had the same preferred rupture
propagation direction. In this study, we present a new
approach aimed at generalizing the statistical procedure
proposed by Calderoni et al. (2017) to estimate the rupture
directivity of the strongest earthquakes (M, >4.4) of the
2016-2017 seismic sequence in central Italy. Other authors
investigated the effect of source directivity for the same seismic
sequence using different methods. Calderoni et al. (2017) ana-
lyzed 16 events with magnitudes greater than 4.4 by using an
EGF approach. Wang et al. (2019) analyzed the directivity of 36
events using the azimuthal variation of source spectra, the
known site response functions, and propagation path attenua-
tion. Convertito et al. (2017) and Pischiutta et al. (2016) ana-
lyzed the directivity of the 24 August M, 5.97 earthquake
using the azimuthal variation of peak ground velocity (PGV)
and peak ground acceleration (PGA). Furthermore, Colavitti
et al. (2022) studied the directivity of a large sector of the central
Apennines including the seismic sequences of L’Aquila 2009 and
Amatrice 2016-2017. In many of these studies, the parameter-
ization of directivity is determined by a simple unilateral
(Haskell, 1964) or bilateral (Boatwright, 2007) theoretical
dispersion model with nonlinear least-squares problems. In
these methods, the choice of variables must be carefully consid-
ered to reduce the strong trade-off between some fitting param-
eters. Here, we study the azimuthal distribution of ground
motions due to directivity effects by analyzing the azimuthal
variations of the high-frequency spectral splitting.

Our method is an extension of the approach proposed by
Calderoni et al. (2017), which is based on the EGF in the fre-
quency domain. Although Calderoni et al. (2017) detects uni-
lateral and bilateral ruptures along the strike of the main,
northwest-southeast-striking fault system, the method pre-
sented here detects the directions of the predominant rupture
on the whole solid angle without assumptions on the orienta-
tion of the activated fault system. In this study, we focused on
evaluating the along-strike directivity of earthquakes using sta-
tions in the orthogonal directions. However, this approach
does not provide insights into up-dip or down-dip directivity.
The analysis method is based on recordings from stations
located at a minimum distance of 10 km from the earthquakes.
This requirement ensures that the signals are not saturated
and that nonlinearity effects from the source are excluded.
However, it also means that the effects of up-dip or down-
dip directivity cannot be evaluated with this method.

In central Italy, major seismic events occur mainly along
northwest-southeast-striking normal faults. For this reason,
Calderoni et al. (2017) performed an analysis of the along-
strike rupture directivity by grouping stations according to
their azimuthal position within an angle of +45° from the fault
strike. The stations are located on both sides of the fault and
were divided into three groups: north-northwest, south-south-
east, and fault orthogonal (FO). To generalize this procedure,
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we assume here that the faults have different orientations and
estimate the rupture direction over the whole solid angle
(0°-360°) with an error of £30° depending on the station azi-
muthal coverage. We apply this new procedure to 50 seismic
events of the Amatrice-Visso-Norcia (AVN) seismic sequence
in central Italy 2016-2017. Events have M, > 4.4 and four
with 3.3 < M,, < 3.7. A study by Wang et al. (2019) investi-
gated the rupture directivity of 36 events of the same seismic
sequence using the azimuthal variation of apparent source
spectra by knowing the site response functions and propaga-
tion path attenuation. Compared to previous methods, our
method has some advantages: it is a simple method that allows
a quick estimate of rupture directivity and can be applied any-
where, even if you do not know the main directions of the fault
system. We do not apply any corrections to estimate the site
response functions and the attenuation of the propagation
path. Moreover, thanks to the estimation of directivity by split-
ting spectral ratios rather than by azimuthal variation of corner
frequencies (Wang et al., 2019), our method is independent of
the choice of spectral model (which is usually too simplified to
represent reality). To verify the accuracy of our method, we
compare our results with those obtained by Calderoni et al.
(2017), Wang et al. (2019), and Convertito et al. (2017).
The identification of the main direction of the rupture propa-
gation has received a lot of attention in recent years because it
has a significant impact on strong ground motions and on the
migration of earthquakes. Therefore, the results of this study
have important clues to hazard scenarios and could lead to a
more refined hazard assessment of the studied region provid-
ing additional information for earthquake prediction models.

Geological and Seismological
Background

The geodynamics setting of central Italy is characterized by the
westward subduction of the Adriatic plate below the northwest-
southeast-striking Apennine’s fold-and-thrust belts and the
Tyrrhenian Sea back-arc, which is characterized by a thinned
continental crust and oceanic sub-basins. The crustal thickness
increases moving eastward from the Tyrrhenian Sea side, where
it is about 10-20 km, to the Adriatic foreland, where it reaches
30-35 km (Carminati and Doglioni, 2012). The eastward open-
ing of the Tyrrhenian back-arc is associated with the eastward
migration of the compressive front of the Apennines (Di Luccio
et al., 2010). From Plio-Pleistocene times up to now, the axial
sector of the Central Apennines, which is located above the flex-
ure of the Adriatic subduction slab, is affected by a northeast-
southwest extension that produced a set of intramountain basins
bounded by northwest-southeast-striking, active normal faults
(Ventura et al., 2007). Active compressive deformation occurs
west of the Apennine chain axis. Central Apennines consist
of thrust overlying Meso-Cenozoic carbonates and Miocenic
flysch (Billi and Tiberti, 2009, and references therein).
Intermountain basins and seismogenic, northwest-southeast-
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and Tiberti, 2009). The seismic-

ity of the Central Apennines
occurs within the first 10-
15 km of the crust and concen-
trates along the chain axis with
events of magnitude up to 7 (see
Data and Resources). The focal
mechanisms indicate normal
movements along northwest—

southeast-striking planes
(Montone and Mariucci,
2016). It has been proposed that
some of the more recent
Central Apennines seismic
sequences are modulated by
the release of CO,-rich fluids
(Chiodini et al, 2004, 2020;
Miller et al, 2004; Di Luccio
et al, 2010; Malagnini et al,
2012). Chiodini et al. (2020)
find a positive
between CO, release and the
number and energy of earth-
quakes occurring during the
2016-2017 AVN
sequence, which includes four
mainshocks with M,, between
54 and 6.5. This sequence is
characterized by events shal-
lower than 10-15 km depth
aligned along a northwest-

correlation

seismic

L’Aquila

southeast direction. A low
number of aftershocks has been

10 km
i~ also observed between the areas
of the Norcia and Amatrice
main events in the area of the

north-northeast—south-south-

12.8° 12.9° 13.0° 13.1° 13.2°

Figure 1. Map of the study area. Stars (M,, > 5) and circles (M,, < 5) represent the epicenters of the
seismic events analyzed in this study. In the top right inset map of Italy, the rectangle shows the location
of the analyzed area. The color scale of the epicenter symbols corresponds to the time evolution of the
seismicity. The black lines are the mapped normal faults from Pucci et al. (2017). The red line is the Sibillini
thrust front. The left side focal mechanism plots represent the fault plane solutions of the M,,, > 5. The

color version of this figure is available only in the electronic edition.

13.3°

west-striking  Sibillini thrust.
energetic AVN
events (M,, > 5) ruptured the
surface and reactivated north-
west—southeast-striking normal
faults. The dip-slip focal mech-
anisms are consistent with this
kinematics and fault strike

13.4° 13.5°

The more

striking normal faults bound the main Plio-Quaternary intra-
mountain Apennine basins filled by continental sediments
(Fig. 1). The Sibillini thrust is north-northeast-south-south-
west-striking and brought the internal Meso-Cenozoic forma-
tions on the more external Cretaceous—-Paleogenic units (Billi
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(Mariucci and  Montone,
2020). According to Chiarabba
et al. (2018), the AVN sequence
developed in a sector of the Central Apennines characterized by
high-V/V ¢ values between 3 and 6 km; the high-V,/V ¢ vol-
ume is interpreted as a northwest-southeast elongated zone of
overpressurized fluids mainly located at the base of the upper
crust in the hanging wall of the main normal faults.
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Data and Method

We use the waveforms recorded by 24-bit broadband seismo-
logical stations (mostly 40 s Nanometrics Trillium) of the
Italian Seismic Network operated by the Istituto Nazionale
di Geofisica e Vulcanologia (INGV), located at source distan-
ces ranging from 10 to 250 km. The waveforms of the events,
their hypocentral parameters, and magnitudes are available
online (see Data and Resources).

In this study, we consider the 16 target-EGF pairs analyzed
by Calderoni et al. (2017) adding 1-4 new EGF for each pair. A
maximum epicentral distance of 5 km between the target event
and EGFs is chosen. We also add an additional 34 target events
with M, > 4.0 and four events with 3.3 < M,, < 3.7 and the
associated 1-3 EGFs. The target and EGF event pair must be
co-located to have the same path from source to station. We
selected closely located, well-recorded EGF events (following
Abercrombie, 2014, 2015) to use in the spectral ratio analysis.
Moment magnitudes are taken from the moment tensor
website (see Data and Resources). For the majority of the
EGFs, the moment tensor solution is not available. In these
cases, the local magnitudes (M) are taken from the INGV
Bulletin (see Data and Resources). Seismograms are processed
using a generalized procedure modified from Calderoni et al.
(2017). The amplitude spectra are computed by a fast Fourier
transform in a time window of 10 s starting 1 s before the
arrival of the direct S wave. This window includes the most
energetic part of the S phase of the two horizontal components.
The selected time windows are tapered with a conventional
Hanning taper in the Seismic Analysis Code (SAC) software
suite, and the spectra are smoothed with a 0.1 Hz wide triangu-
lar operator in the same package (Goldstein et al., 2003). To
estimate the rupture directivity, we apply the EGF method
(e.g., Hartzell, 1978; Frankel and Kanamori, 1983; Ammon
et al., 1993; Mori, 1993; Hough and Dreger, 1995; Fletcher
and Spudich, 1998; Lanza et al, 1999; McGuire, 2004;
Calderoni et al., 2017). The EGF approach assumes a target
event and a smaller EGF event located at a similar location
and having a similar focal mechanism. In this condition both
seismic events share nearly the same propagation effect, and
there is a linear scaling between their source terms at the same
stations. However, when using different EGFs the results
may not be the same (Prieto et al, 2006; Kane et al., 2013;
Del Gaudio et al., 2015). For this reason, it is better to use
multiple EGFs. In this approach we employ the EGF deconvo-
lution technique and introduce some changes compared to
Calderoni et al. (2017), as described subsequently. Following
Ross and Ben-Zion (2016), we used a t-test criterion to sta-
tistically evaluate the mean spectral ratio separation between
the three groups of stations located forward, backward, and
FO or in any azimuthal direction, and we estimate the follow-
ing statistical parameter (t;(Azi)) in a frequency range between
the target and EGF corner frequencies (F,;,, Fp,,) identified
by visual inspection:
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in which Azi varies from 0° to 180° with a step of 5°,4,7=1,2, 3 in
which 7 # j represent the three station groups, X; is the geometric
mean of the spectral ratios, s; is the standard deviation for each
group of stations in the (F;,, F.) frequency range. The target
and EGF corner frequencies (F,, Fia) correspond to the
asymptotes of the spectral ratio at low and high frequencies.
The estimation of the target event’s directivity is performed by
considering the frequency band between the corner frequencies
of the target and EGF, ensuring that any directivity of the EGF
does not influence the analysis. There is no bias in the directivity
index if F, and F,, are chosen slightly smaller or slightly
larger than the target and/or EGF corner frequencies, respec-
tively. Calderoni et al. (2017) have shown that reducing F,;,
by 20% and increasing F ., by 20% results in a change in the
directivity index of less than 10%.

An index of directivity (Dy) is then calculated as the average
over this frequency range:

]. Fmax
%= o, Y o

Fmin

Unlike in Ross and Ben-Zion (2016) and Calderoni et al.
(2017), we also consider the azimuthal direction in which
D; is less than 2 to determine the maximum value of Dj; cor-
responding to the main rupture direction. At least three sta-
tions in the four investigated azimuthal directions are needed.

The directivity index (Dj,qc) and the azimuth (Azi,,,) of the
main rupture direction associated to the seismic event (Table S3,
available in the supplemental material to this article) are com-
puted as an average over the target-EGF pairs using a weighted
directivity index (Table S1). Following Ross and Ben-Zion
(2016), a value of approximately 2.0 for the directivity index
is a reliable threshold for indicating significantly different sam-
ples. In this study, we want also to consider the small variation of
the directivity index. For this reason, we have chosen to weight
(Table S1) this parameter by associating a weight of 0.25 for a
reduction of up to 50% of the threshold value (equal to 1), a
weight of 0.50 for a reduction of up to 10% (equal to 1.8), a
weight of 0.75 for a 50% increase (equal to 3), and a weight
of 1 for a greater than 50% increase (greater than 3).

S1Dyw
k ik
Dindex,i =i, (4)
Dk Wi
) >k Azijwy
Adigy; = XDk )
2k Wi
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Figure 2 shows a schematic representation of the method
applied to the event pair Amatrice M, 5.97 and M,, 4.32
and EGF. The azimuthal coverage of the stations is not uni-
form with an azimuthal gap between 0° and about 80°
(Fig. 2a,b). This problem, which depends on the geometric dis-
tribution of the stations, affects many of the events analyzed in
the 2016-2017 sequence in central Italy. For this reason, for the
application of the method we grouped the stations within +30°
for each azimuthal direction investigated. With a better azimu-
thal coverage, we could have reduced this range by greatly
increasing the potential of the method by reducing the uncer-
tainty of the estimated directivity.

However, because the Apennine fault systems are mainly
oriented in the northwest-southeast direction, we can also
constrain the predominant rupture direction propagation
using an azimuthal station coverage, which is not optimized.
As can be seen in Figure 2, the estimated D;; depends on the
choice of stations grouped in the different azimuths and on the
choice of the frequency band in which Dy is estimated, which
corresponds to the frequency range between the spectral ratio
low- and high-frequency asymptotes (F,;, and F,, in Fig. 2e).
However, the frequency band affects the D;; value but not the
rupture propagation direction. The relative amplitude of the
spectral ratios between F;, and F,, is a clear indicator of
unilateral or bilateral rupture; the FO curve is in the middle
Volume XX« Number XX

—2023 « www.srl-online.org

(f)

ti

A5Y

IDu >0 => Azi = Azi =150° I

60 80 100 120 140 160 180

0o 20 40

Azimuth (%)

Spectral ratio

My4.32 is propagated
mostly toward the SSE

T
or 4 A The azimuth of theM,,4.32
5 _,/.‘:??'.’.\!..":‘l__l_ main rupture direction is:
L n ] 150°
Mean of the spectral ratio
ey g
M4.32 shows evidence for
102 L | unilateral rupture
1
10°
Frequency (Hz)
Fonin Frnax
I Il
0.4 Hz 3.0 Hz

Figure 2. Schematic illustration of the result of the method
applied to the (a,b,e) Amatrice M,, 5.97 and (c,d,f) M,, 4.32 and
empirical Green’s function (EGF) pair of events. (a,c) Map of the
stations in the forward (red), backward (black), and fault
orthogonal (FO, blue) directions. (b,d) Azimuthal variation of the
directivity index (Dy). (e,f) In the top, azimuthal variations in the
+1 standard deviation band around the mean of the spectral
ratios at different azimuths (red, black, and blue curves are rel-
ative to forward, backward, and FO station groups, respectively);
in the middle, the t; curves provide statistical estimates of the
spectral separation between the different directions; and in the
bottom left and right, the mean of the spectral ratios indicate a
bilateral and unilateral rupture, respectively. The color version of
this figure is available only in the electronic edition.

range for a unilateral rupture (Fig. 2f), whereas it is minimal
for a bilateral rupture (Fig. 2d).

We show that our results are stable when using different
EGF (Table S2, Fig. S1). The results showed a high stability
of the rupture directivity estimate as the EGF was varied
(Table S2, Fig. S1). As regards the influence of the spatial dis-
tribution of the stations, from Table S2 we can see that the
results show stability for the different target-EGF pair and
varying the number of stations selected in the three directions
of analysis (forward, backward, and FO). However, in some
cases the directivity index can change as the target-EGF pair
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the same results, except for the
hypocentral coordinates. In
Table S5, we reported the stat-
istical significance of the azi-
muthal amplitude
(%) in the bilateral ruptures
measured using the Dy gey-

changes

For bilateral events, the esti-
mate of the percentage of
propagation of the rupture in
the opposite along-strike direc-
tions are indicative
because of the small number
of stations in the FO direction.

For 14 out of 16 seismic
events, the rupture propaga-
tion direction corresponds to
that found by Calderoni et al.
(2017). In Calderoni et al
(2017), two out of 16 events
are characterized by a value
of Dy 4ex < 2 and then consid-
ered isotropic. In addition, in
this study for these two low
directivity events we evaluate
the main rupture propagation
For the bilateral
seismic events we confirm
the same results found in
Calderoni et al. (2017). We
show the heterogeneity of rup-

only

direction.

ture directivity along the acti-
vated fault system even if
most of the studied events have
similar focal mechanisms, that

is, normal-faulting ruptures
along a northwest-southeast
prevailing strike (Fig. 3). We
find that there is no correlation
between directivity and the
depth or magnitude of the

Figure 3. Map of the seismic events analyzed in this study (circles) in color scale showing the time
evolution of the seismic sequence. The yellow arrows (Diygex) POINt to the rupture propagation
directions, whereas the orange arrows point to the direction of the bilateral ruptures. The lengths and
dimensions of the yellow and orange arrows are proportional to the directivity index. For bilateral
ruptures, the relative percentages in opposite directions are those shown in Table S5. In the inset on
top right of the figure, the directivity index trend is shown as a function of magnitude and depth. The
inset on the bottom left corner the diagram shows preferred strike of the rupture directions. The color

version of this figure is available only in the electronic edition.

varies. To address this, a weighted average (Table S1) was
introduced in the analysis.

Results and Discussion
To verify the reliability of our generalized procedure, we com-
pare the results obtained in this study (Tables S3-S5) with
those published by Calderoni et al. (2017) and Wang et al.
(2019) for the same seismic sequence. Tables S3 and S4 listed

6 Seismological Research Letters

events (upper inset in Fig. 3).
However, a homogeneous pat-
tern of main rupture directivity
is observed along the activated

fault system with areas characterized by a predominant rupture

direction. We find a clear correlation between the northwest—
southeast strike of the main faults and the values of the direc-
tivity index (Fig. 3). The diagram in the lower inset of Figure 3
also clearly shows a preferred strike of the rupture directions.

The analyzed events are characterized by a predominant north-

west-southeast directivity, in agreement with Colavitti et al.
(2022). In the AVN area, the main northwest-southeast-
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striking fault system is crossed by the northeast-southwest
Sibillini thrust, which shows a strike roughly orthogonal to that
of the central Apennine seismogenic normal faults (Fig. 1).
This thrust represents a major crustal discontinuity of the
Apennine chain and may, at least in part, control the rupture
propagation direction in the AVN sequence, although the avail-
able focal mechanisms do not provide evidence for a reactivation
of the thrust. In addition, seismic lines, and crustal geophysical
models (Retrace 3D, 2021) evidence northwest-southeast-
striking, southwest-dipping thrusts with northeast-southwest-
striking lateral ramps dissected by the active northwest—
southeast-striking normal faults. These thrusts, which include
the Sibillini thrust, extend in depth from 10-12 km to about
5-6 km and, in some cases, to the surface. These compressive
structures, although not active, act as structural discontinuities
within the Apennines and represent zones of weakness that may
control the rupture pattern of the large earthquakes. Our data
show that sparse northeast-southwest rupture directions in the
AVN sequence occur (Fig. 3). As a result, we propose that the
thrusts represent “passive” structures able, however, to partly
control the rupture directivity of the seismic events located in
their neighbors. In the area between Amatrice and Norcia,
the predominant rupture direction is toward southeast, whereas
north of Norcia and south of Campotosto there is a predomi-
nant northwest rupture direction, in agreement with Colavitti
et al (2022). In the area extending from Amatrice to
Campotosto there is a less homogeneous trend. The bilateral
events (Table S5) shown in Figure 3 (orange arrows) seem to
be consistent with transition zones between homogeneous areas,
characterized by the same direction of rupture propagation. Our
results agree well with those of Wang et al. (2019), which are
obtained through the azimuthal variation of the apparent source
spectra (Fig. 4a). For the common events in the top inset of
Figure 4a, we show the comparison of the azimuth of the rupture
direction propagation. Within the error bars the two results are
in a good agreement. For the mainshock, we obtain a directivity
percentage of 90% and 10% in the two opposite directions,
according to the results of Wang et al (2019). However,
Wang et al. (2019) also found rupture propagation in the
north-south direction and only in a few cases in the
Apennine direction, whereas we also find source rupture direc-
tivity in anti-Apennine directions, that is, along the strike of the
Sibillini thrust and lateral ramps of other minor thrusts. In our
method, the solution is stable and does not depend on the
chosen frequency range (Fig. S1), whereas in the method of
Wang et al. (2019) different results are obtained depending
on the chosen frequency.

To reasonably interpret our results in light of previous stud-
ies on the crustal structure of the epicentral area, in Figure 4b
we have overlaid the rupture directivity shown in Figure 3 with
the trace of active normal faults of Improta et al. (2019) and, in
Figure 4c, with the V,/V anomalies by Chiarabba et al.
(2018). Figure 4b shows that the rupture directivity is mostly
Volume XX« Number XX

—2023 « www.srl-online.org

consistent with the strike of the main active normal faults
and the surface coseismic ruptures. In Figure 4c, we show that
the earthquakes with magnitudes greater than 5 have rupture
propagation vectors that extend from the zones of low Vp/V
(high V) toward zones of higher Vp/V (low V) identified by
tomographic images at 3 and 6 km depth (Chiarabba et al,
2018). Considering that (a) the high-Vp/Vy values are sup-
posed to be associated with a crustal volume with overpressur-
ized fluids and (b) the direct correlation between the release of
carbon dioxide and the number and magnitude of earthquakes
observed during AVN seismic sequence (Chiodini et al., 2020),
we suggest that fluids moving along the ruptures migrate from
zones of high fluid pressure to volumes of lower pressure, these
latter located outside the AVN seismic cloud. Different causes
have been suggested to justify rupture directivity: the bimate-
rial fault interface effect (Weertman, 1980; Ben-Zion and
Andrews 1998; Ampuero and Ben-Zion, 2008), reversed-polar-
ity secondary deformation structures (Ben-Zion et al., 2012),
fault curvature, crustal channeling of waves, persistent stress
gradient (Ben-Zion, 2001), or a random phenomenon caused
by transient effects such as evolving stresses and/or fluids.
Some evidence for preferred directivity of earthquake ruptures
(Dor et al., 2006; Lengliné and Got, 2011) is found on the San
Andreas fault (Thurber et al., 2006; Lewis et al., 2007; Zhao
et al., 2010), the San Jacinto fault (e.g., Scott et al., 1994; Allam
and Ben-Zion, 2012; Kurzon et al, 2014), and the North
Anatolian fault (e.g., Bulut et al, 2012; Ozakin et al., 2012),
where a contrast in seismic velocities was found across the
examined fault zone. Lengliné and Got (2011), Kane et al.
(2013), and Wang et al. (2014) inferred that the predominant
rupture direction of earthquakes on the San Andreas fault
at Parkfield is consistent with a material contrast across the
fault, that is, occurrence of bimaterial. The spatial variation
of the directivity is stable and cannot be explained by a simple
trade-off of rupture velocity or
(Abercrombie et al., 2017). Large fault zones have bimaterial
interfaces that separate different lithologies. These are gener-

rupture orientation

ated by long-term offset along the fault, cumulative rock dam-
age products, and other fault-zone-related structures such as
basins and mountains. The presence of different rock types
within and across fault zones can also alter the properties of
local seismic and geodetic fields (e.g., Ben-Zion and Aki,
1990; Le Pichon et al, 2005; Ozeren and Holt, 2010). In
our case, drastic changes of lithology along the strike of the
whole AVN, northwest-southeast fault system may be
excluded (Retrace 3D, 2021), although the possible role of flu-
ids in creating zones of bimaterial defined by the CO, saturated
fault planes and the surrounding, gas unsaturated rocks cannot
be excluded, at least during the seismic sequence. This latter
hypothesis is supported by the results of Di Luccio et al
(2010) for the 2009 L’Aquila sequence and Chiodini et al.
(2020) for the AVN sequence. These authors found that the
migration of CO,-rich fluids is involved in the evolution of
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Figure 4. (a) Redrawn from Wang et al. (2019) with overlapped
directivity index (Dingex, Yellow arrows). The inset in the top right
corner shows the comparison between the same seismic events of
Wang et al. (2019) and this study. (b) Map of the epicentral area
showing main active normal faults (redrawn from Improta et al.,
2019). Yellow lines represent west-dipping fault, blue lines
represent east-dipping faults, yellow bold lines represent Laga fault
system, red solid lines represent coseismic surface rupture along the
Vettore-Bove fault system, the black barbed lines represent Miocene
Pliocene thrust, red stars represent the three mainshocks, and
yellow stars represent M 5+ events. Yellow arrows correspond to
the directivity index. () Vp/V layers at 3 (left) and 6 (right) km
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depth (redrawn from Chiarabba et al., 2018). The aftershocks and
mainshocks (stars) occurring at £1.5 km from each layer are shown.
The gray lines are the main thrust of the system and St denotes
Sibillini thrust modified from Bigi et al. (2011). The dashed lines are
the tip of the blind ramps at depth. Magenta line is a well-resolved
area. SH, Laga structural high. The seismic events analyzed in this
study are superimposed on the four panels. The yellow arrows
correspond to the main directions (Dingex) OF the rupture directivity of
the seismic events with M,, > 5. The yellow arrows point toward
the zone with high V/Vs (low V). The color version of this figure
is available only in the electronic edition.
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the seismic sequences and the fluid paths that occur along the Figure 5. Directivity index (D;) and cumulative logarithm energy in
strike of the main faults. Therefore, we propose that these faults ~ the space-time windows of 5 km and two days in the forward,
and, possibly, pre-existing structural discontinuities be consid- ~ ackward, and FO rupture directivity propagation, respectively.

. . . . (@) Map of the stations in the forward (red), backward (black),
ered as zones of weakness in which the fluids filling the fault — __ /'r 5 (blue) directions map of the stations that recorded

gouges during earthquakes can create a bimaterial interface M,, 6.33 and EGFs pairs of events. (b) Examples of good (green)
(Brietzke and Ben-Zion, 2006). As a conclusion, the occurrence and no good (yellow) correlation. In the left, Djj versus azimuth
of pre-existing structural discontinuities as the northwest-  for the different EGFs; in the middle, map of the seismic events
southeast active faults and, in a lesser amount, of lateral ramps ~ occurred in the space (5 km) and time (two days) selected
intervals; in the right, cumulative logarithm energy in the space
(5 km) and time (two days) selected intervals. (c) Map of the
seismic events of this study: the star symbols in the green circle
measured direction of rupture propagation at AVN seismic  correspond to good correlation between the direction of the
sequence. In addition, bimaterial fault interfaces can signifi- rupture propagation and the seismicity migration. The star

cantly affect the mode, dynamic properties, and propagation ~ symbols in the gray circle correspond to not define correlation

direction of earthquake ruptures (e.g, Ben-Zion, 2001; and the star in the yellow circle correspond to not good corre-
Ampuero and Ben-Zion, 2008; Lengliné and Got, 2011; latlon' (d) Examples O].c not define (gray) and good (grgen), same

] ] of middle and right sides of panel (b). The color version of this
Calderoni et al., 2015; Calderoni et al., 2017) and produce spa- figure is available only in the electronic edition.

of inactive thrust, along with the preferred fluid circulation
along such structural discontinuities, is responsible for the

tiotemporal variations in seismicity along the fault (e.g., Rubin
and Gillard, 2000; Zaliapin and Ben-Zion, 2011). Several stud-
ies of the San Jacinto fault zone in recent years (McGuire and ~ method to determine a possible influence of the rupture propa-
Ben-Zion, 2017) have found evidence of contrasts in seismic gation direction on the location of the immediate aftershocks.
velocities along with asymmetric damage patterns in the fault ~ We calculated the cumulative number of events that occurred
zone and additional observations that may result from a pre- in the forward, backward, and orthogonal rupture propagation
ferred rupture propagation direction (signatures of directivity =~ directions, in a radius of 5 km (Barchi et al., 2021) and a time
in the time domain, asymmetry of aftershocks along the fault,  interval of two days before and after the occurrence of the tar-
reversed polarity secondary deformation structures near step-  get event (Fig. 5). By analyzing the cumulative number of
overs). As discussed in Rubin and Gillard (2000), Zaliapin and ~ events in the two days preceding the reference event, we
Ben-Zion (2011), and Calderoni et al. (2017), an important exclude those events that occur in areas already affected by pre-
issue related to rupture directivity is the relationship between  vious seismicity, a condition that potentially affects the results
the direction of rupture propagation and seismicity after a  of the analysis. In Figure 5 and Figure S2, we have divided the
mainshock, with the probability of occurrence of earthquakes  events into three groups. The first group (green label in Fig. 5)
of significant magnitude being higher in the direction of rup-  shows a good correlation with rupture directivity and seismic-
ture propagation. In this article, we applied a quantitative ity the second (gray label) shows an undefined correlation due
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(a) 3000 : e e 30 to previous seismicity in the area, and the third group (yellow

label) shows no correlation. Of the 47 events analyzed, 17

2

g 200 = < (47%) were preceded by seismicity (not defined). Of the
§ 2000 ;rf-vme-o.ooz 2 % remaining 30 events, 28 (93%) show a strong correlation
-‘-Z 15007 13 ;—:: between directivity and seismicity, and only two events (7%)
g 1000 F10 9 do not appear to be correlated. The correlation between the
Z§ 500 u/\““‘ 5 direction of rupture propagation and the location of sub-

0 T

T T 0 sequent events is further evidence of the reliability of our
0 40 80 120 160 200 240 280 320 360

results. As shown in Figure 5b, Table S2, and Figure SI, the
results obtained are stable when using different EGFs. In
Table S5, we have listed some seismic events characterized
by a bilateral rupture. As shown in Figure S2, for some of these
events (events 16, 21, and 39) the estimated directivity index is
the same for the different target-EGF pairs considering a 180°
increment due to the bilaterality of the target event. For the
seismic event 12, the directivity index is the same considering
the azimuth of the rupture direction of about 330°. Only for three
seismic events (events 8, 10, and 18 corresponding to about 6% of
the analyzed cases) does this method fail. Further confirmation of
the reliability of our estimates was obtained when we overlaid the
M., 5.97 rupture propagation direction with the peak-dynamic
strain (Fig. 6a), the distribution of aftershocks (Fig. 6b), and the
polar histogram of the number of aftershocks (Fig. 6¢) estimated
by Convertito et al. (2017). In contrast to the estimates of Wang
et al. (2019) and Convertito et al. (2017), we estimate the propa-
gation direction of the rupture for M, 5.97 to be northwest
(325°), and not north (360°), as claimed by the other authors.
Figure 6 shows that our estimate is in better agreement with
the increase in the number of aftershocks, which is higher in
the forward direction and lower in the backward direction
(Fig. 6b,c). It is also surprising to observe that the strongest seis-
mic event, M., 6.33, of the AVN sequence occurred exactly in the
estimated of the propagation rupture direction of M,, 5.97 sug-
gested in this study.
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Conclusions
We apply a generalized version of the method proposed by
. _ ' Calderoni et al. (2017), based on the EGF technique, to esti-
e "tokm e mate the main direction of rupture propagation.
The advantages of our method are its reliability, technical
simplicity, and fast application (near real time).
Moreover, the procedure proposed in this study can be
applied without knowing a priori the geological-structural
characteristics of the area under study and without any need to
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Figure 6. Comparison of our results with those from Convertito
et al. (2017) for M,, 5.97. (a) Comparison of the number of
aftershocks recorded at each azimuth (black dots) and the mean

value of peak-dynamic strain (PDS) field (gray dots) for the same estimate the crustal attenuation model in advance or make
azimuth from Convertito et al. (2017) with superimposed yellow hypotheses on the rupture propagation model. Similarly, to this
bars corresponding to the forward and backward rupture study, Kurzon et al. (2014) used PGV and PGA to estimate rup-
propagation direction. (b) Polar histogram of the number of ture directivity, without having any a priori knowledge of the

aftershocks and PDS field at each 10°, color is the same as panel
(a), with the superimposed yellow and orange arrows corre-
sponding to the bilateral rupture versus the forward and back-

attenuation model. Recently, Kurzon et al. (2022) applied the
same procedure to the synthetic waveforms generated in numeri-

ward directions, respectively. (c) The PDS field with superimposed cal rupture simulations, using spectral velocities. We applied
yellow and orange arrows as in panel (b). The color version of this our analysis to the 50 M, = 3.5 events of the 2016-2017
figure is available only in the electronic edition. AVN seismic sequence in central Italy. We found that the
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rupture directivity is heterogeneous and shows a complex pattern
along the activated normal fault system. The preferred trend of
the rupture propagation is controlled mainly by the presence of
the fluid in the pre-existing structural discontinuities, (north-
west-southeast active faults and the northeast-southwest lateral
ramps of older thrusts). The occurrence of fluid pathways within
pre-existing structural discontinuities changes the local fault
strength and may explain the formation of a bimaterial fault
interface. According to Zhang and Jeffrey (2006), the friction
effect becomes less important as the fluid penetrates along the
horizontal pre-existing fracture, and the injection pressures for
different frictional coefficients tend to the same value.
Therefore, we suggest that fluid may be the origin of the bima-
terial interface in the area affected by the AVN sequence. We also
find evidence for the control of rupture directivity on the location
of immediate aftershocks. Even though there are only a few
events for which we were able to evaluate the correlation between
the directivity and the migration of the aftershocks (30 out of 50
events), we found a clear correlation between the directivity and
the localization of the immediate aftershocks in 93% of the cases.

Data and Resources

Some of the figures were produced using the Generic Mapping Tool
(GMT; Wessel and Smith, 1991). The Seismic Analysis Code (SAC;
Goldstein et al, 2003) was used for much of the analysis. The
Istituto Nazionale di Geofisica e Vulcanologia (INGV) data are accessible
through the European Integrated Data Archive (EIDA; http://eida.rm
.ingv.it/it/networks/network/IV) and through the Italian Seismological
Instrumental and Parametric Database (ISIDe; http://iside.rm.ingv.it/).
The event selection is done via an interactive map for the region shown
in Figure 1 and for the selected events listed in Table S2. The list of earth-
quakes in INGV is available at http://storing.ingv.it/cfti/cfti5/ and http://
terremoti.ingv.it/en. The information about determination of moment
tensors is available at http://www.eas.slu.edu/eqc/eqc_mt/MECH.IT/.
All websites were last accessed in August 2022.
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