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Abstract The along-strike rupture directivity of 16 of the strongest earthquakes (4.4 ≤Mw ≤ 6.5) within the
2016–2017 central Italy seismic sequence is estimated by investigating high-frequency S wave amplitude
variations versus source azimuths with an empirical Green’s function deconvolution approach. The results
confirm that an along-strike rupture directivity is a persistent feature of normal-faulting earthquakes in the
Apennines. The preferred rupture directions of the 2016–2017 earthquakes and of similar-magnitude events
from the 1997 Umbria-Marche and 2009 L’Aquila-Campotosto seismic sequences show a significant spatial
consistency. Different sectors of the Apennines show an alternating trend of preferential along-strike rupture
propagation directions with significant spatial and temporal stabilities independent of the magnitude. These
results, if confirmed by further data, could lead to more refined hazard assessments of the
investigated region.

1. Introduction

On 24 August 2016, a moment magnitude (Mw) 6.0 earthquake struck central Italy that caused the deaths of
296 people and destroyed the small town of Amatrice. Many villages near the epicenter were severely
damaged as well (Azzaro et al., 2016). One hour after the earthquake, it was followed by aMw 5.4 earthquake
located 12 km to the NNW. Intense seismic activity consisting of smaller earthquakes (Mw < 5) continued for
months as aftershocks spread progressively along a NNW-SSE trend over an area ~60 km long and ~20 km
wide (Figure 1). On 26 October, two moderate-magnitude earthquakes (Mw 5.4 and 5.9) occurred at the front
of the migrating seismicity approximately 30 km NNW of the Mw 6.0 earthquake that occurred on 24 August.
Four days subsequent, the largest-magnitude earthquake (Mw 6.5) of the seismic sequence occurred near the
town of Norcia between the epicenters of the major 24 August and 26 October earthquakes. This event trig-
gered a strong increase in seismicity throughout an extended area in the Apennines from Amatrice to
Camerino that caused large incremental damage to structures that had already been weakened by the pre-
vious shocks. The Mw 6.5 earthquake of October 2016 was the largest in Italy since the Mw 6.9 Irpinia earth-
quake in November 1980. On 18 January 2017, a sharp reactivation of seismicity occurred in the
Montereale area to the south of Amatrice (Figure 1); four Mw ≥ 5.0 earthquakes occurred within 4 h, and sev-
eral hundreds of aftershocks were recorded within a couple of days. In the entire region affected by the seis-
mic sequence, a total of more than 45,000 M > 1 earthquakes were recorded from 24 August 2016 to 31
January 2017, by the National Seismic Network (RSN) operated by the Istituto Nazionale di Geofisica e
Vulcanologia (INGV). As of July 2017, seismic activity comprising hundreds of aftershocks per week
still persists.

In this study, we investigate the rupture directivity of the nine strongest earthquakes (Mw ≥ 5.0) and seven
smaller-magnitude aftershocks. Rupture propagation is a key feature in earthquake physics, and the rupture
directivity has increasingly become the subject of investigation for different types of earthquakes (both shal-
low and deep, both large and small, and subject to both compressive and extensional regimes) using differ-
ent analysis methods (e.g., Boatwright, 2007; Folesky et al. 2016; Lengliné & Got, 2011; López-Comino et al.,
2016; McGuire, 2004) while also considering complex rupture models in 2-D rupture planes (Park & Ishii,
2015; Poli et al., 2016).

Our analysis is based on empirical Green’s function (EGF) deconvolution in the frequency domain, which was
used to recognize unilateral along-strike ruptures in Calderoni et al. (2015). Here we improve themethod with
an extension to bilateral ruptures using the directivity index D of Ross and Ben-Zion (2016) to measure the
statistical significance. As in previous papers dealing with the 1997 Umbria-Marche and the 2009 L’Aquila
normal-faulting earthquakes (Calderoni et al., 2015; Cultrera et al., 2008; Pino, Mazza, & Boschi, 1999), we
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find a significant persistence of the along-strike directivity in the source ruptures of the 2016–2017 seismic
sequence. Unilateral ruptures were predominant (10 out of 16), and only two events did not exhibit
directivity. The other four events (including the strongest ones) were characterized by bilateral along-strike
ruptures. An alternating predominant direction of rupture propagation is identified along the chain from
the northern to the central Apennines.

2. The Study Area

The 2016–2017 seismic sequence in central Italy filled a seismic gap between the northern and central
Apennines where the 1997–1998 Umbria-Marche and the 2009 L’Aquila and Campotosto earthquakes
occurred, respectively, spanning a total extent of approximately 80 km (Figure 1). At present, the
Apennines are characterized by NE-SW striking extension (Carafa & Bird, 2016; Devoti et al., 2011). Moment
tensor solutions of the 2016–2017 earthquakes indicate largely prevailing normal-faulting mechanisms con-
sistent with extensional kinematics (http://cnt.rm.ingv.it/tdmt/ and http://www.eas.slu.edu/eqc/eqc_mt/
MECH.IT/). The present-day extensional phase followed an earlier compression phase. The Sibillini thrust is
widely accepted evidence of a past compressional tectonic regime (see Bigi, Casero, & Ciotoli, 2011;
Ghisetti & Vezzani, 1991; Scisciani et al., 2014).

The aftershocks were accurately located using data from the permanent stations of the RSN and from tem-
porary stations installed after the 24 August 2016, Mw 6.0 earthquake (Michele et al., 2016). The aftershocks

Figure 1. Map of the study area. White diamonds represent the epicenters of the events analyzed in this study, and the
adjacent white labels show the event numbers (Table 1). Black stars are the strongest events of the 1997 Umbria-Marche
and 2009 L’Aquila-Campotosto seismic sequences. White triangles indicate the most important towns in the study area,
and the black dots in the background are the epicenters of the 2016–2017 central Italy seismic sequence. The beach balls
represent the fault plane solutions of the earthquakes in the present study (in black) and the strongest shocks in 1997 and
2009 (in gray). The dashed white line is the surface trace of the Sibillini Mountains thrust fault. The inset shows the
cumulative number of events in the hours following the 24 AugustMw 6.0 destructive earthquake (black to the SSE and red
to the NNW).
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extended through the Apennines along a system composed of at least two different faults, namely, the
Mount Vettore and the Laga Mountains faults, mapped at the surface between Norcia and Campotosto
(Galadini & Galli, 2003). Interposed between the two faults is a preexisting structural barrier represented by
the lateral ramp of the Sibillini thrust (see Figure 1).

Geological and seismological results combined with surface coseismic deformation estimated from geodetic
data (Cheloni et al., 2017; Lavecchia et al., 2016; Pucci et al., 2017) indicate the activation of high-angle SW
dipping faults. We use this information to identify which of the two nodal planes is the fault plane that our
analysis method is otherwise unable to resolve.

3. Theory

The rupture directivity causes variations in the ground motion at different source azimuths (Ben-Menahem,
1961). For unilateral ruptures, this effect is manifested primarily by shorter-duration, higher-amplitude source
time functions in the direction of the rupture propagation and longer-duration, lower-amplitude source time
functions in the opposite direction (Figure 2a). For a basic model of a pulse-type rupture (e.g., Haskell, 1964;
Hirasawa & Stauder, 1965), the variations in the source duration versus the azimuth are given by

T θð Þ ¼ L
vr

� Lcos θ
β

¼ T0 1� vr
β
cos θ

� �
(1)

where L and vr are the rupture length and velocity, respectively; β is the shear wave velocity; and θ is the angle
between the direction of rupture and the recording station. The parameter T0 ¼ L

vr
corresponds to the dura-

tion of the rupture propagation and is observed as the source pulse duration when ϑ is ±90° (Calderoni et al.,
2015; Calderoni, Rovelli, & Singh, 2013; Kane et al., 2013). When an omega-square source model is assumed in
a far-field approximation (Aki, 1967), the displacement amplitude spectrum will consistently exhibit an
azimuth-dependent corner frequency (f0), which is inversely proportional to the source duration (Figure 2a).
Note that the time integral of the source function, which corresponds to the seismic moment, remains
invariant for different azimuths. Consistently, in the frequency domain, the amplitudes of the low-frequency
displacement spectra are the same for different azimuths.

Using a scheme similar to that of a unilateral rupture, the pulse durations are shorter along both along-strike
directions than in the directions orthogonal to the rupture propagation when a rupture is bilateral (Figure 2b).

Figure 2. Schematic illustrations of (a) unilateral and (b) bilateral ruptures and the resulting azimuthal variations in the far-field ground motion spectra at different
azimuths. The red and black curves represent the amplitude spectra in front and behind the rupture direction, respectively; theblue curve is the amplitude spectrum
relative to the fault-orthogonal azimuths. When the target event spectrum is divided by the EGF spectrum, the contribution of the site and propagation path
cancel out, and the spectral ratio isolates the effect of the rupture propagation. The relative amplitude of the spectral ratios between the low- and high-frequency
asymptotes (the Fmin to Fmax frequency range) is an unequivocal indicator of unilateral or bilateral rupturing; the fault-orthogonal curve is intermediate for a
unilateral rupture while it is minimal for a bilateral rupture.
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The spectra behave consistently, where higher corner frequencies are observed along the strike of the rup-
ture. In the case of a bilateral rupture, high-frequency amplitudes are minimal at the stations located ortho-
gonally to the fault (Figure 2b).

These basic spectral properties are used in this paper to investigate the rupture directivity of the 2016–2017
central Italy earthquakes. The analysis is based on the computation of the amplitude variations versus the sta-
tion azimuths. As shown in Figure 2, the spectrum of the target earthquake is divided by the spectrum of a co-
located, smaller-magnitude event (the so-called EGF) under the constraint that both the focal mechanisms
and the propagation paths are similar. The resulting spectral ratio (see Figure 2) is characterized by two
asymptotes at low and high frequencies that are indicated by Fmin and Fmax in Figure 2. This frequency range
is controlled by both the target and the EGF corner frequencies as discussed in Calderoni et al. (2013). In this
regard, the amplitude variations between Fmin and Fmax versus the station azimuths represent the signature
of the rupture directivity of the target event.

When the constraints on small source distances and similar focal mechanisms are honored, this method
makes no further assumptions on the source and propagation models, and it does not require the com-
putation of additional parameters that are often poorly constrained. Any dependence on various source
parameters, such as the corner frequency, stress drop, and local propagation properties, are consequently
bypassed. The spectra of target events observed at different azimuths are corrected simply through the
EGF spectra with a spectral ratio operation, and the inferred source spectra are correspondingly free of
biases that might be produced by adopting idealized source and/or structural models. The possible direc-
tivity of the EGF does not affect the directivity estimates for the target events. The directivity of the EGF
rupture can scatter Fmax at different azimuths, but it does not influence the spectral ratio amplitudes
between the two asymptotes, and there is no bias if Fmax is chosen as the smallest of the EGF corner fre-
quencies. Moreover, instrumental corrections are not necessary since the target event and the EGF event
at each station are recorded by the same instrument. The along-strike rupture directivity, which is the
focus of this work, is determined using only the observed spectra of the target events divided by the
EGF spectra from the stations available within the azimuth range of interest. Due to the geographic shape
of the Italian peninsula, which is elongated parallel to the Apennines, a good along-strike coverage of sta-
tions is guaranteed at large distances; this permits a clear separation between the spectral ratios versus
the station azimuths for the directive ruptures according to the schemes shown in Figure 2. In this
approach, results regarding the source directivity can be achieved in a short time (on the order of 1 h)
after a significant earthquake.

4. Data

The 2016–2017 central Italy seismic sequence was recorded for magnitudes as small as M 1 by 24-bit broad-
band seismological stations operated by the INGV. The event waveforms (http://eida.rm.ingv.it/) in addition
to their hypocentral parameters and magnitudes (http://iside.rm.ingv.it/) are available online.

Immediately after the Mw 6.0 earthquake on 24 August, researchers from the INGV rapidly installed 17 tem-
porary broadband stations in the epicentral area. Similar to the permanent stations, the temporary stations
were mostly equipped with 40 s Nanometrics Trillium seismometers at acquisition rates of 100 samples
per second (sps). Moreover, the strongest events were also recorded by stations from the strong motion net-
work (RAN) managed by the National Civil Protection Department (DPC). The RAN stations were generally
equipped with three-component Kinemetrics EpiSensor accelerometers with a full-scale range of either 1
or 2 g coupled with 24-bit digitizers set to record at 200 sps.

The records (both the raw seismograms and accelerograms) are processed using a procedure similar to
that used in Calderoni et al. (2015). The amplitude spectra are computed through a fast Fourier transform
in a 10 s time window starting 1 s before the direct S arrival. This window includes the most energetic
part of the S phase on both of the horizontal components. The selected time windows are tapered using
a conventional Hanning taper in the SAC software suite, and the spectra are smoothed using a 0.1 Hz
wide triangular operator in the same package (Goldstein et al., 2003). The resulting amplitude spectrum
for each station and each event used in this paper is the square root of the quadratic composition of
the two horizontal components.
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The analyzed events (Table 1) include the nine strongest earthquakes (Mw ≥ 5.0) of the 2016–2017 cen-
tral Italy seismic sequence and seven aftershocks in the moment magnitude range 4.4 ≤ Mw ≤ 4.8. The
events are selected based upon co-located EGFs with good quality waveforms when both the target
event and the EGF event are not within the coda of a previous earthquake. The moment magnitudes
are taken from http://cnt.rm.ingv.it/tdmt/ or http://www.eas.slu.edu/eqc/eqc_mt/MECH.IT/; when the
moment tensor determination is not available, as is the case for the majority of the EGFs (see Table 1),
the local magnitudes (ML) are taken from http://iside.rm.ingv.it.

The EGFs are chosen according to the constraint of being as close as possible to the target while hav-
ing the same normal-faulting source mechanism. The source distances between the target and EGF
events are smaller than 3 km for 88% of the considered target-EGF event pairs, although it ranges
from 3 to 5 km for two events. The focal mechanisms of both the target and the EGF events are
available for only two pairs due to the limited number of EGFs with moment tensor determinations
(events #9 and #14 of Table 1). For these two events, the consistency between the focal mechanisms
is guaranteed by a direct comparison between the solutions. For the other target-EGF event pairs, the
closeness of the hypocenters suggests that they are likely located on the same fault and consequently
have the same rupture mechanism. To support this hypothesis, we perform a check using the polari-
ties of the first arrivals of the target and EGF events at the available stations. We find the same P

Table 1
List of Earthquakes (Target Events) for Which the Rupture Directivity Is Investigated

Target EGF

N Time UTC
Latitude

(°)
Longitude

(°)
Depth
(km) Mw

Direction
type Time UTC

Latitude
(°)

Longitude
(°)

Depth
(km) Mw, ML

1 24/08/2016
01:36

42.698 13.234 8 6.0 B 26/08/2016
04:08

42.698 13.231 11 3.0

2 24/08/2016
02:33

42.794 13.154 9 5.4 U 26/08/2016
20:49

42.794 13.153 10 3.2

3 24/08/2016
04:06

42.769 13.125 8 4.4 U 25/08/2016
02:29

42.763 13.116 8 2.7

4 25/08/2016
12:36

42.596 13.290 10 4.4 C 10/10/2016
23:00

42.588 13.299 10 2.8

5 26/08/2016
04:28

42.600 13.290 11 4.8 C 25/08/2016
13:34

42.605 13.294 10 2.8

6 26/10/2016
17:10

42.880 13.128 9 5.4 U 21/11/2016
03:42

42.886 13.145 9 2.8

7 26/10/2016
19:18

42.909 13.129 8 5.9 B 02/11/2016
05:30

42.914 13.135 10 2.9

8 26/10/2016
21:42

42.863 13.121 10 4.5 U 26/10/2016
17:36

42.866 13.131 8 2.8

9 30/10/2016
06:40

42.840 13.110 9 6.5 B 31/08/2016
11:26

42.832 13.120 10 3.9

10 01/11/2016
07:56

43.000 13.158 10 4.8 U 09/11/2016
05:03

42.998 13.144 6 2.8

11 03/11/2016
00:35

43.029 13.049 8 4.7 U 24/11/2016
18:00

43.039 13.063 9 2.8

12 29/11/2016
16:14

42.529 13.280 11 4.4 U 08/11/2016
21:29

42.551 13.246 10 2.6

13 18/01/2017
09:25

42.547 13.262 9 5.1 U 25/12/2016
17:19

42.556 13.239 10 2.8

14 18/01/2017
10:14

42.529 13.282 9 5.5 U 18/01/2017
12:01

42.534 13.285 11 3.9

15 18/01/2017
10:25

42.494 13.311 9 5.4 B 27/08/2016
08:27

42.465 13.245 11 2.8

16 18/01/2017
13:33

42.477 13.281 10 5.0 U 27/08/2016
08:27

42.465 13.245 11 2.8

Note. The corresponding EGFs are written in the same row. The letters U, B, and C indicate the events that resulted in unilateral, bilateral, and circular ruptures,
respectively.
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polarities for 97% of the samples, which honors one of the conditions required; in that, the focal
mechanisms must be similar.

5. Analysis Method

The rupture directivity is investigated using unclipped records obtained mostly between 40 and 200 km from
the source. This distance range is controlled by the amplitude saturation, which prevents the use of velocity
transducer records at closer stations, during the strongest target events. In these cases, the alternative use of
strong motion accelerograms is possible; however, only a few accelerometric stations can provide records
with acceptable noise conditions for the EGF waveforms at the lowest frequencies. High noise levels also pre-
vent the use of stations located farther away. For an objective station selection process, preevent noise win-
dows with the same duration as the Swave windows are used to compute the SNR; for each target-EGF event
pair, only stations with a SNR greater than 3 in the frequency range from Fmin to Fmax are retained for
the analysis.

The spectral ratios between the target event and EGF event are then computed for the selected stations
for each target-EGF event pair in Table 1. Some examples of these spectral ratios are shown in
Figures 3a1–3a4. Further examples can be found in the supporting information. The stations are grouped
within angles of ±45° from the fault strike. The colors in Figure 3 distinguish three different groups: red
and black spectral ratios represent stations to the NNW and SSE, respectively, while the blue spectral
ratios represent fault-orthogonal (FO) stations on either side of the fault. These colors mimic those of

the spectral ratios in Figure 2. For each group and for each frequency, the geometric mean (X ) and
the standard deviation (s) are computed for the station ensemble; Figures 3b1–3b4 depict the behavior

of the band X ± 1 s as a function of the frequency. According to Figure 2, three cases are possible: (i) the
red and black curves exceed the blue curves, providing evidence for a bilateral rupture; (ii) the blue
curves are intermediate between the other two colors, providing evidence for a unilateral rupture; and
(iii) all of the three colors overlap, indicating that the rupture was circular in nature.

To determine whether there is a statistically significant difference in the mean spectral separation between
the NNW, SSE, and FO groups, the t test criterion of Ross and Ben-Zion (2016) is adopted. We calculate the
parameter tij at each frequency value as

tij ¼ Xi � Xj

sXi�Xj

(2)

sXi�Xj
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2i
ni
þ s2j
nj

s
(3)

The above symbols are the same as those in Ross and Ben-Zion (2016) for unilateral along-strike ruptures;
however, these symbols are denoted with two subscripts i and j that extend the application to bilateral rup-
tures as well:

i; j ¼; 2; 3 with i≠j (4)

where 1, 2, and 3 represent the NNW, SSE, and FO groups, respectively. Note that equations (2) and (3) are
identical to equations (7) and (8) of Ross and Ben-Zion (2016) when i, j= 1, 2, which considers only the two
groups of along-strike stations.

Figures 3c1–3c4, 3d1–3d4, and 3e1–3e4 show the values at each frequency for t12 (or t21), t13, and t23, respec-
tively, which represent the significance of the spectral separation between the NNW and SSE groups (or
between SSE and NNW), between the NNW and FO groups, and between the SSE and FO groups, respectively.
Our directivity index Dij is then calculated as the mean of tij over the frequency band from Fmin to Fmax:

Dij ¼ 1
Fmax� Fmin

∫Fmax
Fmin tij fð Þdf (5)

The frequency range Fmin to Fmax is determined visually. The choice of the two corner frequencies requires
some attention, because an exceedingly small value of Fmin will tend to underestimate the directivity while
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an exceedingly large value of Fmax will cause a bias in the possible directivity of the EGF. However, we verify
the variations in Dijwhen Fmin and Fmax are varied; the final choice of the frequency range is determined such
that a 20% decrease in Fmin and a 20% increase in Fmax will cause a change of less than 10% in Dij.

Figure 3. Examples of the step-by-step analysis of the present study. The four columns provide representative target-EGF event pairs. (a1–a4) The azimuthal
variations in the individual station spectral ratios at different azimuths (red,black, and blue curves are relative to NNW, SSE, and fault-orthogonal stations,
respectively). (b1–b4) The spectral ratio variations are represented through ±1 standard deviation bands around the mean for the different groups of
azimuths. (c1–c4, d1–d4, and e1–e4) The t curves obtained according to the criterion of Ross and Ben-Zion (2016) that provide the statistical significance of
the directivity for the different groups of azimuth. The frequency band limitations (vertical straight lines) bound the range from Fmin to Fmax. (f1–f4) The
azimuthal variations of the high-frequency amplitudes through the stereonet projection of the station takeoff angles, as first used by Boatwright (2007)
for peak ground motions.
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According to Ross and Ben-Zion (2016), a value of approximately 2.0 for Dij is a reliable threshold for
indicating significantly different samples. In Figure 3, the directivity index is represented by the horizon-
tal straight line in the tij panels, whereas the dashed black line is the statistical threshold of 2.

Figures 3f1–3f4 provide a different visualization of the azimuthal variations in the high-frequency ampli-
tudes due to the rupture directivity using stereonet projections of the station takeoff angles. Boatwright
(2007) first introduced this representation of azimuthal variations using peak ground motions to study
the rupture directivity. Calderoni et al. (2015) showed that stereonet projections could lead to equivalent
conclusions regarding the directivity when peak ground motions or high-frequency spectral ratios in an
EGF approach are used. In Figures 3f1–3f4, the symbol size for each station is proportional to the spec-
tral separation computed as the average spectral ratio in the frequency range from Fmin to Fmax. In each

panel, XX indicates the average value over the station ensemble of each group. Of course, the general
observation that emerges from examining the stereonet projections is the same as that of the top plots
of each column in Figure 3, but this visualization technique is particularly informative with respect to the
possible role of the takeoff angle as discussed in Boatwright (2007). This information is fundamental for
constraining the subhorizontal versus the subvertical character of rupture propagation (Poli et al., 2016;
Prieto et al., 2017; Warren & Shearer, 2006). In a stereonet visualization, the largest amplitudes at the
smallest takeoff angles denote subvertical ruptures (Boatwright, 2007). Employing the 1-D velocity model
used to locate the earthquakes and the distance ranges of the stations, the resulting takeoff angles of
the stations shown in the stereonet projections of Figure 3 are concentrated in a small range from
35° to 50°.

The stability of the amplitudes observed for all of the takeoff angles suggest that there is no distance varia-
tion in the range from 40 to 200 km; this is a strong indication for a significant subhorizontal component
within the rupture propagation. However, the station distribution and the use of orthogonal directions, which
are optimal for studying the along-strike directivity, are not capable of resolving the updip/downdip directiv-
ity. Therefore, in this paper, we limit our assessments to the along-strike directivity.

Another parameter that is not systematically computed in the present study is the rupture velocity, which will
be the subject of a future paper. However, based on equation (1), the observed azimuthal variations in the
spectral ratios are generally consistent with vr values of approximately 0.5 β in a horizontal rupture
propagation assumption.

6. Results

The approach described in the previous section is applied to the 16 target-EGF event pairs shown in Table 1.
Figures 4a and 4b show the final results of the present study. For each event pair, the map in the right-hand
side illustrates the stations utilized in this study and the epicenters of the target and EGF events. As in the
previous figures, the station colors indicate different station azimuths (red, black, and blue colors correspond
to NNW, SSE, and FO directions, respectively). The top plots to the left of each map show the ±1 standard
deviation band around the mean at different azimuths (as in Figure 3), and the bottom plots indicate the
resulting directivity constrained through the largest Dij value. The curves of tij are red or black for unilateral
ruptures (to the NNW or SSE, respectively), cyan for bilateral ruptures, and gray for circular ruptures. For bilat-
eral ruptures, Table 2 shows the values of Dij that provide the percentages of the ruptures in the
opposite directions.

Ultimately, we see that only two events (#4 and #5) can be classified as circular ruptures. Event numbers 2, 3,
6, 8, 10, 11, 12, 13, 14, and 16 are evidently unilateral ruptures; among them, the blue ±1 standard deviation
band is intermediate between the red and black curves according to the requirements of Figure 2, and the t12
(or t21) curves are clearly greater than 2. The ruptures of the remaining four events (1, 7, 9, and 15) are iden-
tified as bilateral; the directivity indices of the two along-strike groups with respect to the FO group are both
higher than 2 (Table 2). In three of those cases, the along-strike difference is small, indicating a nearly sym-
metrical bilateral rupture; in the other case (event #1), there is a clearly NNW trending predominance of
the rupture.

We note that the number of events that show a significant rupture directivity is similarly large for moderate
and smaller magnitudes, which confirms the findings by McGuire (2004), Boatwright (2007), Seekins and
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Boatwright (2010), Lengliné and Got (2011), Kane et al. (2013), and Calderoni et al. (2013, 2015) regarding the
persistency of the directivity even at small magnitudes.

Another result that emerges from Figure 4 is that the two strongest earthquakes of Amatrice and Norcia
(events #1 and #9, respectively) both propagated bilaterally; however, they demonstrate different behaviors,
as the former propagated mostly toward the NNW and the latter showed a similar rupture percentage in the
opposite direction (Table 2). Several details of our results are consistent with the asymmetry of the slip
patches found by Tinti et al. (2016) and Tinti et al. (2017) in their rupture history inversions. In particular, dur-
ing the inversion of the AmatriceMw 6.0 earthquake (event #1), Tinti et al. (2016) found a large, ~10 km patch
of slip that propagated along the fault strike toward the NNW and a smaller patch that propagated in the
opposite direction, with an initial updip component that we are not able to resolve here. The temporal history
of the slip for the Mw 6.5 Norcia earthquake (event #9) is somewhat more complex (Tinti et al., 2017).
However, the results of these studies also suggest a subhorizontal elongation of the slip patch toward the
NNW and SSE from the nucleation point for this event.

Finally, Figure 5 shows that a SSE rupture directivity is a common feature for many of the investigated
events to the north of Amatrice, including the Mw 5.4 aftershock that occurred less than 1 h after the

Figure 4. The epicenters for all of the analyzed target and EGF events are represented in a map with white and black circles, respectively. The top left plots show the
azimuthal variations in the ±1 standard deviation band around the mean of the spectral ratios at different azimuths (red, black, and blue curves are relative to NNW,
SSE, and fault-orthogonal station groups, respectively). In the bottom left plots, the t curves provide statistical estimates of the spectral separation between the
different directions. Red and black curves indicate the unilateral ruptures toward the NNW and SSE, respectively, while cyan and gray curves indicate the bilateral and
circular ruptures, respectively.
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Mw 6.0 earthquake on 24 August 2016. Interestingly, the seismicity
pattern immediately following the first strong shock indicates a pre-
dominant migration toward the NNW, where the strongest of the
early aftershocks occurred within 1 h after the main shock (see the
inset in Figure 1). Another two shocks (Mw 4.4 and 4.5) followed a
few hours subsequent. The inset in Figure 1 shows that the extent
of the early distribution of along-strike seismicity is significantly
asymmetrical. As discussed in Rubin and Gillard (2000) and in
Zaliapin and Ben-Zion (2011), this could imply a correlation between
the direction of the rupture propagation and the immediate seismi-
city following the main shock, where a higher occurrence probability
is observed for earthquakes with significant magnitudes in the
along-strike direction of rupture propagation. In this case, both the higher
number of early-stage aftershocks toward the NNW and the azimuth
of the strongest aftershock that immediately followed the main event
are consistent with the direction of rupture propagation during the 24
August 2016, Mw 6.0 Amatrice earthquake.

7. Discussion of the Resulting Directivity Patterns

The existence of a strict correspondence between the along-strike and updip directivity with strike-slip and
dip-slip rupture mechanisms, respectively, is widely accepted (see Koketsu et al. (2016) for a discussion).
These authors modeled the 2015 Gorka, Nepal, earthquake that occurred within the underthrusting Indian
lithosphere and demonstrated that the combination of a low dip angle and a fast rupture velocity would
favor a strong along-strike directivity for a dip-slip earthquake. However, an along-strike rupture directivity
is also frequently observed along high-angle normal faults. This persistent feature has been repeatedly docu-
mented in many papers on moderate-magnitude earthquakes in the Apennines. Pino et al. (1999), Cultrera
et al. (2008), and Calderoni et al. (2011) investigated the rupture directivity of the highest-magnitude events
(5.6 ≤ Mw ≤ 6.0) of the 1997–1998 Umbria-Marche seismic sequence. Using different methods, they consis-
tently found that the strongest earthquake near Colfiorito (27 September 1997, Mw 6.0) was characterized
by a significant directivity toward the NW, whereas the aftershock near Sellano (14 September 1997, Mw

5.6) showed an opposite along-strike rupture propagation direction. Pino et al. (1999) also determined that
the rupture directivity of the Mw 5.7 Colfiorito earthquake that occurred on 27 September 1997 was toward
the SE. In addition, the 2009 earthquakes around L’Aquila were characterized by a persistency in the along-
strike rupture directivity (Calderoni et al., 2015). The Paganica fault, where the main shock (6 April 2009, Mw

6.1) nucleated, and the contiguous at depth San Demetrio fault segment (Calderoni et al., 2012) showed a
high (73%) percentage of earthquakes with unilateral ruptures toward the SE. The Campotosto fault, which
is subparallel to the Paganica fault and forms a right step with it, showed more variable behavior with a pre-
dominance of unilateral ruptures toward the SE along the southern part of the fault and several ruptures pro-
pagating toward the NW along the northern part of the fault. It is noteworthy that the Campotosto fault is the
closest mapped fault to the south of the fault that generated the 24 August 2016 Amatrice earthquake
(Pierantoni, Deiana, & Galdenzi, 2013). These two faults exhibit similar strikes and are aligned with an
insignificant offset.

In Figure 5a, we represent the directivity results of this study through colored arrows (red and black colors
indicate ruptures toward the NNW and SSE, respectively), where the arrow size is proportional to the direc-
tivity index, to visualize the statistical significance of the weighting factors. For both unilateral and bilateral
ruptures, the lengths of the red and black arrow segments are scaled to a unique value of D (the largest value
is approximately 6). The relative contribution of bilateral ruptures reflects the percentage of ruptures in oppo-
site directions as shown in Table 2.

Figure 5b compares the results of this paper with the rupture directivity results for the 1997 earthquakes near
Colfiorito (the thick arrows in the fault plane boxes in the northernmost part of the map in Figure 5b) and for
the 2009 L’Aquila and Campotosto earthquakes (thin black and red arrows, respectively, in the southernmost
part of the map). The predominant rupture directions of the 24 August 2016, Mw 6.0 earthquake and the

Table 2
Statistical Significance of the Azimuthal Amplitude Variations in the Bilateral
Ruptures Measured Using the D Index

N Date Mw Stations D %

#1 24/08/2016 01:36 6.0 NNW–SSE 4.5
NNW–FO 5.8 70%
SSE–FO 2.5 30%

#7 26/10/2016 19:18 5.9 NNW–SSE 0.7
NNW–FO 4.3 53%
SSE–FO 3.8 47%

#9 30/10/2016 06:40 6.5 NNW–SSE 2.2
NNW–FO 4.7 57%
SSE–FO 3.6 43%

#15 18/01/2017 10:25 5.4 NNW–SSE 0.3
NNW–FO 2.4 54%
SSE–FO 2.1 46%

Note. The percent symbol (%) indicates the percentage of ruptures in the
two along-strike directions.
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earthquakes near Montereale along the Laga Mountains fault are both NNW, which is consistent with the
results from five 2009 earthquakes that occurred along the nearby northern tip of the Campotosto fault. A
persistent rupture propagation in the opposite direction (SSE) is observed to the north of Amatrice up to
Colfiorito, including the strongest 30 October 2016, Mw 6.5 Norcia earthquake. The SSE rupture directivity
of the 2016–2017 earthquakes is consistent with the trend discovered in the rupture propagation
directions of the L’Aquila fault shocks and the southernmost earthquakes of the Campotosto fault
(Calderoni et al., 2015). A SE-SSE rupture propagation direction was also found for the Mw 5.6 Sellano
earthquake (Calderoni et al., 2011; Cultrera et al., 2008; Pino et al., 1999) and for the Mw 5.7 Colfiorito
earthquake (Pino et al., 1999), both of which occurred during the 1997 Umbria-Marche seismic sequence.
Therefore, an extended sector of the Apennines is characterized by a predominant trend of ruptures to the
SE-SSE. Note that the Mw 6.0 Colfiorito earthquake, which is the northernmost one in Figure 5b, seems to
exhibit an opposite rupture propagation direction toward the NW-NNW similar to earthquakes to the
north of Campotosto up to Amatrice.

Although an explanation regarding a preferential rupture propagation direction is still controversial,
the coherent behavior observed in the different sectors of the Apennines suggests a structural

Figure 5. (a) Results for the rupture directivity from the present study. The rupture direction is visualized with red (NNW) and black (SSE) arrows, where the arrow
length is proportional to the directivity index. For bilateral ruptures, the relative percentages in opposite directions are those shown in Table 2. Yellow dots in the
background are the epicenters of the 2016–2017 central Italy seismic sequence. (b) Along-strike rupture propagation directions available for the normal-faulting
earthquakes in the northern and central Apennines. The results refer to three seismic sequences (1997 Umbria-Marche, 2009 L’Aquila-Campotosto, and 2016–2017
Amatrice-Norcia). Rectangles contoured by dashed lines are the surface projections of the ruptured fault planes responsible for the largest earthquakes of the 1997
Umbria-Marche seismic sequence (DISS Working Group, 2015). Yellow and cyan dots represent the epicenters of the 2016–2017 and 2009 seismic sequences,
respectively. As in Figure 5a, the rupture directions are represented by red (NNW) and black (SSE) arrows. The magnified view of the dashed black box is for better
visualizing the areal consistency in the NNW directivity between the 2009 and 2016–2017 earthquake sequences that occurred along the same portion of the fault
system at the northern tip of the Campotosto fault.
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origin. This may include a bimaterial fault interface (see Andrews & Ben-Zion, 1997; Brietzke, Cochard,
& Igel, 2009; Bulut, Ben-Zion, & Bonhoff, 2012) or other fault properties such as low-velocity fault zone
layers, as hypothesized by Ben-Zion and Huang (2002) and Brietzke and Ben-Zion (2006), or small-scale
granular zones with different permeabilities (see Dunham & Rice, 2008; Rudnicki & Rice, 2006). The
roles of these different factors are beyond the purpose of this paper and are currently difficult to con-
strain, as they can be understood only after further multidisciplinary studies ranging from laboratory
experiments to geophysical prospecting and high-resolution tomography at different scales in the
investigated region.

8. Concluding Remarks

We applied an EGF deconvolution technique to determine the directivity characteristics of the strongest
earthquakes in the 2016–2017 central Italy seismic sequence. This approach follows the basic analysis steps
of Calderoni et al. (2015) for unilateral along-strike ruptures, although it includes an original extension for
additionally identifying bilateral ruptures and adopts the directivity index D introduced by Ross and Ben-
Zion (2016) to measure the statistical significance of the different rupture typologies. The procedure is con-
ceptually simple and fast (near real-time speeds). At the very beginning of a seismic sequence with significant
earthquakes, information on the rupture directivity, at least with regard to the along-strike component, can
be inferred using this approach in less than 1 h. These results can provide important constraints on hazard
scenarios and future evolutionary trends of active seismic sequences in terms of their seismicity migration
probabilities and strongest aftershock occurrences at short intervals.

We found that unilateral ruptures were predominant in the 2016–2017 central Italy seismic sequence (10 out
of a total of 16 events). We also identified four bilateral ruptures and only two circular ruptures. The three
strongest earthquakes show evidence for bilateral rupturing.

In conclusion, the direction of rupture propagation does not seem to be random. Although the number of
earthquakes analyzed in this study is limited, spatially stable results are observed in different sectors of the
Apennines. To the north of Amatrice up to Colfiorito, there is a predominant SE-SEE rupture trend, whereas
the sector of the Apennines from the northernmost part of the Campotosto fault up to Amatrice is character-
ized by ruptures trending NNW-NW. Earthquakes along the southernmost part of the Campotosto fault and
throughout the entire L’Aquila fault show an opposite trend with predominant ruptures trending SE similar to
the Amatrice-Colfiorito sector.
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