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S U M M A R Y
We perform a systematic investigation of along-strike rupture directivity of 70 earthquakes
(3.0 ≤ Mw ≤ 6.1) of the 2009 L’Aquila seismic sequence by analysing azimuthal variations
of broad-band seismograms recorded in the distance range 60 km < R < 230 km. We use
reference spectra of events with little directivity (similar to the empirical Green’s function
method) to deconvolve propagation-site effects and focus on source properties. A directivity
index (0 ≤ IDIR ≤ 1) calculated for each earthquake quantifies the spectral separation above
the corner frequency of the target event at opposite along-strike directions. A large number
(73 per cent) of events including the Mw 6.1 main shock show high (>0.7) IDIR values indicating
predominantly unilateral rupture propagation. The preferred rupture propagation direction is
generally to the southeast with no dependence on the earthquake magnitude or occurrence time.
Events on two main faults (L’Aquila and Campotosto) show somewhat different behaviour.
Almost all earthquakes on the L’Aquila fault have strong unilateral directivity to the southeast,
whereas earthquakes on the Campotosto fault show more diverse behaviour. However, there
is a predominance of unilateral ruptures (14 out of 22) also on the Campotosto fault, and the
few (five) earthquakes with ruptures to the northwest are limited to the most northwestern
segment of the fault. The spectral results are consistent with time-domain analysis when the
latter samples adequately the frequency band above corner frequency. The preferred rupture
direction may be produced at least in part by a velocity contrast across the fault. The results
provide important input for estimates of seismic motion and physics of earthquake ruptures.

Key words: Earthquake dynamics; Earthquake ground motions; Earthquake source obser-
vations; Wave propagation; Dynamics and mechanics of faulting.

1 I N T RO D U C T I O N

On 2009 April 6, an Mw 6.1 earthquake ruptured the Paganica
fault near the town of L’Aquila, central Italy (Fig. 1). The rupture
nucleated at about 9 km depth, propagated updip in the first few sec-
onds and then propagated unilaterally along strike to the southeast
(Cirella et al. 2009, 2012; Avallone et al. 2011; Tomoko et al. 2014).
Occurring in a densely populated area, it was the most damaging
event in Italy after the Mw 6.9 1980 Irpinia earthquake, with more
than 300 casualties, about 1000 injuries and thousands of buildings
destroyed and damaged. The large damage in the epicentral area was
in part due to the updip rupture propagation that caused strong fault-
transverse ground motion in and around L’Aquila (Chioccarelli &
Iervolino 2010; Tinti et al. 2014).

One day after the main shock, there was a deeper (≈15 km) Mw

5.4 shock to the southeast, followed over 4 d by three events with
5.0 ≤ Mw ≤ 5.2 to the north on the Campotosto fault with depths
ranging from about 5 to 11 km (see Chiarabba et al. 2009; Di Luc-

cio et al. 2010, among many others). Studies of moment tensors
indicate that most ruptures had a NW–SE strike and SW-dipping
normal-faulting mechanism (Scognamiglio et al. 2010; Herrmann
et al. 2011; D’Amico et al. 2013). The main shock was preceded by a
4-month long sequence of foreshocks and followed by a large num-
ber of aftershocks. Valoroso et al. (2013) used more than 64 000
events (with a completeness magnitude Mc ≥ 0.7) to image the seis-
mogenic structure of the fault system at depth. Their reconstruction
shows a complex en-echelon SW-dipping fault system characterized
by extensional stress regime, trending NW–SE, for a length of more
than 50 km.

The spatial distribution of the immediate aftershocks is consis-
tent with the along-strike rupture propagation to the southeast on
the Paganica fault during the L’Aquila main shock (Cirella et al.
2009, 2012). Along-strike rupture directivity during the main shock
is also evident in the pattern of ground motion amplitudes, with
stations to the southeast having systematically larger accelerations
than those to the northwest (Akinci et al. 2010; Çelebi et al. 2010;
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400 G. Calderoni et al.

Figure 1. Map of the study area with epicentres of the 2009 L’Aquila seismic sequence (black and grey dots represent foreshocks and aftershocks, respectively).
The beach balls are fault plane solutions of the three strongest shocks (Herrmann et al. 2011). The white rectangle is the projection onto the surface of the
ruptured fault plane of the Mw 6.1, 6 April earthquake (the Paganica Seismogenic Source of DISS Working Group 2010). White lines represent active faults in
the region according to Vezzani & Ghisetti (1998), Falcucci et al. (2009) and Galli et al. (2010).

Di Alessandro et al. 2012). Pino & Di Luccio (2009) applied the Em-
pirical Green’s Function (EGF) deconvolution in the time domain
to broad-band seismograms confirming a significant contribution
of along-strike directivity in the main shock rupture. Using EGF
deconvolution in the frequency domain, Calderoni et al. (2013) ob-
served persistent large azimuthal variations in the source spectra
of the main shock and many aftershocks, pointing to significant
along-strike directivity for events with magnitudes as small as 3.3.

A fundamental question for seismic shaking hazard and earth-
quake physics is whether rupture directivity is controlled to a large
extent by a structural property such as a bimaterial fault interface
(e.g. Weertman 1980; Ben-Zion & Andrews 1998; Ampuero &
Ben-Zion 2008) or other features, which may be imaged and used
to improve hazard estimates, or is essentially random and produced
largely by transient effects such as evolving stresses and/or fluids.
To address this issue in the context of the 2009 L’Aquila earthquake
sequence, we re-analyse in this paper the data set used by Calderoni
et al. (2013), augmented by additional earthquakes of smaller mag-
nitudes and more records at closer distance stations. The basic goals
are to perform a systematic study of rupture directivity along the en-
echelon normal fault system associated with the L’Aquila sequence
and to resolve time and space variations of directivity, if any, in the
activated portions of the faults.

The analysis results show clearly a preferred along-strike prop-
agation direction of earthquake ruptures on and near the L’Aquila
fault to the southeast. This is observed essentially for all examined
events regardless of their magnitude (down to ∼3) or occurrence
time (from foreshocks up to ∼4 months after the main shock). A
less uniform behaviour, with different characteristics at different
sections, is observed for the Campotosto fault. In the southeastern
part, this fault shows a similar percentage of unilateral and bilateral
ruptures, with the unilateral propagation being systematic to the
southeast similarly to the L’Aquila fault. In contrast, in the north-
western part of the Campotosto fault several shocks show evidence
of unilateral rupture propagation to the northwest.

In the following Sections 2 and 3, we describe briefly the study
area and data used in this work. In Section 4, we present details of
the analysis method and define a directivity index based on splitting
of source spectra at stations in different directions. The results are
given in Section 5 and discussed in Section 6. An alternative time-
domain analysis given in the Appendix provides consistent results,
supporting our spectral method and choice of reference events.
The clear propensity of the L’Aquila fault, and to a lesser extent
also portions of the Campotosto fault, to produce predominantly
unilateral ruptures can be used to produce improved estimates of
seismic shaking hazard that incorporates asymmetric distribution
of ground motion in different along-strike directions.

2 T H E FAU LT S Y S T E M

The 2009 L’Aquila seismic sequence occurred in the Central Apen-
nines, a fold-and-thrust belt developed in the Neogene by the pro-
gressive eastward migration of the thrust front associated with the
back-arc extension of the Tyrrhenian Sea basin. Compressive tec-
tonics affected the Central Apennines up to Late Pliocene whereas a
predominant NE–SW extension has been active since middle Pleis-
tocene (Patacca & Scandone 1989).

The 2009 April 6 main shock occurred on the Paganica fault,
which is ∼17 km long SW-dipping normal fault [see Vannoli et al.
(2012) and Lavecchia et al. (2012)] for a review and references
therein). The main shock nucleated in an area characterized by a
rising of a mantle wedge illustrated in fig. 3b of Di Luccio et al.
(2010); this inference is based on the interpretation of the CROP11
crustal profile proposed by Ghisetti & Vezzani (2002) and may
lead to a significant velocity contrast across the fault. Immediately
after the main shock, seismicity migrated to the southeast along
the Paganica-San Demetrio fault segments, and to the North on
the sub-parallel Campotosto fault. The activated faults are part of
an en-echelon system, extending to the NW–SE direction for more
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than 50 km (Fig. 1). Using fault zone trapped waves, Calderoni et al.
(2012) inferred a continuity of the Paganica and San-Demetrio fault
segments at depth. In the following we refer to the ruptured fault
southeast of the hypocentre as the L’Aquila fault. It is represented by
a rectangle in Fig. 1, according to the estimate of the DISS working
group (2010), with dimensions of about 17 km × 14 km at a depth
range between 12 and 0.6 km from the surface.

Chiaraluce (2012) and Valoroso et al. (2013) obtained a de-
tailed structure of the activated fault system at depth using accurate
double-difference hypocentre determinations of the events recorded
during the 2009 sequence. All locations of earthquakes (561 fore-
shocks and 2643 aftershocks with ML ≥ 1.9) used in this paper
are taken from the high-resolution double-difference catalogue of
Chiaraluce (2012). In the northwestern tip of the fault ruptured by
the main shock, the seismicity delineates a zone with events mostly
at 5–9 km depth. Seismicity is absent in the uppermost 5 km of
the crust and the fault inferred from the deeper seismicity does
not appear to match any of the mapped fault traces at the surface
(Vannoli et al. 2012). In the intersegment region between the faults
of Paganica and Campotosto, there is larger complexity with nu-
merous subparallel minor structures that accommodate part of the
deformation both in the hangingwall and footwall of the Paganica
fault (Valoroso et al. 2013). The Campotosto fault, which forms a
right step with the Paganica fault, was activated several days after
the main shock by three events with 5.0 ≤ Mw ≤ 5.2 occurring
in a few days. Seismicity on the Campotosto fault extends about
16 km along strike with depth ranging mostly between 5 and 12 km.
Galadini & Messina (2001) and Galadini & Galli (2003) discuss
evidence of discontinuity in the fault style, with larger deformation
in the southeastern segment.

3 DATA

Calderoni et al. (2013) analysed stress drops of earthquakes in
the L’Aquila seismic sequence, using events having moment tensor
determinations by Herrmann et al. (2011) and consistent normal-
faulting mechanisms. In this study we use that data, augmented by
additional six events to extend the analysis to smaller magnitudes
(events #1, #4, #5, #7, #8 and #58 in Table 1). The seismic mo-
ments of these additional events are estimated here by scaling the
low frequency asymptotes of the horizontal components of seismo-
grams to the closest and strongest earthquakes with known seismic
moment. Calderoni et al. (2013) used stations in a distance range
of 100–230 km consistent with the assumed point-source model.
In the present study this assumption is not necessary and we in-
crease the data set of small events by including seismograms of
stations as close as 60 km (Fig. 2). In the used distance range, a
satisfactory signal-to-noise ratio in data up to 10 Hz exists down to
magnitude 3.

All the waveforms were recorded by 24-bit broad-band seismo-
logical stations (mostly 40-s Nanometrics Trillium) of the Italian
Seismic Network operated by the INGV. These data can be down-
loaded from the Web site http://iside.rm.ingv.it. Instrumental cor-
rections of seismograms are performed using the factory supplied
zeros and poles of the transfer functions. Similarly to Calderoni
et al. (2013), amplitude spectra are computed through FFT of 50-s
time windows bracketing the most significant part (S waves and
early coda) of the two horizontal components of corrected velocity
seismograms. Windowing is made with the conventional Hanning
taper of the SAC software and the spectra are smoothed using a 0.4-
Hz-wide triangular operator of the same package (Goldstein et al.

2003). The geometric mean of the two horizontal components is
computed for each record.

4 A NA LY S I S O F RU P T U R E
D I R E C T I V I T Y

4.1 The model

Unilateral rupture directivity causes variations in ground motions
at different azimuth around the source (Ben-Menahem 1961). This
effect is manifested primarily by shorter-duration higher-amplitude
source time functions in the direction of rupture, and longer-duration
lower-amplitude source time functions in the opposite direction
(Fig. 3, top). In a basic model of pulse-type rupture (e.g. Haskell
1964; Hirasawa & Stauder 1965), the variations of source duration
versus azimuth are given by

T (ϑ) = L

νr
− L cos ϑ

β
= T0

(
1 − νr

β
cos ϑ

)
, (1)

where L and vr are the rupture length and velocity, respectively,
and ϑ is the angle between the direction of rupture and record-
ing station. The parameter T0 = L/vr corresponds to the duration
of rupture propagation and is observed as source pulse duration
when ϑ is ±90◦. In the frequency domain, the displacement ampli-
tude spectrum will consistently show an azimuth-dependent corner
frequency (f0), which is inversely proportional to source duration
(Fig. 3, bottom left). When an omega-square source model is as-
sumed (Aki 1967), the radiated acceleration spectra display a flat
high-frequency plateau with an azimuth-dependent level (Fig. 3,
bottom right).

These basic spectral properties are used in this paper to inves-
tigate along-strike rupture directivity of earthquakes of the 2009
L’Aquila sequence. The analysis is based on quantification of am-
plitude variations in high-frequency source radiation versus station
azimuth. The flow chart in Fig. 4 summarizes the main steps of the
method. Fig. 5 illustrates how spectral ratios with reference events
are used to recognize high-frequency spectral splitting versus az-
imuth when rupture propagation has strong directivity. When the
source spectrum of a higher-magnitude target event is divided by
the spectrum of smaller reference event with no azimuthal varia-
tions, the spectral ratio enhances the different amplitude at opposite
azimuths in the frequency band above the corner frequency of the
target event (Figs 5a and b). The larger the magnitude difference be-
tween the target and reference events, the more evident the spectral
splitting. When the magnitudes of the target and reference events
are similar, the spectral separation is not pronounced and may be
masked by the data variability. An efficient alternative approach for
studying rupture directivity of small-magnitude earthquakes using
a larger reference event with no directivity as reference is illustrated
in Figs 5c and d. In this case, a clear spectral splitting for unilateral
ruptures can again be observed above the corner frequency of the
target (smaller magnitude) event.

We note that apart from the generic eq. (1), this approach makes
no assumptions on source and propagation models, and it does not
involve input parameters other than the seismic moment (or Mw)
needed to anchor the low-frequency displacement plateau. Esti-
mates of corner frequency, high-frequency spectral decay, and other
source scaling parameters are not required, nor are the velocity and
attenuation structures of the crust. The spectra of target events are
simply corrected through the spectra of the reference events, and
the results are free of biases that may be produced by adopting com-
plex source and/or structural models. Rupture directivity, which
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Table 1. Earthquakes used in this study. Hypocentre determinations are from Chiaraluce
(2012) and Mw are from Herrmann et al. (2011) (those with asterisks are estimated in this
study).

N Time UTC Lat (◦) Lon (◦) Depth (km) Mw IDIR Tipo

1 2009/02/17 06:08 42.343 13.386 9 3.0∗ 0.98 DIR SE
2 2009/03/30 13:38 42.337 13.392 9 4.1 0.80 DIR SE
3 2009/03/30 13:43 42.335 13.392 10 3.5 0.98 DIR SE
4 2009/03/30 19:32 42.340 13.388 12 3.1∗ 1.00 DIR SE
5 2009/03/30 20:19 42.336 13.397 10 3.2∗ 1.00 DIR SE
6 2009/03/30 21:57 42.333 13.392 10 3.5 1.00 DIR SE
7 2009/03/31 06:04 42.327 13.393 10 3.1∗ 1.00 DIR SE
8 2009/04/02 11:11 42.327 13.392 10 3.0∗ 1.00 DIR SE
9 2009/04/05 20:48 42.342 13.395 9 3.9 0.88 DIR SE

10 2009/04/05 22:39 42.342 13.402 8 3.5 0.95 DIR SE
11 2009/04/06 01:32 42.349 13.385 9 6.1 0.98 DIR SE
12 2009/04/06 02:27 42.374 13.342 8 4.1 0.63 uncertain
13 2009/04/06 02:37 42.373 13.351 9 4.8 0.46 NoDIR
14 2009/04/06 04:47 42.366 13.370 8 3.8 0.85 DIR SE
15 2009/04/06 06:21 42.332 13.404 8 3.5 1.00 DIR SE
16 2009/04/06 06:48 42.302 13.385 4 3.3 1.00 DIR SE
17 2009/04/06 10:36 42.344 13.426 7 3.3 1.00 DIR SE
18 2009/04/06 22:47 42.344 13.320 9 3.6 0.91 DIR SE
19 2009/04/06 03:56 42.335 13.386 9 4.3 0.68 uncertain
20 2009/04/06 14:14 42.359 13.350 10 3.5 1.00 DIR SE
21 2009/04/06 17:40 42.400 13.330 8 3.4 0.76 DIR SE
22 2009/04/06 21:56 42.394 13.353 7 3.8 0.48 NoDIR
23 2009/ 04/06 23:15 42.476 13.397 9 4.9 0.83 DIR SE
24 2009/ 04/07 01:52 42.460 13.417 8 3.3 0.50 NoDIR
25 2009/04/07 12:29 42.455 13.413 9 3.6 0.53 NoDIR
26 2009/04/07 17:47 42.310 13.478 14 5.4 0.90 DIR SE
27 2009/04/08 10:34 42.360 13.403 7 3.5 0.92 DIR SE
28 2009/04/08 22:56 42.502 13.372 8 3.9 0.19 NoDIR
29 2009/04/08 23:18 42.393 13.335 8 3.5 0.00 NoDIR
30 2009/04/09 00:52 42.502 13.365 9 5.2 0.89 DIR SE
31 2009/04/09 03:14 42.337 13.451 15 4.2 0.54 uncertain
32 2009/04/09 03:41 42.514 13.346 9 3.2 0.16 NoDIR
33 2009/04/09 04:43 42.508 13.378 8 3.7 0.91 DIR NW
34 2009/04/09 09:31 42.335 13.389 9 3.2 0.96 DIR SE
35 2009/04/09 19:38 42.513 13.371 8 5.0 0.53 NoDIR
36 2009/04/09 22:40 42.488 13.316 10 3.7 0.37 NoDIR
37 2009/04/10 03:22 42.472 13.426 7 3.7 1.00 DIR SE
38 2009/04/10 04:33 42.460 13.373 10 3.3 0.92 DIR SE
39 2009/04/10 11:53 42.239 13.487 10 3.3 1.00 DIR SE
40 2009/04/11 05:39 42.395 13.415 9 3.4 1.00 DIR SE
41 2009/04/11 06:57 42.394 13.415 9 3.3 0.93 DIR SE
42 2009/04/12 18:05 42.392 13.404 3 3.2 0.81 DIR SE
43 2009/04/13 07:08 42.275 13.494 5 3.2 1.00 DIR SE
44 2009/04/13 21:14 42.512 13.382 7 4.9 0.63 uncertain
45 2009/04/14 13:56 42.547 13.326 8 3.8 0.66 uncertain
46 2009/04/14 17:27 42.528 13.313 8 3.8 0.83 DIR NW
47 2009/04/14 19:28 42.545 13.307 9 3.4 0.89 DIR NW
48 2009/04/14 20:17 42.543 13.310 9 3.8 0.93 DIR NW
49 2009/04/14 20:53 42.538 13.294 10 3.3 0.68 uncertain
50 2009/04/15 19:36 42.524 13.315 8 3.4 0.89 DIR NW
51 2009/04/15 22:53 42.528 13.338 8 3.9 0.47 NoDIR
52 2009/04/16 05:44 42.317 13.437 8 3.4 1.00 DIR SE
53 2009/04/16 17:49 42.545 13.299 9 3.8 0.56 NoDIR
54 2009/04/18 09:05 42.446 13.359 11 3.7 0.75 DIR SE
55 2009/04/21 15:44 42.340 13.385 9 3.5 1.00 DIR SE
56 2009/04/24 04:36 42.271 13.481 6 3.3 1.00 DIR SE
57 2009/04/24 13:38 42.528 13.357 7 3.2 0.97 DIR SE
58 2009/09/24 16:14 42.460 13.351 13 3.8∗ 0.98 DIR SE
59 2009/04/25 02:08 42.302 13.473 5 3.2 1.00 DIR SE
60 2009/04/30 13:01 42.365 13.369 8 3.5 0.72 DIR SE
61 2009/05/30 02:55 42.361 13.356 9 3.6 0.80 DIR SE
62 2009/05/03 05:14 42.367 13.398 6 3.3 0.62 uncertain
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Table 1 – (Continued.)

N Time UTC Lat (◦) Lon (◦) Depth (km) Mw IDIR Tipo

63 2009/05/11 16:59 42.485 13.382 9 3.3 1.00 DIR SE
64 2009/05/14 06:30 42.490 13.406 7 3.5 0.80 DIR SE
65 2009/07/03 01:14 42.337 13.380 10 3.5 0.93 DIR SE
66 2009/07/03 09:43 42.338 13.386 9 3.4 0.99 DIR SE
67 2009/07/03 11:03 42.397 13.390 4 3.7 1.00 DIR SE
68 2009/07/12 08:38 42.340 13.393 8 4.1 0.97 DIR SE
69 2009/07/12 22:14 42.338 13.392 11 3.7 0.92 DIR SE
70 2009/11/10 19:26 42.486 13.372 9 3.3 0.62 uncertain
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Figure 2. Stations of the permanent Italian Seismological Network used in
this study, with black triangles and red squares denoting stations to the north-
west and southeast of the epicentral area, respectively. The three strongest
shocks of the 2009 seismic sequence are represented by stars. Due to the
geographic configuration of the Italian peninsula, the largest part of the net-
work stations falls within angles of ±45◦ from the fault strike (parallel to
the Apennine chain).

is the focus of this work, is inferred just using observed spectra
at different source-receiver azimuths. All the difficulties related to
possible variations of corner frequencies for different EGFs (Kane
et al. 2011) or exchange between events used in numerator and de-
nominator of spectral ratios (Abercrombie 2013) are bypassed. An
appropriate selection of directivity-free reference events becomes
the basic condition in this approach, and different crosschecks can
be made (e.g. the Appendix) to guarantee stability of the results
independently of the choice of reference events.

4.2 Search for reference events and rupture directivity
assessment

The reference events used for the deconvolution of propagation-site
effects should be in close proximity as possible to the target earth-
quakes and have consistent focal mechanisms. The consistency of
focal mechanisms is checked through the angle distribution of fault-
plane solutions of the analysed events. Fig. 6 shows histograms of
strike, dip and rake taken from the most complete focal mechanism
catalogue of the L’Aquila seismic sequence (D’Amico et al. 2013).
The angle distributions are sufficiently narrow (within ± 15◦) to
guarantee sufficient consistency between focal mechanisms in the
data set for our purpose. Regarding distances between the target and
reference events, as shown by Calderoni et al. (2013) and discussed

further below most examined events of the L’Aquila sequence ex-
hibit clear directivity signals and cannot be used as directivity-free
reference events in our approach. Following an extensive search we
identified two small-magnitude reference events (#29 with Mw 3.5
near the L’Aquila fault and #25 with Mw 3.6 on the Campotosto fault)
and a single Mw 5.0 event [#35, shown in fig. 3 of Calderoni et al.
(2013) and discussed in detail in the Appendix] with no evidence
of azimuthal spectral variations at opposite along-strike directions.

We therefore apply the schemes of Fig. 5 to the events of Table 1
as follows. The spectrum of each target event above Mw 4.3 on the
L’Aquila and Campotosto faults is divided by the corresponding
spectrum of the small magnitude reference event on the same fault,
while the spectra of all target earthquakes with Mw < 4.3 are di-
vided by the spectrum of the Mw 5.0 reference event. To correct
differences in the distances of each target-reference pair of events,
we use 1/R geometrical spreading. For source-receiver distances in
the range used in this study (typically > 100 km), it is expected that
this correction works well when the distance between target and ref-
erence events is 10 km or less. To demonstrate that this is the case,
Fig. 7a shows the differences in the observed spectra at two stations
at opposite azimuths using the selected small reference events on the
two faults. The distance between the two reference events is 10 km
and the observed spectra of Fig. 7 are scaled to the same source-
receiver distance through a 1/R correction. As seen in Fig. 7a, with
this basic correction the difference in the individual-station spectra
associated with the different reference events is not significant. This
indicates that a very small distance between the target and reference
events is not essential in the frequency domain deconvolution when
augmented by 1/R correction of different source-receiver distances.

We note that no phase correction is needed, in contrast to time-
domain deconvolution where phase correction is essential when the
distance between the target and reference events increases. More-
over, in our analysis the different results associated with the two
reference events oscillate around zero, with no trend versus fre-
quency, when averaged over all used stations (Fig. 7b). The largest
variability is around 4–5 Hz and does not exceed 30 per cent, which
is small amount compared to the usual inter-station variability of
ground motion (e.g. Boore 2014; Kurzon et al. 2014). To increase
the confidence that our analysis of directivity with spectral split-
ting at different along-strike azimuths (Fig. 7) is not biased by the
limited employed reference events, we compare in the Appendix
the spectral-based results with independent assessment of directiv-
ity based on peak ground motions. That comparison also confirms
the validity of the spectral approach with the employed reference
directivity-free events.

Following the test results in Fig. 7 and the Appendix, the along-
strike rupture directivities of the earthquakes in Table 1 are assessed
by analysing the separation between spectral ratios of stations to the
NW and SE of the sources using, as discussed, the 3 directivity-
free reference events. Fig. 8 presents example applications of the
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Unilateral rupture propagation 
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Figure 3. Schematic illustration of unilateral rupture and resulting azimuthal variations of the source spectra radiated to opposite along-strike directions (the
red and black curves represent the far-field amplitude spectrum in front and behind the rupture direction, respectively). Panels (a) and (b) depict theoretical
radiated displacement and acceleration spectra, respectively, corresponding to a magnitude Mw 6.1 (the size of the L’Aquila main shock) scaled to unitary
distance. The omega-squared source model (Aki 1967) is assumed and source parameters are taken from Calderoni et al. (2013). The vertical bar in panel
(b) quantifies the difference in the acceleration level above corner frequency assuming vr/β = 0.5 in eq. (1). This model predicts satisfactorily the observed
spectral variations produced by the L’Aquila main shock at opposite directions along strike (see the Appendix).

Calculate acceleration spectra at individual stations 

Calculate acceleration source-radiated
 spectra (see Appendix 1)

Search for reference events with little to no azimuthal variations
(see Fig. 5 and related text) 

Compute spectral ratios using the reference events
(see Fig. 8)

Pre-processing 
(band-pass filtering,  deconvolution of instrument response)

Quantify directivity using IDIR 

(see Eq. 3 and Fig. 9-10)

Examine variations of IDIR

(see Fig. 11-12) 

Figure 4. A flow chart of the main analysis steps.

schemes of Fig. 5 to events with different directivity (strong and
weak along-strike directivities in the upper and lower rows, respec-
tively). In the left panels (a and d), the spectral ratios of stations
at opposite azimuths are plotted with different colours. The av-
erage trends of the two groups are shown in the middle panels
(b and e), and the ±1 standard deviation bands around the means at
opposite azimuths are displayed in the right panels (c and f). In pan-
els (a) and (d), the spectral ratios expected for the omega-squared
source model (with and without the corner frequency shift of rup-
ture directivity) are superimposed (thick grey lines) on the observed
spectra. The theoretical source spectrum of each event is modelled
using the Calderoni et al. (2013) source parameters and, as sug-
gested by the results of the Appendix, a corner frequency variation
corresponding to vr = 0.5 β is used for the theoretical curves of
panel (a).

As seen in Fig. 5 and the top row of Fig. 8, the spectral ratios at
opposite azimuths diverge when the rupture has strong directivity.
The size of the spectral splitting can be estimated from the average
separation between the mean spectral ratios at opposite along-strike
directions. This separation can be quantified through the average
distance, �SR, between the two curves above the corner frequency
(vertical bar in the middle panels of Fig. 8), or through the per-
centage of overlap above the corner frequency between the two
±1 standard deviation bands (shown in the right panels of Fig. 8).
The frequency band used to compute the average separation �SR
or the percentage of overlap in this and most other cases is 6–12
Hz. In a few cases, the upper limit is reduced to 10 Hz because of
noise contamination. Calderoni et al. (2013) give a detailed descrip-
tion of criteria used to decide objectively on the maximum usable
frequency.
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Figure 5. Illustration of the method adopted to recognize rupture directivity of the events in Table 1. The scheme of panels (a) and (b) is applied to earthquakes
with Mw > 4.3, whereas the scheme of panels (c) and (d) is applied to earthquakes with Mw < 4.3. In both cases, along-strike rupture directivity is recognized
through spectral variations of stations at opposite azimuths above the corner frequency of the target event. The analysis in this study is done at frequencies up
to 12 Hz (solid portions of the lines).

Following extensive tests, we define a directivity index (IDIR)
based on the overlap percentage (0 per cent ≤ OP ≤ 100 per cent)
of the two ± 1 standard deviation bands above corner frequency as

IDIR = 1 − (OP/100). (2)

This index provides a robust measure of spectral splitting due
to along-strike rupture directivity. It can vary from 0 (total overlap
of spectral ratios at opposite directions) indicating bilateral rupture
(or very low rupture speed) as in the lower panels of Fig. 8, to 1
(no overlap) indicating unilateral directivity as in the upper pan-
els of Fig. 8. The computation associated with eq. (2) converts a

set of spectral ratios for each event into a single scalar value de-
scribing the degree of asymmetry of propagation in the different
along-strike directions. The consistency of this approach with the
one proposed by Boatwright (2007) is discussed in the Appendix,
where we also analyse event directivities using peak observed
ground motions and compare the results with those associated with
eq. (2). That comparison shows a remarkable stability of directivity
classification with both frequency- and time-domain methods for
67 per cent of the data set. Inconsistent classifications involve pri-
marily Mw < 3.6 earthquakes, and we show (see the Appendix) that
the high-frequency splitting is well evident with our method but
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Figure 6. Histograms of angles of fault plane solutions of the events used
in this study (from D’Amico et al. 2013).

no significant azimuthal variation emerges in terms of peak ground
acceleration (PGA) (15 per cent) and peak ground velocity (PGV)
(37 per cent). We attribute these differences to a better performance
of our spectral technique at low magnitudes, for which the peak
ground motions observed at stations with typical distance >100 km
are not representative of the frequency band above corner frequency
[fmax is too close to f0; see Hanks (1982)].

5 R E S U LT S

The values of IDIR estimated through the OP of spectral ratios (eq.
2) between stations to the NW and SE are shown in Fig. 9. Many
earthquakes of the 2009 L’Aquila sequence (51 out of the 70 of
Table 1) have IDIR values greater than 0.7 (red and green circles
in Fig. 9 top right and example in the bottom left panel). For such
events the rupture propagation can be unequivocally labelled pre-
dominately unilateral, as illustrated by the examples of Fig. 8 and
confirmed by further statistical tests (Fig. 10). For events with IDIR

< 0.6 the source directivity can be reliably classified as weak (bi-
lateral ruptures or slow rupture propagation), since an overlap up
to 40 per cent is found to be typical of the spectral fluctuations and
does not imply different along-strike results. The group of earth-
quakes with IDIR < 0.6 consists of 11 events (blue circles in Fig. 9
top right and example in the bottom right panel). The remaining
8 earthquakes (grey circles) fall in the range 0.6 < IDIR < 0.7 and
have visible but not necessarily significant spectral separation above
the corner frequency; these events are classified as uncertain and
discarded in the following analysis.

To examine whether the IDIR index can identify strong and weak
rupture directivity using values above and below 0.7 and 0.6, respec-
tively, we plot (Fig. 10) the mean ± 1 standard deviation between
spectral ratios at opposite along-strike directions (�SR), computed
as in the examples of Fig. 8, versus IDIR. The significant overlap of
spectral ratios when IDIR is lower than 0.6 as well as the increase
of the spectral splitting for IDIR > 0.7 is confirmed by Fig. 10. The
large number of values IDIR > 0.7 amounting to 73 per cent of the
entire data set indicates a clear propensity of earthquake ruptures of
the 2009 L’Aquila sequence to propagate predominantly unilater-
ally. The results of Fig. 9 show that the unilateral rupture tendency is
magnitude independent, does not decrease for smaller events, and
does change not between foreshocks (diamonds) and aftershocks
(circles). Of the 51 events with IDIR > 0.7, 46 ruptures propagated
to the SE, similarly to the main shock, and only 5 propagated in the
opposite NW direction.

The space variations of the earthquake directivities is investigated
by mapping the values of IDIR on the different fault segments. Fig. 11
presents the epicentres of the analysed events as coloured symbols,
where red and green indicate predominantly unilateral ruptures to-
ward the SE and NW, respectively, and blue denotes weak directivity.
The used reference events are shown by hexagons. The most salient
feature is the concentration of high values of IDIR (red circles and
diamonds) in the large rectangle that extends from the foreshocks
area to the northwest up to the sparse aftershock cluster of the Mw

5.4, April 7 earthquake to the southeast (Fig. 1). This large area in-
cludes the rupture zone of the L’Aquila main shock where many of
the strongest aftershocks occurred. Most events that occurred in this
portion of the fault system show a systematic unilateral propagation
to the SE, including both foreshocks and aftershocks. Numerous red
circles are also found in the transition zone between the Paganica and
Campotosto faults. However, in this transition zone where accurate
hypoDD locations (Valoroso et al. 2013) reveal a larger complexity
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Figure 7. (a) Spectra of the two small-magnitude reference events (#29 and #25 for the L’Aquila and Campotosto faults, respectively) with epicentral separation
of 9 km at representative stations to the southeast (PTRJ) and to the northwest (SACS). The differences between the two spectra are negligible when amplitudes
are scaled to the same source distance for the two events. In panel (b), the difference in amplitude between the two EGFs at individual stations is averaged
over the station ensemble and the ±1 standard deviation interval above mean is plotted. At distances between 100 and 200 km from the source, the maximum
spectral variability is small (less than 30 per cent) even if the reference events belong to the two different faults.
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Figure 8. Left: azimuthal variations of individual-station spectral ratios at opposite azimuths (black and red curves are for stations to the northwest and
southeast of the epicentres, respectively). Middle: average spectral ratios of stations shown in the left panels with same colour notation. The vertical bar
represents the average separation of spectral ratios (�SR) in the selected frequency band (6–12 Hz here) above corner frequency. Right: same as middle panels
with the ±1 standard deviation bands around the mean spectral ratios at opposite directions. The example earthquake in the top panels has strong rupture
directivity, while the one in the lower panels shows no evidence of along-strike directivity. The results illustrate that the separation above corner frequency
between spectral ratios at opposite azimuths can be a robust objective indicator of rupture directivity.

of the fault system, the blue circles increase in number (four events
out of seven) consistent with the change of the seismogenic envi-
ronment. The same variable pattern of low and high IDIR values is
found in the Campotosto fault (Fig. 11), but unilateral ruptures (14
out of 22) still predominate on this fault.

The right panels of Fig. 11 show depth projections along the
NE–SW direction for five portions of the fault system labelled seg-
ments A to E. Two of these segments (A and B) are associated
with the Campotosto fault; they separate focal volumes with dif-
ferent seismotectonic styles (Galadini & Messina 2001; Galadini &
Galli 2003) and different depths of seismicity (Fig. 11). Segments
D and E are associated with the north-western and south-eastern
parts of the L’Aquila fault, respectively; the latter also includes the
focal volume intersected by the diffuse seismicity following the Mw

5.4 earthquake of April 7. Segment C includes the sparse seismic-
ity of the transition zone adjacent to the northwestern tip of the
L’Aquila fault. The map view and depth cross-section of segment
D, where foreshocks occurred and the main shock nucleated, have
many unilateral ruptures that coincide with the fault plane, indicat-
ing a persistent property of that fault portion. The map view and
projection on segment E, where the largest Mw 5.4 aftershock of
April 7 occurred, show that unilateral ruptures still predominate but
they (and more generally the aftershocks) are more diffuse and do
not delineate a clear fault plane (Di Luccio et al. 2010).

To examine time variations, we display the obtained IDIR values in
a plot showing the spatiotemporal evolution of the L’Aquila seismic
sequence (Fig. 12). The figure shows the same pattern of IDIR as
in Fig. 11, but here the epicentres are projected on a cross-section
defined by the L’Aquila fault strike that is Apennine parallel. There
is no indication of significant temporal evolution of directivity, sug-

gesting that the IDIR values are associated with a fault property that
does not change over the duration of the examined data. It is worth
noting that both foreshocks and aftershocks show the same ten-
dency of unilateral ruptures on the L’Aquila fault plane, and that the
unilateral direction of the foreshocks and aftershocks on that fault
portion is very similar to that of the April 6 main shock.

6 D I S C U S S I O N A N D C O N C LU S I O N S

Rupture directivity can lead to considerable amplification of ground
motion in the propagation direction, especially when coupled with
structural effects such as basin or fault zone waveguides (e.g. Olsen
et al. 2006; Calderoni et al. 2011, 2012; Avallone et al. 2014).
It is important to clarify whether earthquake directivity on a given
fault structure can be predicted statistically or is essentially random.
This is addressed in this paper by analysing systematically rupture
directivity of 70 earthquakes of the 2009 L’Aquila sequence. The
directivity of each event is estimated by deconvolving observed
earthquake spectra at different directions with reference EGF-type
events, and a directivity index IDIR (eq. 2) is used to classify the
degree of rupture directivity. The results show unequivocal preferred
rupture direction to the SE on most of the L’Aquila fault, and more
complex behaviour (still with predominance of earthquake ruptures
to the SE) on the Campotosto fault and the region between the two
faults (Figs 11 and 12).

A number of mechanisms may produce preferred propagation
direction of earthquake ruptures on a given fault section. These
include fault curvature leading to preferred propagation in the
direction associated with reduced normal stress, aseismic
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Figure 9. Upper panels: values of IDIR computed through eq. (2) and their statistical distribution (circles are used for the main shock and aftershocks; diamonds
denote foreshocks). No dependence on magnitude is observed for the occurrence of strong rupture directivity (large values of IDIR). A clear tendency to high
values of IDIR is evident for both foreshocks and aftershocks. As discussed in the text, values of IDIR above 0.7 and below 0.6 (representative examples are
shown in the bottom panels) separate clearly predominantly unilateral ruptures from weak directivity ruptures. Events with 0.6 < IDIR < 0.7 are more difficult
to define and are classified as uncertain. The black and red curves in the bottom panels are the ±1 standard deviation bands around average spectral ratios for
northwest and southeast stations, respectively.

deformation that generates persistent stress gradient favouring
earthquake ruptures toward the direction of increasing stress, crustal
channelling of waves in a certain direction due to for example cou-
pling with basin waveguide, fluid effects, and a bimaterial fault
interfaces leading to preferred propagation of in-plane ruptures in
the direction of motion of the side with lower seismic velocity. The
observed same directivity for nearby foreshocks and aftershocks of
the 2009 L’Aquila sequence points to a structural control rather than
fluid or stress perturbations.

The bimaterial mechanism was discussed extensively for strike-
slip faulting (e.g. Andrews & Ben-Zion 1997; Harris & Day 1997;
Shi & Ben-Zion 2006; Ampuero & Ben-Zion 2008; Brietzke et al.
2009). However, it is less clear in the context of the L’Aquila seismic
sequence associated overall with normal fault structures. For pure
normal faulting, the in-plane component is along the dip direction.

For a fault structure with lower velocity hanging-wall the bimaterial
effect favours downdip propagation, but this is typically overcome
(e.g. Andrews & Ben-Zion 1997) by the stress concentration at the
bottom of the seismogenic zone that leads to upward propagation
as observed for the L’Aquila main shock. On the other hand, for
oblique faulting with some sinistral component as indicated by
fig. 4 of Di Luccio et al. (2010) and confirmed by Fig. 6 for the data
set used in this paper, the expected along-strike directivity is to the
SE as found in our results.

Determining the precise mechanism or combination of mech-
anisms leading to the strong observed directivity signals will re-
quire considerable more data and additional information that is
beyond our scope. However, we note that the tomographic images
of Chiarabba et al. (2010) show lateral variation in VP across the
examined fault zone with values of 6.5–7 km s−1 in the foot wall
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Figure 10. Separation of spectral ratios between stations to the northwest and southeast estimated through the mean �SR ±1 standard deviation above corner
frequency (as shown in Fig. 8). The right panel shows a zoom in on the transition between weak and strong directivity events (blue and red squares, respectively).
The two resulting groups are consistent with the classification made on the basis of IDIR.

Figure 11. Spatial pattern of IDIR values (map view and vertical cross-sections projected on the five fault segments A to E). Grey dots in the background are
foreshocks and aftershocks (Chiaraluce 2012), red and green symbols indicate unilateral ruptures toward the southeast and northwest, respectively, and blue
symbols denote events with low values of IDIR. Diamonds and circles are used for foreshocks and aftershocks, respectively. The horizontal distance in the depth
view panels on the right is measured from the fault trace.

and 6 km s−1 in the hanging wall. This contrast of seismic veloci-
ties is comparable to values found for seismogenic sections of the
San Andreas (e.g. Thurber et al. 2006; Lewis et al. 2007; Zhao
et al. 2010), San Jacinto (e.g. Scott et al. 1994; Allam & Ben-Zion
2012) and North Anatolian (e.g. Bulut et al. 2012; Ozakin et al.
2012) faults, where there is some evidence for preferred directivity
of earthquake ruptures (e.g. Dor et al. 2008; Lengliné & Got 2011;
Kurzon et al. 2014).

The most direct signature for preferred rupture direction on a
given fault section is provided by directivity analysis of small events
as done here (see also McGuire 2004; Lengliné & Got 2011; Wang

& Rubin 2011; Kane et al. 2013). Additional evidence may be
provided by along-strike asymmetry of aftershocks (e.g. Rubin &
Gillard 2000; Zaliapin & Ben-Zion 2011), along with analyses of
rock damage asymmetry across faults (e.g. Dor et al. 2006; Mitchell
et al. 2011; Panzera et al. 2014) and reversed-polarity secondary
deformation structures near segment ends (Ben-Zion et al. 2012).
The latter signals are less direct but they likely reflect persistent
behaviour (cumulative effects) of past large earthquakes. Other
possible mechanisms that may lead to preferred rupture direction
(fault curvature, crustal channelling of waves, fluid effects and
persistent stress gradient) can be investigated in principle with
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Figure 12. Temporal pattern of IDIR values (projection along the fault strike). The arrow marks the origin time of the 2009 April 6, main shock. A zoom view
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accurate seismicity locations, good tomographic images and joint
inversions of seismic and geodetic data. Regardless of the involved
mechanism(s), studies of the type done in this work can be used to
map the likelihood that given fault sections are associated with pre-
ferred propagation direction of earthquake ruptures. Such results
can be used to construct improved estimates of seismic shaking
hazard accounting for the likely asymmetric distribution of ground
motion in different directions.
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A P P E N D I X

A1 Comparing azimuthal variations of time- and frequency-domain
parameters in rupture directivity estimates Observations of az-
imuthal variations of peak ground motions provide a useful tool

for recognizing rupture directivity (e.g. Boatwright & Boore 1982;
Cultrera et al. 2009; Convertito et al. 2012; Kurzon et al. 2014).
Applying an inversion method for directivity using PGA and PGV
to seven 3.5 ≤ Mw ≤ 4.0 earthquakes in California, Boatwright
(2007) showed that rupture directivity can be a persistent source
feature even at small magnitudes. Seekins & Boatwright (2010)
obtained the same conclusion based on a larger (47) number of
California earthquakes. Many additional papers demonstrated with
a variety of techniques persistency of rupture directivity at given
fault sections even for small-magnitude events (e.g. McGuire 2004;
Lengliné & Got 2011; Wang & Rubin 2011; Calderoni et al. 2013;
Kane et al. 2013; Kurzon et al. 2014).

The inversion method of Boatwright (2007) can recognize along-
strike as well as updip/downdip directivity. It performs best when
the peak ground motions are contained in the S waves (i.e. at stations
up to distances of about 50 km), although extending the application
to stations up to 100 km does not degrade significantly the quality of
results (Boatwright 2007). The method was also shown to perform
well in near-real time (Convertito et al. 2012).

In this work, most stations are between 100 and 200 km from
the analysed events, which is not optimal for the Boatwright (2007)
method. Nevertheless, the observed along-strike rupture directivity
based on the spectral splitting can be compared with directivity in-
ferred from azimuthal variations of PGA and PGV. As illustrated in
the context of Fig. 7, our deconvolution technique in the frequency
domain is only weakly sensitive to the choice of the reference EGF-
type events, but it is still useful to validate the method through
comparison with independent results. For this purpose, we com-
pute individual-station residuals of PGA and PGV for the events of
Table 1.

The data set of residuals is constructed through the following
steps: (i) a pre-selection is made of the most evident directivity-
free events using estimates of source-radiated spectra according
to Calderoni et al. (2013) and further discussed in the Appendix,
(ii) expectations of PGA and PGV based on the regressions of
Malagnini et al. (2011) versus Mw and R are subtracted from the
logarithm of observed peak values of available stations for the
directivity-free events, (iii) a site correction term is estimated for
each station as the average over the directivity-free ensemble, (iv)
the site-corrected residuals are shifted to zero average for each of the
selected events. The distributions of the resulting residuals versus
Mw and R are given in Fig. A1a. Corresponding residuals are com-
puted also for the remaining events of Table 1 (Fig. A1b), using the
computed site corrections. The increase of the variance of residuals
from (a) to (b) is significant (67 per cent) in terms of PGA but does
not change in terms of PGV. This confirms that PGA is more sen-
sitive to azimuthal variations due to rupture directivity, as observed
by Boatwright (2007). In all the tests shown in the Appendix, PGAs
perform better than PGVs.

The PGA and PGV residuals of each event are plotted (Fig. A2)
using a stereonet projection of their take-off angles according to
the Boatwright (2007) approach. The results shown in Fig. A2 rep-
resent clear examples of strong and weak directivity along strike.
With the 1-D velocity model used to locate the earthquakes and the
distance range of stations, the stereonet projection shows residu-
als that fall on two concentric circles in the focal sphere (dashed
lines in Fig. A2) corresponding to take-off angles of 38◦ and 50◦.
However, the most salient feature of Fig. A2 is that large positive
and negative residuals of PGA and PGV are concentrated often at
opposite azimuths along strike (events #11 and #41), whereas resid-
uals are random in other cases (e.g. events #35 and #24). The result-
ing pattern for earthquakes #11 and #35 is particularly informative,
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Figure A1. (a) PGA and PGV residuals of events with small azimuthal variations in source-radiated spectra. (b) The same as in (a), but for the remaining
events. In terms of PGA, the variance of residuals increases by 67 per cent from (a) to (b); variance does not change significantly between (a) and (b) in terms
of PGV.

the former being the main shock and the latter the directivity-free
Mw 5.0 reference event.

For comparison, the differences between spectra at opposite az-
imuths (�SR values) are also projected in Fig. A2, showing overall
consistent patterns with the peak ground motion residuals. Perform-
ing such analysis for all of the events of Table 1 indicates that using
PGA and �SR provide the same classification for 67 per cent of
the entire data set, while the consistency decreases to 51 per cent
when PGV and �SR are compared. Notably, Fig. A2 confirms that

PGAs and PGVs of the main shock (#11) and the reference Mw 5.0
event (#35) have strong and very weak variations, respectively, at
opposite azimuths along strike. These results are consistent with
the radiated source spectra estimated in Calderoni et al. (2013)
and redrawn in Fig. A3. The spectra in Fig. A3 are derived from
individual-station acceleration corrected (Calderoni et al. 2013)
for geometrical spreading (1/R) and crustal attenuation, assuming
an exponential decay controlled by κ (Anderson & Hough 1984).
The curves represent radiated spectra of individual stations that are
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Figure A2. Stereonet projection of individual-station �SR compared to
PGA and PGV residuals. Events #11 and #41 show consistently a system-
atic sign variation of residuals at opposite directions along strike, whereas
events #35 and #24 show random fluctuations. The results indicate unilateral
rupture for the former events, and bilateral (or weak) for the latter events,
confirming the IDIR classification.

Figure A3. (a,c) Azimuthal variations of radiated source acceleration spec-
tra (black and red curves are relative to stations to the northwest and southeast
of the epicentres, respectively). (b,d) Same as panels (a) and (c) with the
±1 standard deviation bands around geometric mean for the northwest and
southeast stations. Panels (a) and (b) show results for the Mw 6.1, April 6
main shock with strong along-strike directivity, while panels (c) and (d) give
results for the Mw 5.0 directivity-free reference event (#35). The rupture
directivity during the L’Aquila main shock caused an average radiated ac-
celeration difference at high frequency (vertical bar to the right of panel b)
of factor of 5 to 10 between stations at opposite azimuths, consistently with
expectation of eq. (1) when vr ≈ 0.5 β.

plotted in different colour (black and red for stations to the NW and
SE, respectively). For the main shock (Figs A3a and b), the differ-
ence between the average acceleration spectra at opposite directions
is between 5 and 10 (see the vertical bar in panel (b) of Fig. A3).
This azimuthal variation implies a ratio vr/β ≈ 0.5, which is lower
by 20 per cent from the estimate of Cirella et al. (2009) and Orefice
et al. (2013) giving along-strike rupture speed of 2 km s−1. An even
lower value of the along-strike rupture speed agrees with source
models of Tomoko et al. (2014).

The PGA and PGV residuals of Fig. A2 yield similar results to
our spectral-based estimates if the directivity function of Boatwright
(2007) is used to invert residuals

D = 1

2

√
(1 + e)2

(1 − νr
β

cos θ )2
+ (1 − e)2

(1 + νr
β

cos θ )2
. (A1)

Here e is the ‘per cent unilateral rupture’ defined as

e = 2L ′ − L

L
(A2)

where L is the whole fault length and L′ the prevalent rupture extent
(Convertito et al. 2012). Inverting the residuals of �SR and PGA
yields similar solutions (Fig. A4). Using the �SR data leads to e
value of 0.8 ± 0.21 for the main shock and 0.1 ± 0.37 for the Mw

5.0 reference event, in agreement with the IDIR classification. The
best-fit value of vr/β is 0.5 ± 0.17, as expected from the spectra of
Fig. A3. Compared to the result of Convertito et al. (2012) for the
main shock, we observe that the use of far stations alone enhances
the along-strike component of main shock directivity, leading to a
best-fit rupture direction of 165◦ ± 30◦. The parameters resulting
from the inversion by Convertito et al. (2012) differ from ours be-
cause in that paper (i) the peak ground motions were corrected for
site effects differently than here, and (ii) the use of stations pre-
dominantly within 60 km from the source decreases the sensitivity
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Figure A4. Rupture directivity parameters inferred from inversion of data shown in Fig. A2 for (a) the main shock and (b) the Mw 5.0 directivity-free reference
event. The values written in each panel are the best-fit results for e, vr/β and rupture direction (�). The different character of rupture propagation along strike
is confirmed by the inversion results for the two shocks, consistently with the spectral trends of Fig. A3. The percentage of unilateral rupture e results in 0.8
for (a) and 0.1 for (b), respectively, indicating substantially unilateral rupture for (a) and bilateral rupture for (b).
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Figure A5. Event examples with different indication of rupture directivity between peak ground motions and spectral splitting at different azimuths. Among
events that show a clear evidence of unilateral rupture in terms of �SR there is a significant percentage that fails in terms of PGV (37 per cent) and PGA
(15 per cent). A likely explanation is that PGA and PGV at distances larger than 100 km reflect spectral amplitudes below corner frequency due to Earth
dissipation, and low frequencies are not sensitive to rupture directivity.

to the along-strike rupture. Stations at closer distances also cause a
large uncertainty in the rupture direction [104◦ ± 82◦ in Convertito
et al. (2012), where the updip directivity of the main shock had the
predominant weight]. Note that the best-fit rupture direction in our
inversion (Fig. A4) corresponds, within uncertainties, to the fault
strike (134◦ ± 15◦) as found in focal mechanism determinations
(e.g. D’Amico et al. 2013) and consistent with geological evidence.

Most events with IDIR > 0.7 in our analysis that do not show direc-
tivity in terms of peak ground motion have Mw < 3.6 and produce
15 per cent discrepancy in terms of PGA and 37 per cent in terms of
PGV. This is illustrated with some examples in Fig. A5, where we
observe clear spectral separation above the corner frequency (IDIR

= 1) without clear azimuthal variation in PGA and PGV residu-
als. The discrepancy likely results from the weaker sensitivity of

PGA and PGV in detecting azimuthal variations for small events at
large distances. This is because directivity is manifested primarily
at high frequencies (around and above the corner frequencies of
the examined events) which suffer significant attenuation at large
distances [fmax is too close to f0; see Hanks (1982)]. In contrast,
our spectral-based deconvolution with a reference event provides
a correction for attenuation and allows a reliable reconstruction of
spectral splitting above the corner frequency of the small events
(Fig. A5).

The results of this appendix demonstrate that the spectral-based
method developed and applied in the main body of the paper pro-
vides reliable results on along-strike directivity of earthquake rup-
tures, and confirm the directivity-free character of the Mw 5.0 ref-
erence event.
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