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Abstract We explored the detection capability of low-magnitude earthquakes before the 6 April 2009
Mw 6.3 L’Aquila event by using a matched filter technique and 512 foreshocks as templates. We analyzed
continuous waveforms from 10 broadband seismic stations in a 60 km radius from the epicenter and for
~3months before the main shock. More than 3000 new events, mostly located on the main shock fault,
were detected to define the spatial-temporal evolution of micro-seismicity. The foreshock sequence
was active northwest of theMw 6.3 hypocenter in January, then migrated toward it at a speed of ~0.5 km/day
in middle of February. At that time, in a ~4 km2 patch close to the main shock nucleation point, the
cumulative number of earthquakes gradually increased until theMw 6.3 event. This patch, characterized by
a low b-value, played a key role in controlling the preparation stage to the 2009 L’Aquila main rupture.

1. Introduction

The 2009 L’Aquila complex foreshock sequence lasted several months affecting not only the main fault plane,
but also a system of contiguous fault segments. Double-difference high-resolution relocation of foreshocks
[Chiaraluce et al., 2011] showed that few events were found in sub-areas that released the most of the
coseismic slip and seismicity concentrated in a limited downdip portion of the main fault plane. Previous
studies indicated that the foreshock pattern and the main shock rupture process might be controlled by
crustal heterogeneities [e.g., Di Stefano et al., 2011], infiltration of fluids into the upper crust [Di Luccio et al.,
2010; Lucente et al., 2010; Terakawa et al., 2010], and stress changes illuminated by b-value mapping
[De Gori et al., 2012].

The relocated foreshocks mostly activated the deepest northern portion of the L’Aquila main fault plane in the
3months preceding the Mw 6.3 event. At the end of March 2009, the M 3.9 foreshock triggered the seismicity
migration along a minor north-south trending structure almost antithetic to the main fault. On 5 April, a few
hours before the occurrence of the 01:32 (UTC) main shock, seismicity activated the L’Aquila main fault plane
[Chiaraluce et al., 2011].

The L’Aquila foreshocks were previously detected by using the short time average (STA) and long time
average (LTA) trigger-based methods [e.g., Allen, 1978]. To improve the detection capability of the foreshock
catalogue, we explored continuous waveforms from permanent seismic stations of the Italian seismic
network by using a cross-correlation matched filter technique (MFT) based on the detection of events that
strongly resemble templates [e.g., Kato et al., 2012]. By increasing the number of detections, we succeeded
in lowering the completeness magnitude (Mc) and in collecting further details in order to characterize the
spatial and temporal evolution of foreshock seismicity. The main objective was to verify if the new catalogue
determined by applying this technique contributes to improving our understanding of the physical processes
at the base of the foreshock seismic sequence that evolved in the 2009 L’Aquila main shock.

2. Data and Methods

Seismic events are typically detected by using the STA/LTA methods; they are computationally fast, but their
performance is conditioned by the signal-to-noise ratio. The cross correlation of a waveform template with
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continuously incoming data in a potentially noisy time series represents a powerful method that can
increase significantly the detection capabilities with respect to the standard STA/LTA. These methods have
recently shown the possibility of significant improvements in many seismological applications such as
detection of low-magnitude seismic events [e.g., Gibbons and Ringdal, 2006], relocation [e.g., Schaff and
Waldhauser, 2005], and clustering [e.g., Harris and Dodge, 2011].

To recover the missing events over 96 days between 1 January and 6 April 2009, we applied the MFT [e.g.,
Kato et al., 2012, 2013] to the continuous three-component velocity seismograms recorded at 10 seismic
stations around L’Aquila (Figure 1) operated by the Istituto Nazionale di Geofisica e Vulcanologia (INGV). We
selected a total of 512 earthquakes between 1 January and 6 April 2009 as template events from the
catalogue provided by Chiaraluce et al. [2011], relocated using a double-difference algorithm [Waldhauser
and Ellsworth, 2000].

For each template, we cropped 5 s off the three-component waveforms, starting from 2.5 s before the Swave
arrival, as computed using a one-dimensional velocity model (Central Italian Apennines—CIA—model)
proposed by Herrmann et al. [2011]. A two-way 2–5Hz Butterworth filter was applied to 20Hz sampled
waveforms. The correlation coefficient was calculated between the template event waveforms and target
waveforms at each sample. The hypocentral location, the time associated to the origin time, and the
magnitude of the new detected events were calculated as described in Kato et al. [2013]. A positive detection
was set at nine times the median absolute deviation of the mean correlation coefficients for every event and
every day. Visual inspection was performed for each new detection before considering it as a positive event.
At the end of the procedure, the MFT identified 3571 foreshocks, approximately six times the number in the
catalogue of Chiaraluce et al. [2011] for the same period.

3. Spatial-Temporal Foreshock Pattern

By applying the MFT to continuous data using the 512 template events, we detected 3571 earthquakes in the
magnitude range from �0.4 to 3.9 including templates. Figure 2 demonstrates two examples of new
detections by using the MFT.

In Figure 3a we show the comparison between templates and new detected events in terms of number
of events per day and magnitude distribution. The MFT increased considerably the detections, with a
resultant reduction of the Mc from 1.1 [Chiaraluce et al., 2011] to about 0.5 ± 0.05. On the basis of the

Figure 1. (a) Layout of the L’Aquila region showing the location of permanent Istituto Nazionale di Geofisica e Vulcanologia
(INGV) seismic stations (red triangles) used and 512 template events (black circles) selected from the catalogue of
Chiaraluce et al. [2011]. (b) Zoom view of the location of 419 template events close to the main fault plane with the slip
inverted by Poiata et al. [2012] using teleseismic data for the 6 April 2009 Mw 6.3 L’Aquila earthquake. Size and color
of the template events are drawn as a function of magnitude and hypocentral depth, respectively.
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seismicity rate changes, we were able to identify nine distinct time windows (TW) within the main shock
preparatory phase with different spatial-temporal characteristics. The spatial distribution does not change
with respect to Chiaraluce et al. [2011], but the space-time evolution is improved to be conspicuous and
provides further constraints of the foreshock evolution. The spatial-temporal evolution of the detected
seismicity along a cross section oriented at 147° passing throughout the Mw 6.3 event is shown in Figure 3b.
During the period from TW1 to TW5, seismicity was mainly confined north-westward of the main shock
hypocenter, and the release of seismic energy was modulated in distinct seismic bursts. In mid-February
(within TW5), most of the seismicity migrated toward the main shock nucleation point at a speed of about
0.5 km/day, where it persisted from TW6 to TW9. In Figure 3c we discriminate new detections with respect to
templates to clarify their impact in the definition of the migration pattern within TW5. Starting and end
of migration within TW5 are defined following the spatial-temporal distribution of the events.

TW7 showed a clear reduction in seismicity from 3 to 10 March, until 11 March, when an M 3.2 event
triggered a swarm close to the main shock hypocenter. TW8 showed again a reduction in seismicity at the
beginning of the time window and a following increase in the number of earthquakes culminating with the
event in TW9 occurring on 30 March at 13:38 UTC (M 3.9). Excluding this event, TW9 was characterized by
other six events with M> 3, all reported in Chiaraluce et al. [2011].

The spatial variation of the seismicity pattern, within the different time windows, is shown in Figure 4.
Southward migration of foreshocks was observed during the mid-February (TW5). Most of the earthquakes
were located within the main shock fault plane along the northwest to southeast strike from TW1 to
TW5 with a subsequent change in the alignment from north to south during the week before the main
shock (TW9). In the TW9 phase, an area located south of the Mw 6.3 hypocenter was activated (Panel 9 in
Figure 4). As previously observed [Chiaraluce et al., 2011; Valoroso et al., 2013], a swarm of shallower events
was found on an antithetic plane facing the main fault.

For the new foreshock catalogue, spatial variations of the b-value were calculated using the ZMAP code
[Wiemer, 2001] (Figure 5a). We used nodes spaced at 0.002° with at least 50 events aboveMc within a radius of

Figure 2. Example of two new detected events. Continuous waveforms on 30 March 2009. Data from 10 three components
INGV seismic stations are shown in grey, and template events are colored in (a) blue and (b) red. The station name and
component are given on the right of each channel. Each waveform is band-pass filtered between 2 and 5Hz; the amplitudes
of the template events are scaled to balance the continuous waveform. The inset shows the location of seismic stations
(red triangles) and the epicenters (stars) of the template events.
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Figure 3. (a) Histogram showing the number of earthquakes per day (using center bin) and permagnitude (0.1 bin) for the tem-
plates (light grey) and for the events detected by the matched filter technique (MFT) (black grey). Numbers from 1 to 9 mark
different time windows (TW) of the L’Aquila seismic sequence in the period from 1 January to 6 April 2009. (b) Space-time
diagram of the detected events for the black area shown in the inset. The tiny seismicity observed at the beginning of January
2009 in Figure 3a is located outside this area. Distance taken along a 147° oriented cross section; 0 distance corresponds to
hypocenter of the L’Aquila main shock, positive distance represents the seismicity in the northern sector, negative distance
represents the seismicity in the southern sector. The L’Aquila main shock (yellow star), earthquakes with M> 3.0 (simple stars),
and themigration of earthquakes starting from 12 February (red dashed line) are shown. (c) Space-time diagram of the detected
events for TW5; green and black circles correspond to template events [Chiaraluce et al., 2011] and new detections, respectively.
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0.8 km. Values and uncertainties were computed using the maximum curvature algorithm by bootstrapping
each sample with 100 realizations. The analysis is shown in Figure 5a, where we identified four sub-areas
(S1, S2, S3, and S4) from north to south with different average b-values.

For each sub-area, we plot the depth section of hypocenters perpendicular to the fault strike (Figure 5b),
the Mc and the associated b-value (Figure 5c), and the cumulative number of events above the Mc

(Figure 5d). We used the sameMc value of 0.47 for S1, S2, and S3. We discovered that S2 has a low b-value of
0.79 close to the main shock hypocenter, bounded by two sub-areas (S1 and S3) of normal b-values of
around 1 located both north and south of it. S4 area, which encloses shallower seismicity located off the
main fault plane, as previously described, is characterized by a high b-value such as 1.26. In Figure 5d, it can
be observed that the cumulative number of earthquake for S2 with low b-value patch continuously
increased, with different rate, from the mid-February to 6 April. In particular, the significant increase in
seismicity during TW9, after the foreshocks on 30 March and 5 April, is coupled with an increase of the
activated area/volume (Panel 9 in Figure 4).

Figure 4. Spatial-temporal evolution of the detected seismicity around the epicentral area in the period from 1 January to 6
April for the nine different time windows shown in Figure 3. Grey dots: MFT detected earthquake; red dots: MFT detected
earthquake in the corresponding time window; yellow star: L’Aquila main shock; red star: events withM> 3.0; grey area: area
of coseismic slip due to the main shock, as shown in Figure 1.
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4. Discussion and Conclusions

The preparatory seismic sequence before the Mw 6.3 L’Aquila earthquake of 6 April 2009 was characterized
by three different phases, each one with distinct peculiarities (Figure 5): seismic bursts with a normal
b-value in the northwest of the main shock hypocenter until the mid-February (S1), the gradual increase in
seismicity with low b-value adjacent to the main shock hypocenter from mid-February to the main shock
initiation (S2), and the most intensive phase with moderate to high b-values in the south of the main shock
hypocenter during a week before the main shock (from March 30 to April 6) (S3 and S4).

The low b-value patch (S2) is adjacent to themain shock nucleation and along the downdip edge of the largest
slip area of the main shock rupture (Figure 5). De Gori et al. [2012] reported that low-b-value was observed
near the main shock hypocenter using the existing catalogue. Our newly detected foreshock catalog improved
the spatial resolution of the b-value map. An area of low b-value patch (S2) of about 4 km2 (Figure 5a),
localized southeast of the main shock, is quantitatively defined. It has been well recognized that low
b-value patches are located near initiation points of main shock ruptures prior to some earthquakes as the 2004
Mw 9.1 Sumatra, 2011 Mw 9.0 Tohoku-Oki, and 2004 Mw 6.0 Parkfield earthquakes [Schorlemmer et al., 2005;
Nanjo et al., 2012]. On the basis of laboratory fracture experiments of rocks [e.g., Mogi, 1968; Lei et al., 2003],
low b-value reflects increasing stress due to fracture growth on a ruptured area, particularly on its boundaries.
We thus interpret that the local low b-value patch very close to the main shock hypocenter might be a
highly stressed patch of the fault before the main shock rupture.

The final phase with the most intensive seismicity could be linked to diffusion of highly pressurized fluids into
the hanging wall volume [e.g., Lucente et al., 2010; Terakawa et al., 2010]. According to Lucente et al. [2010],
strong changes in the Vp/Vs ratio weremonitored after 30March 2009, mainly in the hanging wall, and could be

(a)

(b)

(c)

(d)

Figure 5. (a) b-value map calculated using the ZMAP code [Wiemer, 2001]. (b) Spatial event distribution along the A–B
vertical cross section for each sub-area (S1–S4). (c) Completeness magnitude (Mc) and associated b-value for each
sub-area. (d) Cumulative number of events above the Mc for each sub-area (see text for details).
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interpreted as the dilatancy-diffusion transfer processes of fluids into the hanging wall. The seismicity related
to the fluid diffusion was located on the shallow antithetic plane facing the main shock fault (S4 in Figure 5).
The b-value of the antithetic plane seismicity was higher than 1.2, supporting the involvements of crustal fluids
[e.g., Wiemer and Benoit, 1996]. These b-value anomalies suggest that seismic behavior is strongly controlled
by stress heterogeneities and material properties of the upper crust.

The cumulative number of earthquakes in the low b-value patch (S2) continuously increased frommid-February
to the main shock initiation. This seismic behavior suggests that a tectonic loading process (e.g., a slow-slip
transient) might be dominant rather than nearby triggering as in epidemic-type cascade sequences [e.g.,
Mignan, 2012;Marsan et al., 2013]. In addition, the earthquake migration at a speed of ~0.5 km/day toward the
initiation point of the main shock rupture supports a possible slow-slip transient acting during mid-February.
The slow-slip transient could have caused the stress loading on the main shock nucleation point, possibly
contributing to the low b-value anomaly (S2). Earthquake migrations indicating slow-slip transients were
similarly observed prior to subduction zone earthquakes such as the 2011 Mw 9.0 Tohoku-Oki and 2014 Mw

8.1 Iquique earthquakes [e.g., Kato et al., 2012; Bouchon et al., 2013; Brodsky and Lay, 2014; Kato and Nakagawa,
2014; Ruiz et al., 2014]. It is noteworthy that the migrating speed and distance scale before the L’Aquila main
shock are lower and smaller than those of subduction zone earthquakes. Given these considerations, the
local patch near the main shock nucleation, which is characterized by low b-value, migrating seismicity,
and gradual increase in cumulative earthquakes, might have played a key role in the preparatory stage of
the 6 April 2009 Mw 6.3 L’Aquila earthquake.
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