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SUMMARY

Slow-slip events (SSEs) are common at subduction zone faults where large mega earthquakes
occur. We report here that one of the best-recorded moderate size continental earthquake, the
2009 April 6 moment magnitude (M,,) 6.3 L Aquila (Italy) earthquake, was preceded by a 5.9
M,, SSE that originated from the decollement beneath the reactivated normal faulting system.
The SSE is identified from a rigorous analysis of continuous GPS stations and occurred on
the 12 February and lasted for almost two weeks. It coincided with a burst in the foreshock
activity with small repeating earthquakes migrating towards the main-shock hypocentre as
well as with a change in the elastic properties of rocks in the fault region. The SSE has caused
substantial stress loading at seismogenic depths where the magnitude 4.0 foreshock and M,
6.3 main shock nucleated. This stress loading is also spatially correlated with the lateral extent

of the aftershock sequence.
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1 INTRODUCTION

Predicting future earthquakes remains impossible even when they
are preceded by foreshocks, as foreshocks generally cannot be dis-
tinguished from other small-earthquake sequences (e.g. Chen &
Shearer 2013; Brodsky & Lay 2014). The recent L’ Aquila, Central
Italy, 2009 earthquake was assigned low chances of occurrence us-
ing prior foreshock observations (ICEF 2011). This is inherent to the
understanding of the mechanisms that stand behind the foreshocks
and the difficulty in their identification as such in due time. Data
from recent subduction zone earthquakes, the 2011 M,, 9.0 Tohoku,
Japan (Kato et al. 2012), and the 2014 M,, 8.1 Iquique, North Chile
(Brodsky & Lay 2014), identified persistent nucleation of similar
foreshock events migrating towards the future main-shock nucle-
ation region that seem to be distinctive precursors for these two
events. Specifically for the Tohoku earthquake the set of foreshocks
that includes some repeating families of seismic events suggest the
occurrence of a slow-slip event (SSE; Kato et al. 2012). In continen-
tal regions, the 1999 M,, 7.6 Izmit, Turkey, earthquake (Bouchon
et al. 2011), exhibited a phase of slow-slip at the base of the brit-
tle crust prior to some main shocks. Observations from Japan and
Turkey, confirmed that these two types of different interplate earth-
quakes, subduction and transform, sometimes may exhibit slow-slip
prior to the main shock. Such a behaviour may have probably taken
place prior to a number of interplate earthquakes (Bouchon et al.
2013).

The moderate size M,, 6.3 April 6th L Aquila earthquake was
preceded by an important foreshock sequence clustered near the

base of the activated fault plane and repeaters were identified in the
vicinity of the nucleation region (Chiaraluce et al. 2011; Valoroso
et al. 2013). Furthermore, the seismic wave propagation yielded
important changes, in the fault region, of the elastic properties of
rocks prior to the earthquake (Lucente et al. 2010).

In this context, we analysed continuous Global Positioning Sys-
tem (GPS) time-series, prior to the 2009 L’Aquila earthquake
(Fig. 1a) in search of any transient deformation. We compare evi-
dence for a SSE from GPS data with seismological constraints and
characterize the stress loading on the eventual rupture plane.

2 THE 2009 L’AQUILA SEQUENCE

The M,, 6.3 LCAquila earthquake (Fig. 1) caused 308 casualties
and damaged a wide area. The seismic sequence (Fig. 1b) rup-
tured a NW-SE trending normal fault system in a region that has
been interseismically extending NE-SW at a background rate of
~2 mm yr~! (D’Agostino et al. 2011). The main shock nucle-
ated at a depth of 8.27 km (Valoroso et al. 2013) and ruptured an
18 km long fault (Cirella et al. 2009). The aftershock sequence
(Valoroso et al. 2013) and the afterslip distribution (Anzidei et al.
2009; Gualandi et al. 2014) clearly show a much larger reacti-
vated area, reaching ~50 km of lateral extent. Aftershock data with
more than 46.000 events (Chiaraluce et al. 2011; Valoroso ef al.
2013) were relocated to provide an unprecedented resolution of the
geometry of the faulting. These data provided a unique image of
the geometry of the activated fault system, namely the L’ Aquila
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Figure 1. (A) The 2009 April 6 L’Aquila, Central Italy, earthquake (red star also in panels B and C; focal mechanism from Cirella ef al. 2009) and March
30th magnitude 4 foreshock (yellow star also in panel C). (B,C) Zoom on the I’ Aquila aftershock and foreshock sequence (Valoroso et al. 2013), green stars
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are aftershocks with magnitude equal or larger than 4, blue circles are foreshocks and the red rectangle represents the surface projection of the rupture area of
the main shock (Cirella ez al. 2009). Black triangles are Continuous GPS stations operating since 2007. The DEM used in the plot is derived by Shuttle Radar
Topography Mission (SRTM-3)
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fault to the south, the Campotosto fault to the north and associated
antithetic faults. Additionally the study on the aftershock sequence
increased the resolution on the foreshock distribution and allowed
the identification of repeaters at the seismicity cut-off depth. At this
depth a detachment has been clearly reported at the base of the high-
angle normal faults and likely characterized by a creeping behaviour
(Chiaraluce et al. 2011; Chiaraluce 2012; Valoroso et al. 2013). It
is worth highlighting that the foreshocks extended far away from
the main-shock fault rupture and over an area almost larger in size
than the aftershock extent (Figs 1b and c). Furthermore, the tempo-
ral variations of seismic velocity and anisotropy revealed important
changes in the elastic properties of the medium during the prepara-
tory phase of the main shock (Lucente ef al. 2010). Complementary
to seismological data, GPS data sets were used to study both the
coseismic (e.g. Anzidei et al. 2009) and postseismic deformation
(D’ Agostino ef al. 2012; Gualandi et al. 2014).

3 GPS DATA ANALYSIS

We used GPS data (Devoti ef al. 2011) to investigate transient
deformation prior to the earthquake. We analysed time-series of 29
continuous GPS stations (Fig. 1a) that do not present sizeable data
gaps within the 6 months prior to the main shock. The available data
start from 2007.

The GPS time-series, that is the evolution in time of each co-
ordinate component (north, east and up, in a topocentric system),
can be fitted by a functional model f(#;x), which describes the
tectonic linear movement of the site, the amplitude of the periodic
signals and the magnitude of the known discontinuities detected in
the time-series coordinate (i.e. changes of instrument; Nikolaidis
2002). All these geophysical quantities are represented by the pa-
rameter vector X, which has been estimated using a least-squares
method. Concerning the frequencies of the periodic signals (an-
nual and/or semi-annual), we determined their precise values by the
analysis of the periodogram, instead of fixing the value to 1 cpy
and 0.5 cpy to avoid the GPS draconitic effect (Ray et al. 2008). In
the least-squares estimation of the functional parameters x, a proper
stochastic model has been used, accounting for the white and the
time-correlated noise, which can be described by means of power-
law noise (Agnew 1992) with fractional estimation of the power
(Williams 2003; Williams 2008). Furthermore, the data have been
reduced for the spatially correlated noise, the so-called common
mode error (CME). This regional filtering has been performed esti-
mating epoch by epoch a common bias for all stations (Wdowinski
et al. 1997). This stacking approach seems to be a reasonable choice
for this type of regional network.

Transients are defined as a different behaviour of the GPS time-
series with respect to the steady state for a finite time interval. In
most of the cases, they are not clear in the data because the signal
is hidden by noise and not detectable by a simple eye investigation
of the time-series (Supporting Information Fig. S1). To increase
the signal-to-noise ratio filtering techniques are applied both in the
spatial and temporal domains using different methods, like moving
average, Kalman filter, Principal Component Analysis (PCA), etc.
The procedure used in this work resembles the method based on
smoothing in time domain and PCA in space domain (Ji & Herring
2013). However, in our approach the data are filtered in time by
Least-square Collocation (Koch 1977; Borghi et al. 2009), instead
of using a Kalman filter based on first-order Gauss-Markov process
(Ji & Herring 2013) for the reasons that will be discussed in the
following paragraphs.

3.1 Temporal filtering

We started the investigation for possible transient signals, analysing
the time-series of the residuals, after the estimate of the parameter
vector X.

In general, time-series y(#;) can be represented by eq. (1), given by
the sum of a functional part f(#;; x), that describes the observation
vector y in terms of parameter vector X, a time correlated noise s
and white noise n:

y(@) =t x)+s @) +nt) = fEx)+e). O

This type of data can be filtered using the Least-squares Colloca-
tion method (Koch 1977; Moritz 1980) to separate the white noise n
from the correlated noise s, called also signal in the stationary ran-
dom process theory, obtaining the filtered signal § (eq. 2), knowing
the covariance matrices C; and C,,, of the coloured and white noise
respectively:

§ = Cu(Cos + Cu) "6 = Co(Cus +071) e )

In all of the sites of the processed network, the residual time-
series e satisfy the second-order stationarity behaviour in terms of
mean and variance, that is, the mean E[e(7)] = m and the second-
order moment E[&2(f)] = m, are constants and independent of .
Hence, the variance var{e (¢)} is also a constant and the covariance
cov{e(t;), &(t)} is only dependent on the difference (¢; — ), where #;
and ¢ represent two different epochs. In this context, the autocovari-
ance function (ACF) gives a complete knowledge of the stochastic
properties of the data up to order 2, and the empirical ACF can be
estimated, without any a priori assumption for the power spectrum
of the signal. In eq. (3) is reported an ‘unbiased’ estimator of the
sample ACF C,. of the signal ¢(¢) for the time-lag 7 (Priestley
1981).

R 1 N—-t
Cee(t) = N Z &yt (3)
=1

When the stationary condition is satisfied, the so-called stochas-
tic approach of the least-squares collocation can be applied based
on equation (2). In this equation, the auto-covariance matrices are
computed using the positive defined model for the covariance func-
tion of the signal that better fit the empirical covariance values given
by eq. (3). Thus, collocation is an adaptive filter because the filter-
ing follows the stochastic structure of the data, using the empirical
covariance function and its model, without any other a priori as-
sumption, that is, the correlation length or power spectrum of the
data. So, this type of filter increases the signal-to-noise ratio but pre-
serves the high frequencies in the data. We believe that this aspect
is important because the pattern of a possible transient is unknown
and we would like to avoid strong smoothing of the data.

The least-squares collocation can be used both to filter and predict
values to fill small data gaps. In Supporting Information Figs S2—
S5, the time filtering of the residual time-series of some stations
(MTTO, OCRA, AQUI, CERT) for the planimetric components are
shown.

3.2 Spatial filtering

The research of transient signals assumes the hypothesis they are
spatially correlated and will appear at multiple sites, otherwise the
chance of detecting local phenomena is too high. The PCA tech-
nique is a way of identifying patterns in data, and expressing the
data in such a way as to highlight their similarities and differences.
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Figure 2. Contribution of each GPS station to the first principal component (PC), for the north, east and vertical component. The black polygon encloses the
defined near-field stations. The blue star is the main shock. The colour bar and the size of the circles represent the magnitude of the eigenvectors.

Table 1. First four eigenvalues of the east, north and Up components of the coordinates for the three network designs: all stations available,
only the closest stations to the L’ Aquila main shock and the only distant stations (complementary to the near field). Values are in per cent.

All stations (29) Near field (11) Far field (18)
E N U E N U E N U
PC,y 40.0 21.0 27.0 56.7 28.6 34.8 36.6 342 31.2
PC, 17.3 17.3 12.3 14.0 243 214 17.4 214 18.2
PC3 10.6 15.0 10.9 9.2 13.5 16.5 11.3 11.7 12.0
PCy 7.5 9.9 9.8 6.5 11.5 11.2 7.3 7.8 8.7

PCA is often used in GPS network analysis to find out common
features between stations that can be interpreted as spatially cor-
related errors, defined either as CME (Wdowinski et al. 1997) or
geophysical signals like co-seismic deformation (Dong et al. 2006;
Gualandi ef al. 2014), ground water changes (Ji & Herring 2013)
and seasonal signals (Tiampo et al. 2004). According to the defini-
tion of Jolliffe (2004), the central idea of this multivariate analysis
method is to reduce the dimensionality of the data set consisting
of a large number of variables, preserving as much the relevant
information. This is performed by means of an orthogonal linear
transformation to new set of uncorrelated variables, called principal
components (PCs). The first PCs derived variables contain most of
the information present in all of the original ones (Jolliffe 2004).
Once the patterns have been found, the data can also be recon-
structed by reducing the number of dimensions, without much loss
ofinformation, so this technique is also used for image compression.

At first the PCA analysis has been performed taking into account
all the available 29 GPS stations (Fig. 1a). From the contribution of
each station to PC1, we can assert that there is a group of 11 spatially
correlated stations (Fig. 2) clustered around the hanging-wall of the
reactivated fault zone. These stations present a higher value of the
first eigenvalue, clearly distinct from the other PCs (Table 1 and
Supporting Information Fig. S6). We call these 11 stations the near-
field GPS stations. So, we restrict our analysis to the near-field
stations, obtaining a better definition of PC1 especially for the east
component, with a value of 56.7 per cent (Table 1). The MTTO
site seems responsible for the highest contribution in the first PC,
especially for the east component. However, by not accounting for
this station, the power of the PC1 of the east component decreases
slightly from 56.7 per cent (Table 1) to 46.4 per cent. So the MTTO
site is considered as a crucial station rather than an outlier. In light
of these considerations, we decide to continue the analysis using
the solution based on the 11 near-field stations, and check this
hypothesis.

We also compute the PCA using only the GPS stations far from
the L Aquila earthquake, defined far-field GPS stations, and finding

a common pattern, especially for the planimetric coordinates, is
difficult. It is worth highlighting that PC1 for the vertical component
(Fig. 3) presents a well-determined weak common signal (about 30
per cent of variance, Table 1), independently of the solution used
(near- or far-field), even if the signal-to-noise ratio is low which
is inherent to the GPS vertical coordinate. So the method seems
to resolve weak signals that suggests in our specific case that no
transient affected the vertical component. PC1 amplitudes of the
north component, for both near- and far-field stations (Fig. 3) differ,
but no specific anomaly seems to appear. However the time evolution
of PC1 for the east component exhibits a clear transient at epoch
around 2009.1 when the near-field solution starts to diverge from
the far-field solution (Fig. 3). The east component is the leading
component of active extension across the Apennines (D’Agostino
et al. 2011; D’ Agostino 2014).

As reported by other investigators (i.e. Ji & Herring 2013) this
sort of first PC tells us that a discontinuity has been recorded by most
of the stations. In our case, we see the step function as an anoma-
lous time-dependent discontinuity within the time-series, which is
interpreted as an SSE.

We used a more formal statistical method in depicting transients
in times series by applying a Bayesian procedure (de Lacy et al.
2008; Borghi et al. 2009) for each epoch of the first PCs (east,
north, UP). The detection of the transients is based on the fitting
of the data with a first order polynomial regression model that
introduces a jump at an unknown epoch t. The discontinuity epoch
t is detected by computing the marginal posterior distribution of
the parameter t and then selecting the epoch with the highest a
posteriori probability. The procedure has been applied to the time
evolution of the first PC of east and north components. In the first
case, the results show that at epoch 2009.1190 (12 February 2009)
a transient of —3.93 £ 0.17 mm is detected with a maximum «a
posteriori probability (MAP) of 77.9 per cent (Fig. 3b). The a
posterior distribution is centred from February 11 to February 13
with a total probability of a transient of 99.8 per cent. The transient
vanishes around the 26 February (Fig. 3b). The transient clearly
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Figure 3. (a) Temporal evolution of the first principal component (PC) for the near-field and far-field GPS stations (stations inside and outside the polygon
in Fig. la, respectively). (b) Zoom on the east first PC (red line), from January till April 9 2009; in purple the Vp/Vs ratio (Lucente et al. 2010); in blue the
cumulative number of foreshocks whereas the blue, green and yellow dots are the numbers of repeaters (Valoroso et al. 2013); in green the histogram of the a
posterior probability distribution of the Bayesian discontinuities, with a MAP of about 78 per cent on February 12 at the start of the transient period related to
the SSE shown in grey; yellow and red stars are foreshock and main shock, respectively. The y-axis with the label ‘distance’ represents the vertical plane along
N133°E direction, where the foreshock events are projected. The origin of this y-axis is the L’ Aquila main shock.

identified on the east component is less easily detectable on the
northern component, where the Bayesian procedure is not able to
point out any epoch with a significant probability.

4 GPS RESULTS VERSUS SEISMOLOGY

We next compared the geodetic transient with independent seis-
mological observations (Lucente ef al. 2010; Valoroso et al. 2013;
Sugan et al. 2014) of the foreshock sequence available from 2009
January 1 until the main shock occurrence on 2009 April 6 (Fig. 3b).
The transient mimics fairly well an important and sharp change in
the Vp/Vs ratio. Lucente et al. (2010) focused on implications for
fluid flow to explain the changes in Vp/Vs and anisotropy they found
between the earlier and later foreshock periods. A clear anomaly is
depicted between a magnitude 4.0 foreshock and the I Aquila main
shock a week later. However a second anomaly is clearly visible
in the earlier foreshock period (Sugan ef al. 2014) and it coincides
fairly well with the timing of the geodetic transient. It is worth
highlighting that the volume for which the study by Lucente et al.
(2010) determined time variable Vp/Vs in the foreshock period com-

pares fairly well with the size of the lateral extent of the near-field
GPS network we used in this study.

The start of the transient, 12th February, coincides with a new
burst of seismic activity that tails off around the 26th of February
when the transient vanishes. The repeaters started migrating and
clustering around the nucleation region of the I Aquila earthquake
during the transient. It is worth highlighting that the large number
of repeaters occurring right at the start of the transient decrease
drastically during the transient with a complete shutdown at the
end of the transient. These observations suggest that the geodetic
transient recognised as a common signal from 11 near-field GPS
stations corresponds to a SSE.

5 SSE AND STRESS LOADING

To extract the common transient from near-field stations, the re-
constructed time-series including only the first PC, have been used.
For each component a least-squares estimation of the discontinuity
associated with the 12th February event has been computed and the
values are reported in Table 2 and Fig. 4. The resulting displacement
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Figure 4. The blue vectors are yearly average interseismic displacement as recently computed by D’ Agostino (2014); the green vector represent the displacement
field computed over 2-week time from slow-slip event identified on the near-field GPS stations. The black polygon encloses the near-field GPS stations as in

Fig. 2.

Table 2. Slow-slip event detected by the PCA analysis around epoch 2009
February 12. Values in (mm).

North East
AQUI 0.06 + 0.01 0.96 + 0.05
AQUN 0.19 £+ 0.03 0.66 + 0.03
CERT 0.21 £+ 0.03 —1.00 £ 0.05
INGP 0.15 £+ 0.02 0.57 + 0.03
LNGS 0.42 + 0.06 —0.11 £ 0.01
MTRA 0.38 &+ 0.06 0.74 + 0.04
MTTO —0.37 £ 0.06 —2.97 £ 0.15
OCRA 0.05 £+ 0.01 —1.56 £ 0.08
OVRA —0.81 £+ 0.12 —0.07 £ 0.01
RENO 0.28 + 0.04 —0.33 £ 0.02
UNTR 0.39 £+ 0.06 —0.74 £ 0.04

field is coherent with the tectonics of the region with a maximum
extension along the eastern and northern components of almost 4
and 2.6 mm respectively over 14 d in a region with less than ~2
mm yr~! of background rate (D’ Agostino et al. 2011; D’ Agostino
2014). Stations like MTTO, OVRA, UNTR and CERT situated at a
distance of at least two times the locking depth from the I’ Aquila
fault zone, reverse their motion temporarily during the transient
before resuming the usual long term motion (Fig. 4).

We next tested a range of possible fault slip models that best ex-
plains the observations. For doing so we followed a formal inversion
ofthe derived GPS displacements (see Supporting Information) and
provide a metric for assessing the relative fit of models (Okada 1985;
Harris & Segall 1987; Jonsson et al. 2002). We then used the solu-
tions reported in the Supporting Information (Appendix A: Figs Sc
and d) as starting models for a trial and error forward model in order
to improve the misfit values without adding complexity to the fault

model. Further to the dislocation surface that consists of a decolle-
ment we added antithetic faults as illustrated by the high-resolution
aftershock and foreshock relocation (Chiaraluce 2012; Valoroso
et al. 2013). The presence of the decollement is further confirmed
by the flat nodal planes of the focal solutions as well as the exis-
tence of sparse seismicity beneath the decollement itself (Chiaraluce
2012). The slip model (Fig. 5) that best fits the GPS, with a misfit of
0.26 mm when compared with the computed vectors, consists then
of a decollement with four patches very similar to the models repre-
sented in the Supporting Information (Appendix A: Figs 5c and d).
The decollement located at 9.25 km, strikes parallel to the L Aquila
and Campostosto faults and dips 0.5 degree to the southwest. To
fit the near fault GPS data we added two shallow antithetic faults
and their geometry is defined by the aftershock distribution. The
largest slip patch on the decollement reaches about 2 cm over an
area of 160 km? right beneath L’ Aquila fault. Approximately 2860
km? area slipped along the decollement during the SSE with an av-
erage slip of 0.9 cm. Adding to this the slip on the antithetic faults,
the estimated total moment release by the SSE is equivalent to an
M, ~ 5.9 event. The major contribution to the total moment release
comes from the slip on the decollement beneath the L Aquila fault.
We interpret motion on the antithetic faults as shallow and local
accommodation of the deeper slip on the decollement.

We next used Coulomb 3.3.0.1 (Lin & Stein 2004; Toda et al.
2005) to resolve stress changes (Fig. 6) on the L Aquila and Cam-
potosto faults imposed by the 2009 February 12 M,, 5.9 SSE. We
compute the Coulomb failure stresses with a friction coefficient of
0.4 and resolve stress changes on L Aquila fault that increased with
1.1 bar at the hypocentre of the main shock (8.27 km) and over 2
bars at the hypocentre of the M4.0 March 30th foreshock (9.05 km).
It is worth highlighting the striking correlation between the
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Figure 5. Forward model of the slip distribution on the decollement and antithetic faults (supplementary slip-model.txt online version) related to the SSE and
the geometry of the reactivated fault system (Valoroso et al. 2013), yellow and red stars are March 30 foreshock and main shock, respectively. The map shows
the fit between the observed (green) and the computed (blue) GPS from the slip model.
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Figure 6. SSE Coulomb stress change and the L’ Aquila main shock (in red), post February 12 foreshocks (white and the yellow star for March 30 magnitude
4) and aftershock sequence (green stars are aftershocks with magnitude equal or larger than 4). AB and CD are vertical sections across the reactivated L’ Aquila
and Campotosto faults, respectively. The green arrows are SSE observed GPS displacements while the blue arrows are computed using the slip model in Fig. 5.

positive stress change and the foreshock that took place after the
12th February and specifically those located on the deeper anti-
thetic fault (Section AB, Fig. 6). Regarding the Campotosto fault
(Section CD, Fig. 6) the increased stress change mimics fairly well
the distribution of the aftershocks both on the fault and on the
reactivated antithetic fault.

6 DISCUSSION AND CONCLUSION

It is conceivable that the SSE caused substantial stress loading
on the hypocentre of the I Aquila earthquake. The stress loading
caused first the rupture of the M, 4.0 foreshock, weakening there-
fore part of the geometrical barrier between the decollement and the
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high-angle L’ Aquila fault. The M, 4.0 foreshock was then followed
by a sequence of events, at the seismogenic depth, and mostly lo-
cated on an antithetic fault accommodating the deformation on the
geometrical barrier and favouring therefore fluid diffusion processes
(Lucente et al. 2010) that contributed to the initiation of unstable
dynamic rupture a week later.

We find that slip on the decollement increased the static stress at
seismogenic depths. The spatial correlations between the Coulomb
stress increase and the distribution of the unusual aftershock se-
quence are compelling. This suggests that the SSE loaded not only
the M4.0 foreshock and M,, 6.3 main shock fault but also controlled
the lateral distribution of the aftershocks that could not be otherwise
explained by the stress change imposed by the L’ Aquila main event.

It is clear for the I’ Aquila case that no complete understand-
ing of the foreshock sequence could have been achieved using the
seismological data set only. Denser and integrated geodetic and seis-
mological instrumentations are needed to depict slow-slip events in
continental regions and understand their contribution to earthquake
generation processes.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Supplementary-Appendix A.
Figure S1. Time-series of east component of the CGPS sites used
in the PCA analysis of the near-field stations: the black dots

represent the original residuals; the red points the filtered values
(see Supplementary Material in the digital version).

Figure S2. Time-series of the MTTO site for the north and east
components, filtered by least-squares collocation (red line). Note the
jump in the east component at epoch ~2009.1 (see Supplementary
Material in the digital version).

Figure S3. Time-series of the AQUI site for the north and east
components, filtered by least-squares collocation (red line) (see
Supplementary Material in the digital version).

Figure S4. Time-series of the CERT site for the north and east
components, filtered by least-squares collocation (red line) (see
Supplementary Material in the digital version).

Figure S5. Time-series of the OCRA site for the north and east
components, filtered by least-squares collocation (red line) (see
Supplementary Material in the digital version).

Figure S6. First principal component of the east coordinate (red
line) with the standard deviation. The transient is well resolved
compared to the noise.

(http://gji.oxfordjournals.org/lookup/suppl/doi: 10.1093/gji/
ggw046/-/DC1).
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tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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