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S U M M A R Y
In this work, we present a study of the coseismic and post-seismic crustal deformation associ-
ated to the Mw 6.3, 2009 April 6 L’Aquila earthquake from the analysis of GPS displacement
time-series. We use a principal component decomposition-based inversion method to study the
space- and time-dependent evolution of slip on faults without any a priori assumption on the
model used to characterize the temporal evolution of crustal deformation. The method adopted
allows us to account for the initial post-seismic deformation in estimating the coseismic dis-
placements, in a consistent manner for the whole GPS network. We use elastic dislocation
theory and a least-squares procedure to invert for the slip distribution on the mainshock fault
(Paganica fault) and a second fault (Campotosto fault), where a Mw 5.2 aftershock occurred
on April 9. The geometries for these faults are obtained from a singular value decomposition
of precisely relocated aftershocks. We find that the use of complex fault geometries is not
justified by the GPS observations available. An inversion that accounts for post-seismic slip to
occur on both the Paganica and Campotosto faults provides a better fit to the GPS time-series
observations, than using only the Paganica fault segment, at a 95 per cent confidence level.
Within our resolution, afterslip regions do not migrate over time and are localized on fault
patches that are approximately complementary to those of coseismic slip. We find that the
position of some relevant afterslip patches is different if the inversion is performed assuming
a fixed rake or not. We estimate the parameter a – b of rate- and state-dependent friction on
those fault regions accommodating afterslip that are robustly characterized in our inversions.
We find values of the order of 10−3, which is near the transition from potentially unstable
to nominally stable friction. These results are in agreement with laboratory measurements
performed on typical rocks of the L’Aquila region.

Key words: Time series analysis; Space geodetic surveys; Seismic cycle; Transient
deformation.

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

The Mw 6.3 mainshock of the 2009 central Italy earthquake sequence
occurred at 01:32 UTC of April 6 near the city of L’Aquila, causing
308 casualties and damages in a wide area of the Abruzzi region of
central Italy. The 2009 seismic sequence included five events with
5 < Mw < 6 and activated a NW–SE trending seismogenic volume
expanding for nearly 50 km along the central Apennines (see Fig. 1).
Here, both geological and geodetic observations indicate a regional
NE–SW oriented extension, occurring at background rates of ∼2–3
mm yr−1 (Serpelloni et al. 2006; Faure et al. 2010; D’Agostino et al.
2011; Galvani et al. 2013). This extension is accommodated across
a complex belt of subparallel NW–SE oriented normal faults, with

lengths ranging from few to 15–20 km, mostly steeply dipping to-
wards the SW (Barchi et al. 2000; Galadini & Galli 2000; Valensise
& Pantosti 2001; Boncio et al. 2004).

Earthquake fault plane solutions (Pondrelli et al. 2010;
Scognamiglio et al. 2010; Herrmann et al. 2011), space geode-
tic observations (Anzidei et al. 2009; Atzori et al. 2009; Walters
et al. 2009; Cheloni et al. 2010; Devoti et al. 2012; Serpelloni et al.
2012) and aftershock distribution (Chiarabba et al. 2009; Chiar-
aluce et al. 2011) have consistently shown that the largest shocks of
the sequence ruptured a set of shallow, SW-dipping, normal faults,
running roughly parallel to the NW–SE trending Apennines belt,
which are intermediate between the eastern and western fault sys-
tems described in Galadini & Galli (2000). The April 6 Mw 6.3
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Figure 1. (a) Map of the region involved in the seismic sequence. Coloured circles are the aftershocks from Chiaraluce et al. (2011), beach balls are the focal
mechanisms from Pondrelli et al. (2010) and purple stars indicate the mainshock (April 6, lon 13.39◦, lat 42.35◦, depth 8.6 km) and the two most relevant
aftershocks (April 7, lon 13.48◦, lat 42.31◦, depth 14.2 km; April 9, lon 13.36◦, lat 42.50◦, depth 8.9 km). GPS stations are also shown. White circles/squares
indicate those stations that have been used only for the coseismic/post-seismic analysis. White triangles indicate the stations used in both coseismic and
post-seismic study. Black lines are the active faults from Boncio et al. (2004) and Galli et al. (2008). Green dashed lines are the observed surface ruptures
after the mainshock from Boncio et al. (2010). Black dashed lines are the sections reported in panels (b), (c) and (d). (b) Section A–B of panel (a). The focal
mechanism corresponds to the April 9 aftershock. The blue line is the section of the geometry C2 (see Table 1). (c)–(d) Sections C–D and E–F of panel (a).
The focal mechanism (c) represents the mainshock. Red lines are the sections of geometry P4 (see Table 1).

mainshock was followed, on April 7, by a Mw 5.4 aftershock, lo-
cated about 15 km SE from the mainshock and at a hypocentral depth
of ∼15 km, and, on April 9, by a Mw 5.2 aftershock (at hypocentral
depth of 9 km), occurred on a secondary fault segment, the Campo-
tosto fault, located NW of the mainshock (Chiaraluce et al. 2011).
The Campotosto fault was also later struck, on June 22, by a Mw

4.4 aftershock, at a hypocentral depth >10 km.
Space geodetic observations (GPS and InSAR) recorded signifi-

cant post-seismic deformation over a wide area, extending >30 km
from the epicentre, the months after the mainshock (Lanari et al.
2010; D’Agostino et al. 2012; Devoti et al. 2012). Cheloni et al.
(2010) and D’Agostino et al. (2012) modelled the post-seismic sur-
face displacements as due to afterslip on the Paganica fault plane,
assuming that the post-seismic deformation of GPS observations
evolves with time following an exponential decay function, as in
Lanari et al. (2010) and Devoti et al. (2012). Cheloni et al. (2010)
and D’Agostino et al. (2012) found that afterslip has not fully propa-
gated to the surface but mostly occurred at a shallow depth, between
the main coseismic patch and the surface, with the post-seismic slip
that appears to encircle the main coseismically slipping portion of
the Paganica fault.

All previous works are based on at least one of these two assump-
tions: (1) surface displacements evolve in time following an expo-
nential decay function, and (2) only the Paganica fault, parametrized
as a simple rectangular plane, accommodates post-seismic afterslip.
Here, we propose a new study of the co- and post-seismic crustal
deformation where these two assumptions are relaxed. We explore
more complex fault geometries (see Section 2), as derived from
precisely relocated aftershocks, and we model the observed surface
displacements, detected by GPS observations (see Section 3), with-
out any a priori assumptions on the temporal evolution of crustal
deformation (see Section 4). In order to achieve this goal, differ-
ent methods have been recently developed (e.g. Hsu et al. 2007;
Hetland et al. 2012). Here, we perform the space- and time-
dependent deformation analysis by means of the principal compo-
nent analysis-based inversion method (PCAIM; Kositsky & Avouac
2010), which allows us to invert for slip on faults with assigned
geometry under the assumption that this is the main cause of the
observed deformation field.

In addition to afterslip, other processes can be invoked to explain
post-seismic deformation, such as viscoelastic relaxation and poroe-
lastic rebound (e.g. Barbot & Fialko 2010 and references therein).
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Afterslip following the L’Aquila earthquake 3

Each process gives a different signature in the observed tempo-
ral and spatial evolution of post-seismic deformation. All processes
tend to relax over time, and they are characterized by different decay
constants. In this work, we do not take into account the viscoelastic
relaxation process since its typical decay times (∼10 yr) are much
greater than the time interval spanned by our post-seismic data (e.g.
Pollitz et al. 2008; Suito & Freymueller 2009; Viti et al. 2012).
We also neglect the poroelastic mechanism and verify a posteriori
the validity of such an assumption (see Section 6). Besides these
three processes, also aftershocks contribute to post-seismic relax-
ation (Rice & Gu 1983), even if the detectability of their effect
on surface displacements depends on their magnitude and depth.
Moreover, Fielding et al. (2009) pointed out the possibility to ex-
plain the near-fault post-seismic deformation, particularly observed
by InSAR data, through dilatancy recovery. The spatial density of
our data set, however, does not allow us to detect such a signal.
Afterslip models explain properly the observations (χ2

r < 1, see
Section 6), and we do not need to take into account the effects of
fault-zone dilatancy recovery to fit the data.

The PCAIM method has been tested and validated both on syn-
thetic and real post-seismic data (e.g. Kositsky & Avouac 2010;
Perfettini et al. 2010) for seismic events of magnitude larger than 7,
but its application to moderate earthquakes is still unexplored. This
last consideration together with the density of the GPS network in
the epicentral region motivate us in: (i) testing PCAIM concerning
the distribution of coseismic and post-seismic faults slip, in com-
parison with previously obtained solutions (see Sections 4–6), and
(ii) investigating implications on the mechanics of faulting during
the L’Aquila sequence (Section 7).

A better understanding of the physical processes that control the
relative amount and location of seismic and aseismic sliding is a key
goal in the study of fault mechanics. Rate- and state-dependent fric-
tion allows a fault to develop both seismic instabilities and aseismic
sliding, according to the value of the constitutive and mechanical
parameters (e.g. Rice & Gu 1983). Geodetic data recording co-
seismic and post-seismic deformation allow us to infer information
about the frictional properties of fault planes involved in a seis-
mic sequence (e.g. Hsu et al. 2006; Fukuda et al. 2009; Perfettini
et al. 2010). While most of destructive earthquakes in Italy nucleate
within, or propagate through, thick sequences of carbonate, par-
ticularly along the Apennines, little is known about the frictional
properties of these rocks. Few laboratory experiments have been per-
formed to determine the rate- and state-dependent frictional prop-
erties of carbonate rocks (e.g. Scuderi et al. 2013 and references
therein). Moreover, there are few applications of rate–state and
state–state friction to study afterslip following moderate-magnitude
earthquakes (e.g. Johnson et al. 2006), and particularly on normal
faults. In this work, we use the post-seismic faults slip evolution in-
verted by GPS observations to constrain a rate- and state-dependent
friction model of afterslip. In particular, we estimate a range of
variability of the frictional parameter a – b. In previous studies of
the L’Aquila earthquake such an estimate was not possible because
post-seismic observations were modelled assuming a temporal de-
pendence different from that predicted by models of afterslip with
rate- and state-dependent friction.

2 D E T E R M I NAT I O N O F FAU LT M O D E L
G E O M E T R I E S

In previous studies, different geometries for the mainshock fault had
been determined inverting for the coseismic displacements recorded

by space geodetic data (e.g. Anzidei et al. 2009; Walters et al. 2009;
Cheloni et al. 2010; Devoti et al. 2012; Serpelloni et al. 2012),
and all of the coseismic slip distributions had been determined on
a simple planar fault. On the other hand, precise relocations of
aftershocks (Chiaraluce et al. 2011; Valoroso et al. 2013) provide
evidence that the L’Aquila sequence evolved on a more complex
fault system, characterized by major and secondary fault planes,
where the two major faults are the Paganica fault and, northwest
of it, the Campotosto fault, forming a NW-trending en echelon
system ∼50 km long. The ∼16 km long Paganica fault shows a
rather well-defined planar geometry, with a constant dip (∼48◦)
down to 10 km depth, in its central and northern portions, thus
justifying the assumptions of planar faults in geodetic inversions.
However, the Paganica fault shows a more complex and broader
distribution of aftershocks in its southern portion (see Figs 1c and
d). The Campotosto fault, activated by three events with 5.0 ≤ Mw ≤
5.2, shows a listric geometry, composed by planar segments with
different dips along depth rather than a smoothly curving single
fault surface (Chiaraluce et al. 2011; see Fig. 1b). No records of
coseismic deformation associated to these aftershocks have been
observed in the geodetic observations.

Here, we exploit the relocated aftershock catalogue of Chiar-
aluce et al. (2011) to define a suite of fault model geometries for the
Paganica and Campotosto faults to be used in the coseismic and
post-seismic slip inversions. We test the sensitivity of GPS observ-
ations to the use of increasingly complex fault geometries (see
Section 5), adopting as a benchmark for the Paganica fault its geode-
tic solution (i.e. from Serpelloni et al. 2012). The fault geometries
are obtained with the following procedure: (1) we identify spatial
clusters from the relocated aftershocks by applying a k-means
algorithm, therefore, each cluster is defined by a cloud of points;
(2) we determine the plane that best approximate the cloud of points
through a singular value decomposition method. This technique
allows us to estimate the strike and dip angles of the planes,
provided that the number of clusters is already identified (see
Section S1), minimizing the degree of subjectivity in tracing fault
geometries from aftershock catalogues. In order to constrain the
absolute position of the fault planes, we force the shallowest seg-
ments to cut the Earth’s surface in correspondence of traces of active
faults recognized in the field (e.g. Boncio et al. 2010).

Our results are shown in Table 1, where we report also the geom-
etry derived by Serpelloni et al. (2012), called P1, which is assumed
as representative of the geodetically derived geometry of the Pagan-
ica fault. The geometries derived from the aftershocks catalogue are
the following (see also Fig. S1): (P2) one rectangular plane derived
from the northern Paganica seismic cluster; (P3) one rectangular
plane derived from the whole seismicity near the Paganica fault;
(P4) two rectangular planes, for the northern and southern clusters
of the Paganica seismicity. The orientation of these planes shows a
narrow variation: 45◦–48◦ for the dip angle and 134◦–142◦ for the
strike angle, in agreement with the ranges of values suggested by
geodetic data and focal mechanisms (42◦–56◦ for the dip angle and
126◦–144◦ for the strike angle, see table 1 in Serpelloni et al. 2012).

Aftershocks on the Campotosto fault occurred at depths greater
than 6 km and show a subhorizontal distribution at a depth greater
than 10 km (Fig. 1b). The geometries derived to approximate the
Campotosto fault are (see Table 1 and Fig. S1): (C1) one rectan-
gular plane and (C2) three rectangular planes with variable dips
along depth. In order to determine the one plane approximation
for the Campotosto fault (C1), among the three planes of the C2
geometry we choose the parameters of the shallowest plane con-
taining the most relevant aftershock, namely, the April 9 Mw 5.2
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Table 1. Fault geometries obtained from the analysis of the relocated catalogue of aftershocks (Chiaraluce et al. 2011). P1 is the geometry obtained by
Serpelloni et al. (2012) inverting GPS displacements. P2, P3 and P4 are derived by relocated aftershocks. The Campotosto geometries (C1 and C2) are also
reported in the table. Last line is referred to the April 9 aftershock. It shows the localization of the aftershock (longitude, latitude and depth) and the orientation
of the two conjugate planes of the focal mechanism (strike and dip) from Pondrelli et al. (2010). The strike and dip angles of the second conjugate plane are in
good agreement with the values obtained for the shallowest Campotosto plane (C1 or first line of C2).

Name Length (km) Width (km) Depthtop (km) Depthbott (km) Dip (◦) Strike (◦) Lonmid-point (E◦) Latmid-point (N◦)

P1 30 25.1 0 19.4 50.5 129.4 13.35 42.25
P2 30 24 0 17.9 48.4 134.3 13.34 42.26
P3 30 24 0 18.0 47.3 141.6 13.33 42.26
P4 14 24 0 16.9 44.7 139.7 13.39 42.19

18 24 0 18.0 48.4 134.3 13.29 42.29
C1 18 18 0.5 13.8 47.5 136.2 13.33 42.46
C2 18 10 1.6 9.0 47.5 136.2 13.37 42.49

18 2.4 9.0 10.2 30.1 136.2 13.35 42.48
18 6 10.2 11.4 11.4 136.2 13.30 42.45

Aftershock April 9 Lon (◦) Lat (◦) Depth (km) Strike 1 (◦) Dip 1 (◦) Strike 2 (◦) Dip 2 (◦)
Focal mechanism 13.36 42.50 8.888 329 45 136 46

(Fig. 1b). Otherwise, we would evidently underestimate the dip of
the whole structure, violating also the geological constraints derived
from surface evidences of active faulting (Boncio et al. 2010). The
plane determined using the shallowest seismicity or the C1 geom-
etry shows strike (136.2◦) and dip (47.5◦) angles that are in good
agreement with one of the two conjugate planes derived from the
study of the focal mechanism (Pondrelli et al. 2010; 136◦ and 46◦;
see Table 1).

3 G P S O B S E RVAT I O N S

We use displacement time-series obtained from the analysis of the
GPS data collected at both continuous (cGPS) and survey mode
(sGPS) networks (see Devoti et al. 2012 and Serpelloni et al. 2012
for a more comprehensive description of the networks and qual-
ity of data used). Table S1 shows the occupation history of the
GPS stations used in this work. The raw GPS phase data have
been processed following the same three-steps procedure described
in Serpelloni et al. (2012), to which we refer for a more detailed
description of the data analysis strategy used to derive the posi-
tion time-series. It is known that GPS time-series contain various
systematic errors (from network common to site-dependent) and
random errors (e.g. Williams 2003; Dong et al. 2006; Langbein
2008). In regional network analysis, the so-called common mode
error (CME) is one of the major spatially correlated error sources,
which is mitigated through a technique commonly referred to as re-
gional filtering. The ‘stacking’ approach (Wdowinski et al. 1997),
commonly used in regional analysis, assumes that the CME is spa-
tially uniform, which is a good approximation for small networks,
but as the spatial extent increases, the assumption is no longer valid
(e.g. Márquez-Azúa & DeMets 2003). Here, we use a principal
component analysis (PCA) technique (Dong et al. 2006), which de-
composes the network time-series into a set of temporally varying
(principal component) modes. Each mode consists of a common
temporal function and related different spatial response, providing
a mathematical framework to perform spatiotemporal filtering. This
approach allows us to remove the assumption of spatially uniform
distribution, letting the displacement data reveal the spatial dis-
tribution of the CME. The PCA method is applied on the resid-
ual time-series (detrended and cleaned for instrumental offsets,
seasonal signals and outliers) of ∼650 cGPS stations distributed
over a wider region, encompassing the Euro-Mediterranean area
(Serpelloni et al. 2013), while excluding stations in central Italy,

likely affected by post-seismic deformation. We assume the first
and second Principal Components (PCs) to be representative of
the CME, accounting for more than 50 per cent of the total vari-
ance. By filtering the time-series from the estimated CME we ob-
tain ∼35 per cent and ∼30 per cent reduction of the weighted root
mean squares (WRMS) values in the horizontal and vertical com-
ponents, respectively, with a significant gain in the signal-to-noise
ratio of the post-seismic displacements transient. This is particu-
larly important for studying smaller amplitude crustal deformation
related to moderate magnitude earthquakes.

The input time-series of the coseismic and post-seismic defor-
mation analysis, described in the next section, are the CME filtered,
detrended time-series, which are obtained after removing a constant
velocity term, a seasonal (annual + semi-annual) term and any
non-tectonic offset due to changes in the stations equipment con-
figurations. For those stations for which no reliable pre-earthquake
interseismic velocities can be determined (e.g. because only post-
earthquake data are available or only a short time interval before the
earthquake is available), we constrained their velocities to a priori
values obtained from a least-squares interpolation of the 3-D veloc-
ity field of central Italy (Galvani et al. 2013; Serpelloni et al. 2013).
For estimating the coseismic displacements we limited our analysis
to the first 11 d after the mainshock, in order to include as much
GPS stations as possible. We use the time-series of 67 stations, be-
longing to both cGPS and sGPS networks. For those sGPS stations
that have no data at least in the 5 d before the mainshock we as-
sume a position around 0 and estimate the uncertainty propagating
the errors on the velocity and the position at the reference epoch.
To study the post-seismic deformation we use the detrended and
filtered time-series of 27 GPS stations that recorded continuously
after the mainshock. The GPS data analysis carried out enables us
to obtain the post-seismic slip history with 1-d resolution, that is, a
much higher degree of detail than the one allowed by InSAR mea-
surements. Such a high temporal resolution allows us to look for
fast post-seismic transients in the first weeks after the mainshock.

4 I N V E R S I O N M E T H O D

In order to study the space and time distribution of coseismic and
post-seismic slip on the fault planes activated during the seismic
sequence, we invert GPS displacement time-series by means of
the PCAIM software (Kositsky & Avouac 2010), developed at the
California Institute of Technology (Caltech). The displacement
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Afterslip following the L’Aquila earthquake 5

Figure 2. Temporal eigenvector for the coseismic decomposition. To make a realistic estimation of the coseismic offset considering also stations that missed
data immediately after the mainshock it is necessary to retrieve by decomposition the early post-seismic displacement (the last 11 d shown in the figure).

Figure 3. (a)–(b) First and second temporal eigenvectors for the post-seismic decomposition. Red lines are obtained filtering high-frequency signal. (c) The
red line is the displacement temporal evolution for the post-seismic decomposition, evaluated as the weighted sum of the eigenvectors, where the weights used
are the correspondent eigenvalues (the elements of matrix S in eq. S2). The blue line is the best logarithmic fit and the green line is the best exponential fit.
The best parameters estimated with an unconstrained non-linear minimization of the sum of squared residuals (SSR) are: Alog∼0.18, τ log∼0.94 d, Aexp∼0.96,
τ exp∼31.2 d.

signal is decomposed into its principal components and the spatial
part of the principal components are inverted as if they were actual
displacements (see Section S2.1). As a consequence, the common
pattern of the displacements to be inverted is retrieved directly from
GPS observations, rather than from a priori assumptions. Here, we
have also used the PCAIM code to estimate the coseismic displace-
ments, while accounting for early post-seismic transients, and invert
for the coseismic slip distribution.

Let us organize the observed time-series in a matrix of size m × n,
where each row corresponds to the time-series from one component
(east, north or vertical) at one station and each column corresponds
to all data measured at a given epoch, and let us call this matrix
the data matrix (Xdat). The first step of the PCAIM analysis consists
in decomposing Xdat, and determine the number (r) of principal
components to be used in order to reproduce the observed GPS
displacement time-series (for details see Section S2.1). In a first

step, the removal of outliers from the time-series is done efficiently
using one component (for details see Section S2.2). However, the
one component decomposition does not always reproduce appro-
priately the original displacement data. Unfortunately, there is not a
well-defined procedure to determine the number of sufficient com-
ponents. Following Kositsky & Avouac (2010), we use a χ 2 test
and an F-test. The former suggests that one component (r = 1)
is sufficient to explain our GPS displacement time-series. Instead,
adopting an F-test as a criterion, we conclude that adding a sec-
ond component better explain the data at a 95 per cent confidence
level. As described in Section S2.3, we decide to use one compo-
nent for the coseismic study (Fig. 2) and two components for the
post-seismic modelling (Fig. 3).

After the choice of r, the slip inversion is performed on the spatial
part of the data matrix (see eq. S3). We consider dislocations em-
bedded in an elastic and homogeneous half-space, with a Poisson’s
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Table 2. Statistical results for the co- and post-seismic inversions using the different geometries defined in Table 1. The value of γ is established
through a L-curve method, and the value R is a compromise between the fixed (R→∞) and completely variable (R = 1) rake configurations.
ρ, χ2, χ r

2, WRMSE and WRMSE14 are described in the main text. We indicate two values of rake in the fixed range configuration (R→∞)
of geometry P4 because in this configuration we have two fault segments, as specified in the main text and Table 1.

Coseismic Post-seismic

Name R γ (cm−1) Stn ρ > 3 (%) R γ (cm−1) χ2 χ2
r WRMSE (cm) WRMSE14 (cm) Rake range (◦)

P1 1 5 5 1 2.5 11 879 0.7632 20.4841 23.6683 0 ÷ –180
P2 1 5 4 1 2.5 11 738 0.7542 20.3927 23.2194 0 ÷ –180
P3 1 5 6 1 2.5 12 000 0.7710 20.7317 24.8426 0 ÷ –180
P4 1 5 4 1 2.5 11 636 0.7488 20.3698 23.1253 0 ÷ –180
P1 20 5 7 15 2.5 12 191 0.7833 20.6898 24.3893 –89 ÷ –168
P2 15 7 5 15 2.5 12 245 0.7868 20.7520 24.7297 –90 ÷ –140
P3 10 5 7 15 2.5 12 506 0.8035 21.0131 25.7733 –89 ÷ –119
P4 15 5 5 15 2.5 12 513 0.8052 20.9332 25.5800 –91 ÷ –119
P1 ∞ 4000 10 ∞ 25 14 081 0.9047 21.3392 26.9896 –90
P2 ∞ 3500 8 ∞ 25 13 398 0.8608 21.2078 26.3628 –90
P3 ∞ 3500 7 ∞ 25 13 409 0.8616 21.2071 26.5186 –90
P4 ∞ 2500 9 ∞ 20 15 097 0.9715 21.8815 29.0663 –81; –90

ratio of 0.25. The Green’s functions are then computed from the so-
lutions of Okada (1985). In our inversions, we discretized the fault
planes with 2 × 2 km2 rectangular patches. Since we have to man-
age with an ill-posed linear problem, the slip inversion problem has
to be regularized. In order to achieve this goal, we use a Laplacian
operator, where the weight associated to the regularization is driven
by a parameter (γ ), which is defined using the L-curve method for
both coseismic and post-seismic slip inversions. For more details
see Section S2.4.

5 G E O M E T RY S E L E C T I O N A N D R A K E
C O N S T R A I N T S

With the goal of investigating the sensitivity of the available GPS
observations with respect to the use of different fault geometries,
of increasing complexity, we test all the geometries proposed in
Section 2, while inverting both the coseismic and post-seismic dis-
placements. In the coseismic case, for each geometry of Table 1,
we evaluate the difference between the offsets calculated with the
modelled time-series and the decomposed ones (�offset). In order
to figure out the goodness-of-fit of the coseismic displacements, we
estimate the ratio ρ = �offset/σ dec for each time-series, where σ dec

is the error associated to the offset deduced from the decomposition
of the observations. For the post-seismic phase we estimate the χ2,
the reduced χ 2 and the WRMS error (WRMSE) statistics, defined
as follow:

χ 2 =
m∑

i=1

n∑
j=1

(Xmod(i, j) − Xdat(i, j))2

σ (i, j)2
,

χ 2
r = χ 2

N − r (n + m + 1)
,

WRMSE =
m∑

i=1

√√√√
∑n

j=1
(Xmod(i, j)−Xdat(i, j))2

σ (i, j)2∑n
j=1

1
σ (i, j)2

,

where Xmod is the modelled matrix (see eq. S4 in Section S2.1),
Xdat is the data matrix with the corresponding 1-sigma uncertainty
σ and N is the total number of data, that is the total number of
recorded displacements in the GPS time-series. We also compute
the WRMSE14, corresponding to the WRMSE calculated for the

first 14 d after the mainshock (see Table 2), during which the fastest
post-seismic transients are measured.

For each Paganica fault geometry, we invert the position time-
series in order to obtain the coseismic and post-seismic slip distri-
butions. At this stage we test several assumptions about the rake of
the inverted slip, and evaluate how these assumptions affect the slip
distributions. We perform the inversions assuming three different
configurations for the rake: (i) completely variable, (ii) completely
fixed along the dip direction (–90◦) and (iii) slightly variable around
the dip direction. The application of these three different constraints
is achieved by adopting different weights to the along-strike and
along-dip components of the Laplacian operator, whose ratio is in-
dicated by R. When this ratio is equal to 1, the rake can assume any
value, thus corresponding to a completely variable rake configura-
tion, with only the positivity constraint imposed to avoid thrust slip.
Increasing the value of R forces the solution to have rake values
closer to –90◦. To perform a fixed rake inversion we do not use the
R parameter, but we still denote this configuration with the symbol
R→∞. For further details on the selection of the intermediate R
values, see Section S2.5. In Table 2, we show, for each geometry of
Table 1, the ranges in which the rake varies, and the corresponding
statistical results.

For both the coseismic and post-seismic cases, a higher vari-
ability in the ability of explaining the observations is obtained by
varying the assumptions about the rake, or the value of R (see
Table 2). For the same rake assumption, the difference in the fit
of the post-seismic observations between two different geometries
is not relevant and the relative gain in the reduced χ2 between the
worst and the best-fit geometry is ∼2–3 per cent. The only exception
is in case of a fixed rake inversion (R→∞), which is not suitable
for the geometry P4 because the code allows us to assign a rake
value of –90◦ only to one segment (the rake of the second segment
is assigned assuming a horizontal component of the slip vector with
the same direction as the first segment). For the same geometry, we
find that we can significantly better fit the displacement time-series
assuming a variable rake (R = 1), without fixing it to an a priori
value. For example, considering the simplest geometry derived from
the seismic catalogue (P2), for the post-seismic case we have a gain
of ∼12 per cent in the reduced χ 2 statistic, passing from a fixed rake
(R→∞) to a variable one (R = 1).

We conclude that increasing the complexity of fault geometries,
as defined from the aftershock distribution in Section 2, is not
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Afterslip following the L’Aquila earthquake 7

Table 3. Statistical results for the post-seismic inversion taking into account the P2
geometry for the Paganica fault and the two different geometries of Campotosto, as
defined in Table 1. C1 is the one-plane model and C2 is the three planes one. The value
of γ for the Campotosto fault is established through a L-curve method, and the value
R = 15 is a compromise between the fixed (R→∞) and completely variable (R = 1)
rake configurations. The values of γ and R corresponding to the Paganica fault (P2) are
the ones derived from the inversion with only Paganica (Table 2). χ2, χ r

2, WRMSE
and WRMSE14 are described in the main text.

Name R γ (cm−1) χ2 χ2
r WRMSE (cm) WRMSE14 (cm)

P2 1 2.5 11 462 0.7442 20.2112 22.2231
C1 1 2
P2 15 2.5 11 995 0.7788 20.5843 23.7855
C1 15 2
P2 1 2.5 11 433 0.7423 20.1893 22.0279
C2 1 2
P2 15 2.5 11 956 0.7763 20.5601 23.5427
C2 15 2

Figure 4. Coseismic slip model. Black and green lines are the same of Fig. 1. Contouring lines indicate coseismic constant slip regions starting from 20 cm to
the maximum value, stepping every 20 cm. Left and right panels show horizontal and vertical displacements, respectively, for the stations used in the inversion.
The slip and the displacements are computed as the value of the day after the mainshock less the value of the day before.

justified by the GPS observations available. Accordingly, we adopt
the simplest geometry for the Paganica fault, namely, the P2 defined
by one rectangular plane derived from the northern Paganica seismic
cluster (Fig. S1).

As regards the Campotosto fault, since we do not observe coseis-
mic GPS displacements relative to the largest April 9 aftershock, the
use of relocated aftershocks for defining the fault model geometry
is mandatory. However, also for the Campotosto fault we find that
increasing the complexity of the fault geometry for the same value
of R does not improve significantly the fit to the post-seismic time-
series. This can be seen in Table 3 comparing results corresponding
to lines 1 and 3 or 2 and 4. In the following, the geometry C1 will
be used to model the Campotosto fault.

6 S L I P D I S T R I B U T I O N S : R E S U LT S

The inversions of coseismic and post-seismic GPS displacements
with the P2 geometry provide the slip distributions shown in Figs 4
and 6. The smoothing weights (γ ) and the range of rake variability
are reported in Table 2. For the coseismic slip inversion, fixing the
rake causes the number of not well-reproduced stations to be twice
than adopting a variable rake solution (see Table 2). Allowing the
rake to vary, and using γ = 5 cm−1, the coseismic slip distribution
shows a maximum slip value of ∼133 cm, confined between 4 and
6 km of depth downdip. Assuming a rigidity modulus of 30 GPa,
it is equivalent to a seismic moment M0 = 3.1 ×1018 N·m, which
is in agreement with previous studies (e.g. Cheloni et al. 2010;
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8 A. Gualandi, E. Serpelloni and M. E. Belardinelli

Figure 5. Position time-series of the GPS stations CERT (left) and LNGS (right). Black circles indicate the daily positions of the stations (Xdat) and black bars
are the associated errors. Red lines are the time-series representation after the decomposition (Xdec = USVT ≈ Xdat). Blue lines are the modelled time-series
(Xmod = GLSVT). The dashed lines are mainshock markers. The WRMSE values are the weighted root mean square errors calculated between the decomposed
and modelled time-series.

D’Agostino et al. 2012; Serpelloni et al. 2012), and corresponds to
an earthquake of moment magnitude Mw = 6.3.

In Fig. 4, the modelled and observed coseismic displacements of
the near-field stations are also shown. The estimated coseismic dis-
placements are reported in Tables S2–S7. In Fig. 5, we show two ex-
amples of displacement time-series, in order to compare the original
data with the decomposed and modelled time-series. Since we are
using daily observations, our coseismic offset likely contains also
some post-seismic deformation, developed in the first hours after
the mainshock. However, we still refer to this offset as coseismic in
the following of the paper. The coseismic slip distributions are avail-
able in the format of the Finite-Source Rupture Model Database,
and can be downloaded at http://equake-rc.info/SRCMOD/.

The results of the coseismic slip inversion can be used to in-
vestigate the possible contribution from poroelastic rebound after
the mainshock, and verify the validity of the assumption that after-
slip is the main ongoing aseismic process during the post-seismic
phase. We invert the coseismic surface displacements assuming an
undrained value for the Poisson’s modulus ν = 0.33, and estimate
the model displacements at the surface. Then, from the inverted
coseismic slip distribution we evaluate the surface displacements
assuming a drained value of the Poisson’s modulus ν = 0.2. Assum-
ing no slip variation during the post-seismic phase, the difference
between the model displacements in the drained case with respect
to the undrained case can be considered as an estimate of the poroe-
lastic rebound effect on post-seismic displacements. We find that
this effect is relatively small, with maximum displacement ampli-
tudes <2 cm, justifying our assumption of neglecting poroelastic
deformation.

All the rake configurations adopted in our post-seismic inversions
reveal a reduced χ 2 less than 1 (see Table 2). Nevertheless, we find
that assuming a fixed rake provides the worst fit to the cumulative
displacements (Figs 6e and f) and to the displacement time-series of
three near-field key stations (CADO, RDCA, SGRE; see Fig. 7). If
we look at the cumulated post-seismic horizontal displacements of
CADO, RDCA and SGRE stations, we find that they all coherently
show a northward motion that cannot be explained simply by a
normal slip component. On the other hand, assuming a completely
variable rake, we find that the best postseismic solution shows some

shallow patches presenting a pure strike-slip component (Fig. 6b), in
contrast with the observed focal mechanisms during the sequence
(e.g. Pondrelli et al. 2010). Limiting the rake variability (using
R = 15, see Section S2.5), our best solution (Figs 6c and d) is
characterized by a maximum afterslip of ∼40 cm, confined between
6 and 10 km depth, downdip. For a rigidity modulus of 30 GPa,
the total equivalent seismic moment released by afterslip, in the
first 306 d after the mainshock, is ∼9.2 × 1017 N·m. Such a value
corresponds to an earthquake of moment magnitude Mw ∼ 5.9. The
afterslip on the Paganica fault plane does not spatially migrate over
time, within the resolution of our observations, as also suggested in
D’Agostino et al. (2012).

Differently from previously published works, here we investigate
the possibility that also the Campotosto fault accommodated aseis-
mic slip after the April 6 mainshock. By inverting the GPS time-
series for afterslip on both the Paganica and Campotosto faults,
we find a better fit to the displacement time-series, and particu-
larly at GPS stations near the Campotosto fault, as shown in Fig. 8.
Fig. 9 shows the post-seismic slip distribution obtained adding the
Campotosto fault in the inversion. The afterslip distribution on the
Paganica fault is affected by the introduction of the Campotosto
segment, showing a variation in the afterslip module of more than
50 per cent (i.e. up to 8 cm) in the shallowest part of the north-
ern Paganica fault segment, that is the closest to the Campotosto
fault.

We calculate the model resolution matrix as in Du et al. (1992).
If the resolution matrix is equal to the identity matrix, then each
model parameter is uniquely determined. We obtain diagonal values
of the resolution matrix <0.4 at depths greater than 2 km downdip,
and <0.1 at depths greater than 10 km downdip. In all the post-
seismic inversions, afterslip occurs on two main areas of the Pagan-
ica fault plane, located SE and NW of the main coseismic slip patch.
We refer to them as region A and B, respectively (Figs 9 and 10a). In
particular, the afterslip patches around region A are stably located
on the same position of the fault plane in inversions obtained with
different rake constraints. On the contrary, the location of region B
varies adopting different rake constraints. We interpret this result
considering the afterslip region A as a robust feature of our inver-
sion, and a necessary condition to explain our GPS observations.
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Afterslip following the L’Aquila earthquake 9

Figure 6. Post-seismic slip models. Black and green lines are the same of Fig. 1. Contouring lines indicate coseismic constant slip regions starting from
20 cm to the maximum value, stepping every 20 cm. (a) and (b) show horizontal and vertical cumulative displacements, respectively, inverting with R = 1 and
γ = 2.5 cm−1. (c) and (d) show horizontal and vertical cumulative displacements, respectively, inverting with R = 15 and γ = 2.5 cm−1. (e) and (f) show
horizontal and vertical cumulative displacements, respectively, for a rake fixed to –90◦ and a γ value of 25 cm−1. (b) and (d) also show the rake of those patches
which are characterized by a slip value larger than 20 per cent of the maximum slip value. The slip and the displacements are computed as the value of the last
day of our analysis (namely, the 306 d after the mainshock) less the value of the first day after the mainshock.
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10 A. Gualandi, E. Serpelloni and M. E. Belardinelli

Figure 7. Post-seismic time series for the stations CADO, RDCA and SGRE. Black circles are the original data and black bars are the corresponding one-sigma
uncertainties. Red lines represent the time-series decomposition. From right to left, blue lines are the modelled time-series for a rake angle fixed to –90◦
(R→∞), slightly variable (R = 15) and completely variable (R = 1).

Introducing the Campotosto fault, the fault plane region that under-
goes afterslip is the same in all our inversions and is named region
C (Fig. 9). Thus, for all the calculation of the next section, we take
into account patches that belong to regions A of the Paganica fault
and C of the Campotosto fault.

7 D E T E R M I NAT I O N O F FAU LT S
F R I C T I O NA L P RO P E RT I E S

From laboratory experiments (e.g. Dietrich 1979; Ruina 1983), it
is well known that the friction coefficient (μ) between two blocks

of rock varies with the relative velocity between them (V) and one
or more state parameters (θ1, θ2, . . . ), which are representative
of the state of the sliding surface. The Dieterich–Ruina rate- and
state-dependent friction formulation is:

μ (V, θ ) = μ∗ + a ln
V

V ∗ + b ln
V ∗θ
Dc

, (1)

·
θ = 1 − V θ

Dc
, (2)

where μ∗ is the nominal coefficient of friction at the steady refer-
ence velocity, V∗ is a reference velocity, Dc is the so-called critical
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Afterslip following the L’Aquila earthquake 11

Figure 8. Post-seismic time-series of the stations CROG, SELL and SMCO. Colours are the same of Fig. 7. On the left, the time-series used to invert for
afterslip only on the Paganica fault (P2) are shown; on the right, we present the results obtained considering also the Campotosto fault (C1). It is worth noting
that a better fit is remarkable for the very first days, especially for the horizontal components.
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12 A. Gualandi, E. Serpelloni and M. E. Belardinelli

Figure 9. Post-seismic slip model allowing slip on both Paganica (P2) and Campotosto (C1) faults. Contouring lines indicate coseismic constant slip regions
starting from 20 cm to the maximum value, stepping every 20 cm. (a) and (b) show horizontal and vertical cumulative displacements, respectively, for the
near-field stations. γ and R values are 2.5 cm−1 and 15 for the Paganica fault and 2 cm−1 and 15 for the Campotosto fault. Capital letters A, B and C indicate
the afterslip regions. Green stars show the location of the mainshock (on the Paganica fault) and the two aftershocks of April 9 and June 22. The slip and
the displacements are computed as the value of the last day of our analysis (namely, the 306 day after the mainshock) less the value of the first day after the
mainshock. Blue dots in (b) are the aftershocks from Chiaraluce et al. (2011).

Figure 10. (a) Afterslip distribution on the Paganica fault plane (P2) when both Paganica and Campotosto faults are taken into account in the inversion. Green
dots are the projected aftershocks used to deduce the fault and derived from Chiaraluce et al. (2011) (see Section 2). Contour lines represent the coseismic
slip, as in previous figures. The purple star localizes the mainshock event. Capital letters A and B indicate the main afterslip regions. Region A is used for the
calculation of the frictional parameter a – b. (b) Afterslip history of the main afterslip patch experiencing coseismic stress increase. The blue dots represent
the afterslip deduced from the inversion of GPS data. The red line represents the frictional model expressed by the formula (3). The parameter values are: α ∼
7.7 cm, β ∼ 4.3 cm d−1 and have been obtained through an unconstrained non-linear minimization of the sum of squared residuals.
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Afterslip following the L’Aquila earthquake 13

slip distance, a and b are both positive constants. If b > a (a >

b), the constitutive equations predict long-term velocity-weakening
(velocity-strengthening) effects on friction. In this section, we esti-
mate the frictional parameter a – b on selected regions of the two
faults activated during the sequence, by comparing the temporal
evolution of slip δ(t) with the predictions of a 0-dimensional model
(i.e. a spring slider) of a velocity-strengthening fault. In particular,
within the afterlip regions A and C (specified in Section 6), we esti-
mate a – b on those patches where the mainshock caused a positive
variation of Coulomb stress (�CFF). The �CFF is calculated us-
ing the coseismic slip distribution described in Section 6, a rigidity
value of 30 GPa and a Poisson ratio of 0.25. The shear stress is
evaluated along the slip direction of each patch. We obtain �CFF
values in the range 0.3–2.1 MPa for region A. The whole region C
on the Campotosto fault is loaded by a �CFF∼0.03 MPa, induced
by the coseismic slip on the Paganica fault.

For times larger than the first epoch recorded after the mainshock
(t1), the following model can be used (see Appendix A for more
details on its derivation):

δ(t) − δ(t1) ≈ α ln

[
α + βt

α + βt1

]
for t1 ≤ t 
 td = α

Vpl
, (3)

where, as in Marone et al. (1991), α = (a – b)σ /k = Vpltd is a
characteristic slip and β = V+ is the starting sliding velocity on
the patch at the beginning of the post-seismic phase (t ≈ 0). k is
the stiffness of the spring in the fault analogue model, σ is the
effective normal stress, Vpl is the loading plate velocity and td is
a characteristic decay time. From this expression, we can estimate
the two parameters α and β by comparison with the inverted slip
histories. To ensure the validity of relation (3), we need to verify
if the time spanned in our analysis (306 d) is much smaller than
the characteristic time td = α/Vpl. The Paganica fault slip-rate is
estimated to be in the range of 0.2–0.7 mm yr−1 from geological
data (Boncio et al. 2010; Cinti et al. 2011). On the other hand,
D’Agostino et al. (2011) showed that interseismic strain loading
on a single fault system, with a slip rate of ∼3 mm yr−1, is able
to reproduce the main features of the observed GPS velocity field
across this sector of the Apennines. Considering a range of values
for Vpl of 0.2–3 mm yr−1, we obtain that the minimum decay time
is td ∼ 2.8 yr, which is significantly bigger than the observation
time span. Consequently, the relation (3) is valid and we can use the
estimation of the parameter β, which varies between 0.3 and 4.3 cm
d−1 on the selected patches, to estimate the a – b frictional parameter.
Indeed, the following relation is valid for a velocity-strengthening
region (Perfettini & Ampuero 2008):

�CFF = (a − b)σ log
β

Vpl
for �CFF > 0, (4)

where σ is the effective normal stress on the patch, which we evalu-
ate as: σ = plit(z) – pW(z) – �p(z), where plit and pW are the lithostatic
and the hydrostatic pressure, respectively, �p is the pore overpres-
sure and z is the patch depth. In order to evaluate the lithostatic
pressure, we use a density profile of 2600 kg m−3 above 4 km depth
and 2800 kg m−3 below it, as in Trasatti et al. (2011). We assume
the �p estimate given by Terakawa et al. (2010) for the L’Aquila
(2009) earthquake, obtaining σ values in the range ∼40–100 MPa.
The frictional parameter a – b varies in the range 10−4–10−3, and,
assuming the two end-members Vpl values, 0.2 and 3 mm yr−1, we
find a value around 10−3 in ∼80 per cent of the selected patches.

8 D I S C U S S I O N

We analyse GPS displacement time-series with a method that al-
lows the data to reveal the temporal and spatial evolution of crustal
deformation during the 2009 L’Aquila seismic sequence. This is im-
portant in the study of both coseismic and post-seismic deformation.
Coseismic displacements, in fact, can be significantly biased by the
presence of a fast initial post-seismic transient. This is particularly
critical for GPS stations missing data for some time interval after
the mainshock (e.g. survey-mode GPS stations reoccupied later after
the mainshock). In order to minimize this potential systematic error,
which in general tends to provide overestimated jumps, a possibil-
ity is to estimate the decay time of a time-dependent deformation
model from the continuous GPS stations, adopting a logarithmic
or exponential model, under the assumption that it is the same for
the entire network (e.g. Devoti et al. 2012). Unlike that approach,
here we use the PCAIM method to estimate a good approxima-
tion of the initial post-seismic signal in the presence of missing
data, while consistently estimating the coseismic displacements. A
drawback of the method adopted in this work is that the fit to the
post-seismic displacement time-series is not always the best one,
since assuming a logarithmic or exponential function the amplitude
and time-decay constant of the relaxation process can be optimized
for each observed time-series (e.g. Devoti et al. 2012). However,
a priori assumptions on the temporal evolution of the post-seismic
deformation can bias the conclusions or prevent the identification
of superimposed transients on the relaxation process.

The decomposed post-seismic signal can be compared with the
two laws commonly used to fit the temporal dependence in the post-
seismic displacements (i.e. exponential or logarithmic). As shown
in Fig. 3(c), for the exponential case we find a decay constant of 31.2
d, which is in agreement with values obtained in previous studies
(20–40 d by Cheloni et al. 2010 and D’Agostino et al. 2012; 3.5–
70.3 d by Devoti et al. 2012). However, a logarithmic function also
fits the temporal evolution of the decomposed signal, particularly
in its initial faster phase, and we find a decay constant of ∼1 d. This
finding is important because a logarithmic model is in agreement
with a physically based frictional model of post-seismic sliding (as
described in Section 7).

Geodetic observations rather well constrain the position and ge-
ometry of the Paganica fault (e.g. Cheloni et al. 2010; Serpelloni
et al. 2012), with a modelled plane that well fits the distribution
of aftershocks in the northern part of the fault. On the contrary,
the geometry of the Campotosto fault can be derived only from the
distribution of seismicity, since our analysis does not reveal any
superficial displacement related to the largest aftershock occurred
on this segment. Although aftershocks highlight a complex geom-
etry of the fault system activated during the sequence, our analysis
shows that the available GPS observations do not justify the use of a
more complex fault geometry for both the Paganica, particularly in
its southern portion, and the Campotosto faults. On the other hand,
post-seismic GPS displacements are sensitive to afterslip occur-
ring on the Campotosto fault. Comparing the χ 2 statistics inverting
for afterslip only on the Paganica fault and on both the Paganica
and Campotosto faults, and using an F-test, we find a significant
(at 95 per cent confidence) improvement in the fit. In particular, if
we consider the stations close to the Campotosto fault (see Figs 8
and 9), we find that the improvement of the WRMSE is ∼10 per cent
for the first 2 weeks and ∼5 per cent for the whole time spanned.
This provides validity to our inference about afterlip on the Cam-
potosto fault. Thus, regardless of the spatial separation between the
two structures (e.g. Barnhart & Lohman 2013), the main coseismic
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14 A. Gualandi, E. Serpelloni and M. E. Belardinelli

Figure 11. Temporal evolution of GPS post-seismic displacement (red line, as in Fig. 3c) and cumulative number of aftershocks (green line). We can note that
at 77 d after the mainshock, in correspondence to the June 22 aftershock, there is a sudden increase of the cumulative number of aftershocks.

rupture on the Paganica fault is likely to have induced afterlip also
on the Campotosto fault.

Afterslip on the Paganica fault occurs on portions of the fault
located SE and NW respect to the main coseismic slip patch
(Figs 6 and 10a), as pointed out also by Cheloni et al. (2010) and
D’Agostino et al. (2012). However, we find that only the SE region
(letter A in Figs 9 and 10a) is a stable feature in our post-seismic
inversions, whereas the location of the NW afterslip region (letter
B in Figs 9 and 10a) is sensitive to the rake constraints adopted,
suggesting that a variable rake inversion is worth to be performed
before eventually fixing the rake value, as done in previous studies.

Afterslip on the Campotosto fault released (after 306 d from the
L’Aquila mainshock) a total amount of equivalent seismic moment
of 2.9 × 1017 N·m (for a rigidity value of 30 GPa), and it is shal-
lower and about complementary to the distribution of aftershocks
(Fig. 9). Afterslip on the Campotosto fault is likely to have loaded
these aftershocks. Indeed, introducing the Campotosto fault and
taking into account the afterslip of the first 3 d after the mainshock,
the Coulomb stress increase (�CFF) in the region of the April 9
aftershock doubles, passing from 0.03 to 0.06 MPa. In particular,
we evaluate that afterslip on the Campotosto fault alone induced
more than the 98 per cent of the 0.03 MPa increase occurred during
the post-seismic stage. The Mw 4.4 aftershock of June 22 (77 d af-

ter the mainshock, see Figs 9 and 11), on the Campotosto fault, is
located below the region undergoing afterslip. This event occurred
in a fault region that was affected by a negligible coseismic stress
change due to the L’Aquila mainshock (�CFF < 0.01 MPa). In-
stead, the same fault region experienced a Coulomb stress increase
of 0.06 MPa due to afterslip on the Campotosto fault, and it was
slightly unloaded by afterslip on the Paganica fault, resulting in a
net increase of stress after 77 d of post-seismic stage of 0.05 MPa.
These considerations enforce our finding that, following the April
6 mainshock, the Campotosto fault has been activated not only
seismically (i.e. aftershocks, e.g. Chiaraluce et al. 2011), but also
aseismically.

The coseismic slip distribution and the temporal evolution of
afterslip are used to constrain the parameters of a frictional model
of afterslip, based on the rate- and state-dependent constitutive laws,
as described in Section 7. We use the model of Marone et al. (1991),
which applies to velocity-strengthening fault regions, where a –
b > 0 is a measure of the long-term increase of friction after a sudden
slip rate increase. For fault regions that show a robust afterslip
pattern (see Section 6) and positive values of the Coulomb stress
change, we estimate the a – b frictional parameter. Since afterslip
patches have a stationary location (i.e. creep propagation is not
evident) it is not necessary to model the temporal evolution of slip
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taking into account elastic interaction between patches (e.g. Wesson
1980). Then, as in Perfettini et al. (2010), the model is applied to
single patches, neglecting the mutual elastic interaction between
them during the post-seismic stage. The estimate of a – b for a given
patch is slightly affected by the current uncertainty of the long-term
fault slip rate (Vpl), which is assumed to vary in the range 0.2–3 mm
yr−1 (see eq. 4). We find a – b values in the range 10−4–10−3, with the
most frequent value of the order of 10−3, in agreement with studies
of fault rocks typical of these regions at elevated temperatures and
under fluid-saturated conditions (Scuderi et al. 2013). Small a –
b values, such as 10−3 (Marone et al. 1991), characterize fault
regions where transitions between velocity weakening (a – b < 0)
and velocity strengthening (a – b > 0) occur. These regions may
undergo both afterslip and aftershocks during the post-seismic phase
(Boatwright & Cocco 1996). Fig. 10(a) shows the distribution of
afterslip on the Paganica fault plane superimposed to the aftershock
projections on the same plane. We note that the afterslip region
A is also characterized by a high concentration of aftershocks, in
agreement with our estimates of the a – b parameter. Fig. 10(b)
shows the slip temporal evolution and the fit of a spring-slider
model for the main afterslip patch of region A considered in the
computation of a – b.

Fig. 11 shows that the time evolution of afterslip and the cumu-
lated number of aftershocks follow approximately the same decay
law. A similar correlation has been observed by Perfettini & Avouac
(2007) for the 1992 Landers earthquake. According to Helmstetter
& Shaw (2009), the similar time decay and duration of afterslip
and aftershocks suggests that afterslip may influence the aftershock
productivity, even if afterslip is not the sole mechanism of after-
shock triggering. In particular, the seismicity rate can be affected
by both the stress step induced by coseismic slip and the stress-
ing rate induced by afterslip. Lolli et al. (2011) showed that the
rate of aftershocks of the L’Aquila sequence decays less fast than
Omori law in the first 80 d, during which the Omori exponent p
increased from 0.5 to 1.2. Using a rate- and state-dependent law,
the seismicity rate produced by a coseismic stress change decays
with p = 1, while time-dependent values of p suggest that also af-
terslip affects the seismicity rate, causing mainly unloading of the
potential sources of aftershocks (Helmstetter & Shaw 2009). This
is in agreement with the fact that many aftershocks occur on fault
patches undergoing afterslip (see Fig. 10a), thus, on average, expe-
riencing unloading due to afterslip (under the hypothesis of a focal
mechanism similar to the mainshock one).

Fig. 11 shows a transient signal characterized by a flattening
followed by an increase of displacements as a function of time
at ∼130 d after the April 6 mainshock. D’Agostino et al. (2012)
found a transient in InSAR displacement time-series about in the
same period of time, and ascribed this signal to atmospheric errors
in the estimation of InSAR time-series, since they did not find a
similar signature in the GPS time-series. Unlike D’Agostino et al.
(2012), where the assumption of an exponential function is made
to reproduce the GPS displacements, in our analysis the transient
is retrieved as a signal recorded by the whole GPS network. The
fact that this transient signal is common to two different data sets
favours the hypothesis that it is not an artefact due to some ac-
quisition problem. This signal can be due to a change in sign of
the footwall displacements near the Paganica fault, as InSAR ob-
servations show at about 120 d after the mainshock (see fig. 9 of
D’Agostino et al. 2012). It is not to be excluded that the detected
signal can be due to a poroelastic effect. Indeed, on the footwall
of the Paganica fault, our estimation of poroelastic rebound effects
on surface displacements predicts opposite values with respect to

the observed cumulative ones. In particular, while data indicate up-
lift, the modelled poroelastic effect indicates subsidence. Anyway,
a more detailed and quantitative analysis is required to better un-
derstand the causes of this signal, which is beyond the scope of this
work.

9 C O N C LU S I O N S

We determined the coseismic and post-seismic slip distributions re-
lated to the 2009 L’Aquila earthquake sequence applying PCAIM to
GPS displacement time-series. We found that this approach, which
had been previously used to study larger magnitude earthquakes (i.e.
with greater displacements), applies also to moderate magnitude
earthquakes, and turns out to be particularly efficient to estimate
the coseismic displacements minimizing the potential systematic
bias due to unknown post-seismic evolution. The approach used al-
lowed us to recover transient signals that could be superimposed to
the main post-seismic relaxation process, since it does not prescribe
a temporal evolution of the observed displacements that could filter
out those signals.

We proposed a method to determine fault geometries based on the
distribution of relocated aftershocks, but we also showed that geo-
metric complexities of the main sources involved in the sequence are
unnecessary to explain the observed GPS displacements. We found
that both the coseismic and post-seismic slip distributions are sensi-
tive to a priori constraints on the rake variability, and conclude that
GPS observations are well reproduced by a variable rake-slip distri-
bution on simple planar faults. The coseismic and post-seismic slip
distributions obtained for the Paganica fault are in agreement with
previous studies from GPS data, but we found that GPS displace-
ments recorded the occurrence of post-seismic afterslip also on the
Campotosto fault, where one of the two largest aftershocks of the
L’Aquila sequence nucleated on April 9. Our results suggest that, in
order to correctly explain and interpret the L’Aquila (2009) seismic
sequence, it is important to take into account all the structures that
show clues of post-seismic activity, such as aftershock production.

We provided clues about the frictional properties for normal faults
in the Apennines from field geodetic observations. In particular, we
estimated the frictional parameters of velocity-strengthening re-
gions of the fault planes that undergo afterslip, while experiencing
a positive coseismic variation of Coulomb stress. The a – b values
obtained suggest that afterslip developed in transition regions be-
tween a velocity-weakening behaviour and a velocity-strengthening
one. We conclude that the afterslip regions on the Paganica fault
mitigated the occurrence of aftershocks. Instead, the afterslip devel-
oped on the Campotosto fault brought closer to failure the sources
of aftershocks occurred in that region.
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A P P E N D I X A : S L I P M O D E L

A1: Slip evolution

Let us define t0 as the origin time of the mainshock, and let us
assume that t0 = 0 s. Let us call stress rise time the time necessary
to a patch to reach the static final value of stress, and slip rise time
the time necessary to a patch to slip coseismically. Let us consider
a fault patch that undergoes an increase of stress of duration tr.
In first approximation, we can say that the stress rise time tr is
equal to the sum of the slip rise time and the time necessary to the
rupture to reach the patch under study. From Cirella et al. (2009),
we deduce a range of values for the stress time rise of the L’Aquila
(2009) earthquake of 1–10 s, that is of the same magnitude of the
time necessary to reach a static stress level for different earthquakes
(e.g. ∼14 s for the Irpinia 1980, earthquake, see Belardinelli et al.
1999).

The actual slip evolution δ(t) can be obtained as the sum of the
coseismic (δcs) and post-seismic (δas) slip distributions, where δas(t)
is the afterslip developed for t ≥ tr. The PCAIM method adopted
allows us to recover the spatiotemporal evolution of slip on the fault.
Indeed, we find, from the inversion of the spatial part, the principal
slip components Lp×r and we know from the decomposition the
matrix Sr×rVr×n

T (see Section S2.1). Consequently, we can calculate
the matrix LSVT, which contains the slip evolution of each patch
δdat(t). This quantity can be written as the sum of the coseismic and
afterslip slip distributions of Section 6: δdat(t) = δcs

dat + δas
dat(t).

The quantity δcs
dat is calculated for t = t1, that is for the first day

after the mainshock, and we are not able to resolve it for smaller
times. At the same time δas

dat(t) is the slip increment developed
after the first day, as retrieved from our data. Assuming that the slip
evolution derived inverting data corresponds to the actual slip, we
can write:

δdat
cs + δdat

as (t) = δdat(t) = δ(t) = δcs + δas(t) for t ≥ t1, (A1)

and since δas
dat(t1) = 0, the value δcs

dat is given by:

δdat
cs = δdat(t1) = δ(t1) = δcs + δas(t1). (A2)

A2: Afterslip model

Adopting a rate- and state-dependent frictional sliding law (eqs 1
and 2 of the main text), and considering a velocity-strengthening
patch in a steady-state approximation, we can model it with a spring-
slider system, and the following relation is valid (Marone et al.
1991):

δ(t) ≈ m(t) = mcs + mas(t)

= mcs + α ln

[
1 + β

α
(t − tr )

]
for tr ≤ t 
 td = α

Vpl
, (A3)

where δ(t) is the actual slip occurred on the patch, m(t) is the
modelled temporal evolution of slip due to the stress increase, which
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is composed by a modelled coseismic slip mcs at t = tr and a
modelled afterslip mas(t). In particular, as in Marone et al. (1991),
α = (a – b)σ /k = Vpltd is a characteristic slip and β = V+ is the
starting sliding velocity on the patch at the beginning of the post-
seismic phase (t ≈ 0). k is the stiffness of the spring in the fault
analogue model, σ is the effective normal stress on the patch, Vpl

is the loading plate velocity and td is a characteristic decay time.
mcs is a short-term slip undergone by the velocity-strengthening
patch, that is, it is the slip that occurs during the application of the
stress perturbation (t0 < t ≤ tr, where t0 is the origin time of the
mainshock, which has been assumed equal to 0 s). A short-term
slip was predicted by Marone et al. (1991) and indicated with the
notation UC

S. To compare the model m(t) with the slip distributions
at our disposal, deduced from daily sampled data, we have to find a
model for the afterslip that is valid for times t ≥ t1, that is for times
greater than the first day after the mainshock. Considering times
greater than t1, we can rewrite the left side of formula (A3) through
the value derived from the measurements:

δcs + δas(t) = δdat
cs + δdat

as (t) = δ(t)

≈ m(t) = mcs + mas(t) for t1 ≤ t 
 td , (A4)

and since tr ∼ 1 s << t1 = 0.43 d ≤ t, we can neglect it in (A3) and
we obtain:

δdat
cs + δdat

as (t) ≈ m(t) = mcs + mas(t)

≈ mcs + αln

[
1 + β

α
t

]
for t1 ≤ t 
 td . (A5)

We seek a model for the afterslip at our disposal, δas
dat, that is valid

for times t ≥ t1. From eqs (A1)–(A5), we can write:

δdat
as (t) = δas(t) + δcs − δdat

cs = δas(t) + δcs − δcs − δas(t1)

= δas(t)−δas(t1) ≈ mcs +mas(t)−δcs − mcs − mas(t1) + δcs

= mas(t) − mas(t1) = αln

[
1 + β

α
(t − tr )

]

− αln

[
1 + β

α
(t1 − tr )

]
≈ αln

[
α + βt

α + βt1

]

for t1 ≤ t 
 td = α

Vpl
, (A6)

that is the relation (3) of the main text.

S U P P O RT I N G I N F O R M AT I O N

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

Section S1. Seismicity cluster division and determination of the
geometries.
Section S1. Inversion method.
Section S3. Coseismic inversion.
Figure S1. Maps of the geometries tested, listed in Table 1. Black
lines, green lines and GPS markers are the same of Fig. 1. All the
faults are divided in ∼2 × 2 km2 patches.

Figure S2. Temporal eigenvalues V for the decomposition of the
coseismic data set. The decomposition with two components does
not preserve more information on the coseismic offset than the
decomposition with one component.
Figure S3. Example of outlier and blunder detection and removal in
detrended and common mode error (CME) filtered time-series. The
red line indicates the time-series obtained from the decomposition
with one component. (a) shows the precleaning time-series of CONI,
(b) the post-cleaning one.
Figure S4. Trade-off curve for the post-seismic inversion on the
geometry P2, assuming a variable rake (R = 1) configuration. The
figure shows the typical L-curve of the misfit (here χ2) versus the
roughness of the model (‖GLapL‖2). We choose the value indicated
by the arrow, that correspond to a γ = 2.5 cm−1.
Figure S5. χ 2 versus R curve for the post-seismic inversion on the
geometry P2, assuming γ = 2.5 cm−1, as derived from the trade-off
curve with R = 1 (Fig. S4). The curve has a minimum for R = 1,
since it is the configuration with no constraints on the rake. The
increasing of the R parameter encourages slip distributions with
larger dip components than strike ones. This constraint is translated
in an increasing χ 2 value. For R, which tends to ∞, the curve reaches
an asymptotic value. We choose the value R = 15.
Figure S6. Trade-off curve for the post-seismic inversion on the
geometry P2 inverting for a slightly variable rake (R = 15). The
figure shows the typical L-curve of the misfit (here χ2) versus the
roughness of the model (‖GLapL‖2). We choose the value indicated
by the arrow, that correspond to γ = 2.5 cm−1.
Table S1. Occupation history of the GPS stations used in this work.
x-axis shows the time in days, where 0 is the mainshock epoch.
Stations in bold style belong to continuous GPS networks; the other
to survey mode networks.
Table S2. Column 1: station names. Column 2: offset calculated as
the modelled value of the day after the mainshock less the modelled
value of the day before. Column 3: as column 2, but with the
decomposition values which are assumed as representative of the
data. Column 4: error associated to the values of column 3. Column
5: difference between the offset obtained by the model and the offset
of the decomposition. Column 6: ratio between the absolute value
of columns 5 and 4. The values are referred to the east component
of sGPS stations.
Table S3. As in Table S2, but the values are referred to the north
component of sGPS stations.
Table S4. As in Table S2, but the values are referred to the vertical
component of sGPS stations.
Table S5. As in Table S2, but the values are referred to the east
component of cGPS stations.
Table S6. As in Table S2, but the values are referred to the north
component of cGPS stations.
Table S7. As in Table S2, but the values are referred to the ver-
tical component of cGPS stations (http://gji.oxfordjournals.org/
lookup/suppl/doi:10.1093/gji/ggt522/-/DC1).
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