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Abstract We investigate the L’Aquila 2009 earthquake (AQE, Mw 6.3, Italy) through a 3-D Finite Element
(FE) mechanical model based on the exploitation of ENVISAT DInSAR and GPS measurements and an
independently generated fault model. The proposed approach mainly consists of (a) the generation of a 3-D
fault model of the active structures involved in the sequence and those neighboring to them, benefiting of
a large geological and seismological data set; (b) the implementation of the generated 3-D fault model
in a FE environment, by exploiting the elastic dislocation theory and considering the curved fault
geometry and the crustal heterogeneities information; and (c) the optimization of the seismogenic crustal
blocks model parameters in order to reproduce the geodetic measurements. We show that our modeling
approach allows us to well reproduce the coseismic surface displacements, including their significant
asymmetric pattern, as shown by the very good fit between the modeled ground deformations and the
geodetic measurements. Moreover, a comparative analysis between our FE model results and those
obtained by considering a classical analytical (Okada) model, for both the surface displacements and the
Coulomb stress changes, has been performed. Our model permits to investigate the coseismic stress and
strain field changes relevant to the investigated volume and their relationships with the surrounding
geological structures; moreover, it highlights the very good correlation with the seismicity spatial
distribution. The retrieved stress field changes show different maxima: (a) at few kilometers depth,
within the main event surface rupture zone; (b) at depths of 5–9 km in correspondence of main event
hypocentral area, along the SW dipping Paganica Fault System (PFS); and (c) at depths of 12–14 km, in
correspondence of the largest aftershock hypocentral area, along a steep segment of an underlying east
dipping basal detachment. Moreover, the main event hypocenter is localized in a region of high-gradient
strain field changes, while a deeper volumetric dilatation lobe involves the largest aftershock zone.
From these findings, we argue that the AQE hanging wall downward movement along the steep portion
of PFS might have been modulated by the underlying basal detachment; on the other hand, the coseismic
eastward motion of the PFS footwall might have triggered further slip on the OS, thus releasing the
largest aftershock on an independent source. The retrieved stress and strain field changes, which support
the active role of the OS, have been also validated through a comparative analysis with those obtained
from independent geological, seismological, and GPS measurements.

1. Introduction

In the last decades, Differential Synthetic Aperture Radar Interferometry (DInSAR) measurements have been
increasingly exploited to infer the coseismic deformation patterns due to their wide spatial coverage and
high accuracy (Goldstein et al., 1993; Massonnet et al., 1993; Zebker et al., 1994). The inversion of the
DInSAR measurements represents a powerful approach for better understanding the fault zone mechanisms
and, consequently, for improving the seismic risk mitigation strategies (Geiß & Taubenböck, 2013; Tralli et al.,
2007). Originally, these inversion approaches have been developed by considering an analytical model, often
referred to as Okada model (Okada, 1985), based on the hypothesis of an homogeneous-isotropic and elastic
half-space and on the assumption of simple planar faults (Jonsson et al., 2002; Pritchard et al., 2002; Simons
et al., 2002). More recently, in order to better take into account the complexity of the investigated faults
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involved in the coseismic phase, an effective solution is provided by the joint exploitation of DInSAR mea-
surements and of geological and seismological information within a numerical framework, such as the
Finite Elements (FEs) or the Finite Differences (FDs) methods (Fagan, 1992). These approaches make pos-
sible to consider the available information relevant to both the coseismic fault segments and the sur-
rounding faults system, which have already been shown to be important for the comprehension of the
earthquakes dynamics (Griffith & Cooke, 2005; Meade & Hager, 2005); moreover, they allow to evaluate
the stress and strain field changes (Ma & Kusznir, 1995; Nieto-Samaniego, 1999; Perniola et al., 2004) asso-
ciated to the seismic event, which represent key elements for characterizing the seismogenic rupture
mechanism and for the estimation of its effects on the surrounding region.

We further remark that additional information on the surface deformation signals can be brought by the GPS
measurements provided by the existing networks. This is particularly the case for what concerns the investi-
gation of the north-south displacements component. Indeed, conventional DInSAR techniques are rather
poorly sensitive with respect to this component, although advanced SAR methods for its investigation have
been proposed (Bechor & Zebker, 2006; Casu et al., 2011).

Starting from the above considerations, a very relevant case study is represented by theMw 6.3 L’Aquila 2009
earthquake (referred hereafter to as AQE) that occurred on 6 April 2009 in Central Italy. This moderate intra-
Apennine earthquake has been already investigated from the geological and seismological point of view
(Chiaraluce et al., 2011; Lavecchia et al., 2012) and from the kinematic aspects through analytical and numer-
ical models (Atzori et al., 2009; Cheloni et al., 2010, 2014; Chiaraluce et al., 2011; Cirella et al., 2009; Lanari et al.,
2010; Serpelloniet al., 2012; Trasatti et al., 2011; Walters et al., 2009). Most commonly, the AQE seismogenic
main fault geometry and the related slip distribution have been analyzed by considering single or multiple
planar source models and by assuming a homogeneous, isotropic, and elastic upper crust (Atzori et al.,
2009, 2013; Balestra & Delouis, 2015; Cheloni et al., 2014; Dalla Via et al., 2012; Guerrieri et al., 2010;
Guglielmino et al., 2013; Walters et al., 2009). According to the analytic model solutions, a maximum coseis-
mic slip of 75–100 cm has been estimated beneath the ruptured Paganica Fault System (PFS) trace, but the
results relevant to the retrieved depth of the slip concentration are highly variable, with a mean value of
about 6 km (Atzori et al., 2009; Cheloni et al., 2014; Cirella et al., 2009; Gualandi et al., 2014; Serpelloni et al.,
2012; Trasatti et al., 2011).

Few other authors have considered numerical approaches to better account for the fault system geometry
and/or the crust heterogeneities (Amoruso et al., 2013; De Natale et al., 2011; Trasatti et al., 2011; Volpe
et al., 2012). In particular, Trasatti et al. (2011) demonstrated that the inversion of geodetic data, based on
the FE method, permits to account for a more realistic description of the upper crust mechanical parameters.
The achieved results highlighted the nonnegligible influence of the medium structure; indeed, homoge-
neous and heterogeneous models show discrepancies up to 20% in the fault slip distribution values. Volpe
et al. (2012) carried out a FE analysis of the AQE fault source based on a simplified 3-D model accounting
for the topographic relief and the mechanical crust heterogeneities and by inverting GPS measurements.
Their results pointed out that the introduction of 3-D features significantly influences the retrieved
source model parameters, suggesting a trade-off between domain complexities and seismogenic source.
Amoruso et al. (2013) studied the effects of layered media on the seismogenic source characteristics; more-
over, they investigated the relationship between the smoothing factor and the slip distribution of the active
fault by inverting the coseismic GPS measurements.

All the above mentioned contributions have considered planar fault models to invert the available geodetic
data, which do not ensure to resolve the complexity of the geology and the faulting process; specifically, they
did not take into account the variations in dip and strike angles of the AQE seismogenic fault identified by
both structural-geological field data (Boncio et al., 2010; Ferrarini et al., 2015; Lavecchia et al., 2012) and
high-resolution seismological measurements (Chiaraluce et al., 2011; Valoroso et al., 2013). Considering the
scientific background, a number of relevant questions still remain open, such as the role of the existing geo-
logical structures on the modulation of the surface displacements, the seismogenic patches extent and the
characteristics of the stress and strain field changes, and the asymmetry of the measured deformation pat-
tern (Papanikolaou et al., 2010), which has been tentatively attributed to the contribution of the largest
AQE aftershock (Mw 5.5), occurred on 7 April 2009 on an independent fault segment (Dalla Via et al., 2012;
Guglielmino et al., 2013; Pino & Di Luccio, 2009).
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In this work, we extend the previous investigations of the L’Aquila 2009 earthquake event and its major Ocre
aftershock through a 3-D Finite Element (FE) mechanical model based on an independently generated 3-D
fault model and on the exploitation of DInSAR and GPSmeasurements. In particular, the main goal of our ana-
lysis is represented by the investigation of the volumetric stress and strain changes due to the L’Aquila 2009
earthquake and its main aftershock. To do this we, exploit a FE modeling approach that allows us to account
for the curvature and complexity of the investigated fault system and to consider for the heterogeneity of the
involved rock materials by exploiting the available geological and seismological information. Accordingly, we
do not need to introduce any segment discretization for the fault geometry and, above all, we may easily
account for the vertically and laterally rock material heterogeneities without assuming simplified layered
structures; in addition, we also model the kinematics of the seismogenic crustal blocks. The obtained results
allow us to perform a systematic study about the spatial distribution of the coseismic stress changes and to
relate them to the distribution of the coseismic strain both at surface and at depth. In addition, we provide
important constraints for studying the earthquake mechanism improving the understanding of the relation-
ship between the rupture process and the observed ground deformation field. The model unknowns are
represented by the fault patches extent and the applied forces relevant to the hanging wall and the footwall
unlocked blocks, which are keymodel parameters to reproduce the observed coseismic surface displacement
field and to retrieve the stress and strain field changes. Finally, in order to extensively investigate the quality
of the achieved results, we perform a comparison between the modeled principal stress axes with those
retrieved from independent geological and seismological data (fault slip data and focal mechanism).

2. Background
2.1. The L’Aquila Earthquake (AQE)

AQE was a moderate but highly damaging surface-rupturing earthquake that struck, on 6 April 2009, the
town of L’Aquila and its surroundings in the Abruzzo Apennines (Central Italy) (Figure 1a). Geological and
geodetic (DInSAR and GPS) observations (Devoti et al., 2012; Lanari et al., 2010) identified, as responsible
for this event, the reactivation of the Stabiata Mt.-Paganica-San Demetrio Fault System, a Late Quaternary
SW dipping alignment of closely spaced normal fault segments, here referred to as Paganica Fault System
(PFS) (Boncio et al., 2010; Doglioni et al., 2011; EMERGEO Working Group, 2010; Falcucci et al., 2009;
Lavecchia et al., 2011; Figures 1b and 1c). The PFS extends about 20 km along the NW-SE direction and con-
tinues northward for about 3 km in the E-W direction. In historical times (from 1000 A.D.), the PFS also
released highly damaging earthquakes (Figure 1b), among which the 1461 earthquake (Cinti et al., 2011;
Galli et al., 2010).

AQE caused coseismic surface ruptures for a length of about 10 km along the northern NW-SE striking PFS
strands, with a maximum throw of about 10 cm (Boncio et al., 2010; Vittori et al., 2011). A maximum coseismic
line of sight (LOS) range increase of 23–24 cm at the PFS hanging wall and a maximum LOS range decrease of
4–5 cm at the PFS footwall are indicated by the DInSAR results, obtained from the SAR images acquired by the
ENVISAT satellite (along descending orbits) (Lanari et al., 2010). Maximum vertical and horizontal GPS displa-
cements is found at GPS CADO Station (for its location see Figure 5d) with 10.39 ± 0.45 cm in the NW direction
and 15.64 ± 1.55 cm downward (Anzidei et al., 2009). Waveforms from near-field strong motion stations
allowed to estimate a permanent downward ground displacement of about 15 cm, close to the L’Aquila town
(Zambonelli et al., 2011).

AQE nucleated at a depth of about 9 km (Chiaraluce et al., 2011), close to the intersection at depth between
the south dipping and the SW dipping PFS segments (for details see Figure 6 in Lavecchia et al. (2012)). The
estimated seismic moment fluctuates from 1.6 × 1018 N m to 3.7 × 1018 N m, corresponding to moment mag-
nitudesMw values between 6.1 and 6.3 (Herrmann et al., 2011; Pondrelli et al., 2010; Scognamiglio et al., 2010).
The rupture mechanism and the source parameters account for a dip-slip normal fault with a very minor
right-lateral slip component (rake = �95° ± 5°), striking N140° ± 5° and dipping 50° ± 5° to the SW
(Chiarabba et al., 2009; Walters et al., 2009).

AQE was preceded by foreshocks of magnitude up toMw 4.4, and it was followed by a long period of intense
seismic activity (3-years long aftershock sequence with more than 80,000 events), including three events of
Mw ≥ 5.0 that occurred between 6 and 9 April 2009 (Figure 1c). In particular, the strongest aftershock occurred
on 7 April 2009, about 9 km southeastward of AQE and at a greater depth (about 14 km). It activated a distinct
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Figure 1. Study area. (a) Map of the active faults, originally drawn and digitized at scales from 1:10,000 to 1:50,000, where the west dipping faults are updated from
Boncio et al. (2004), Boncio et al. (2004), and Lavecchia et al. (2012), while the east dipping ones are updated from Lavecchia et al. (2011, 2012). The overall faults
system is shown and includes the following master fault segments: 1 = Gorzano Mt.; 2 = Campo Imperatore; 3 = Montereale; 4 = S. Franco-Assergi; 5 = Caste del
Monte and Capestrano; 6 = Morrone Mt.; 7 = Porrara Mt.; 8 = Pizzoli; 9 = Stabiata Mt.-Paganica-San Demetrio, for example, Paganica Fault System, PFS; 10 = Middle
Aterno Valley-Subaequana Valley; 11 = S. Pio delle Camere; 12 = Frattura-Genzana Mt.; 13 = Rieti; 14 = Valle del Salto; 15 = Velino Mt.; 16 = Campo Felice-Ovindoli;
17 = Magnola Mt.; 18 = Tre Monti Mt.; 19 = Fucino outer splay; 20 = Fucino inner splay; 21 = Marsicano Mt.; 22 = Narnese-Amerina; 23 = Fara in Sabina-Oricola;
24 = Sabini-Eastern Simbruini Mountains; 25 = Affile. The fault alignments, enveloping the individual segments, outline the structures considered for the 3-D
fault model generation (see Figure 2a); the different colors, used to highlight the Inner (green lines), Intermediate (pink lines), and Outer (yellow lines) fault
alignments, correspond to those outlined in the fault model of Figure 3. The black box indicates the area investigated in panels (b) and (c). The dashed white lines
indicate the location of the ENVISAT ascending and descending SAR image footprints. The inset map, in the upper right corner, shows the location of the study area,
and the white stars are referred to the main seismic events (Mw > 5.5) occurring in the Intermountain Extensional Belt of Central Italy in the 1979–2017 period.
Earthquake key: 1 = Norcia 1979,Mw 5.9; 2 = Gubbio 1984,Mw 5.6; 3 = Barrea 1984; 4 = Colfiorito 1997,Mw 6.0; 5 = L’Aquila 2009,Mw 6.3; 6 = Amatrice 2016,Mw 6.2;
7 = Visso 2016, Mw 5.9; 8 = Norcia 2016 Mw 6.5; 9 = Montereale 2017, Mw 5.5. (b) Active faults and historical seismicity, as reported in Ferrarini et al. (2015), close
to the epicentral area of the main seismic event (Mw 6.3); the black rectangle indicates the area shown in panel (d). (c) Epicentral distribution of the seismic
activity from 6 April to 30 September 2009 (Chiaraluce et al., 2011) with the indication of the focal mechanisms of the three major events (Pondrelli et al., 2010).
(d) Details of the Paganica fault and the related coseismic surface fracturing pattern (Lavecchia et al., 2012).
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ENE dipping rupture plane (Chiaraluce et al., 2011), referred to as Ocre Segment (OS) (Lavecchia et al., 2017)
and hidden beneath the PFS, within its footwall rock volume. The relative seismic moment Mo ranges
from 1.5 × 1017 N m to 2.8 ×1017 N m, corresponding to the moment magnitude values (Mw) between 5.4
and 5.6; the rupture mechanism and the source parameters indicate an oblique-slip normal fault
(rake =�50° ± 15°), striking north 343° ± 5° and dipping 65° ± 10° to ENE (D’Amico et al., 2013; De Natale et al.,
2011; Herrmann et al., 2011; Lavecchia et al., 2017; Pondrelli et al., 2010; Scognamiglio et al., 2010).

During the AQE postseismic activity, another individual extensional segment, known as Gorzano fault, was
activated on 9 April 2009 at a depth of 11 km, releasing an event of magnitude value between Mw 5.2 and
Mw 5.4 (Herrmann et al., 2011; Pondrelli et al., 2010). Moreover, a well-distinct individual fault segment,
located in between the Paganica and the Gorzano faults, was extensively illuminated by well-clustered
long-lasting (from April to September 2009) microseimic activity (Montereale segment in Figure 1c).
Detailed information on the outcropping Late Quaternary normal faults and the coseismic surface faulting
and fracturing pattern relevant to the investigated area is shown in Figure 1d.

2.2. Regional Seismotectonic Framework

AQE and its aftershocks represent relevant events of a long-lasting instrumental seismic activity which, has
progressively and discontinuously affected a NNW-SSE striking faults system extending along the
Intermountain Extensional Belt of Central Italy (upper right inset in Figure 1a). Five major earthquakes with
Mw > 5.5 were released from 1979 to 2009 (Norcia 1979, Mw 5.9; Gubbio 1984, Mw 5.6; Barrea 1984, Mw 5.9;
Colfiorito 1997, Mw 6.0; and L’Aquila 2009, Mw 6.3) and other four major events during the 2016–2017
Central Italy seismic sequence (Amatrice, 24 August, Mw 6.2; Visso, 26 October, Mw 5.9; Norcia, 30 October,
Mw 6.5; and Montereale, 18 January, Mw 5.5; Lavecchia et al., 2011, 2016). All these events represent the
expression of the SW-NE tensional deformation field that since early Pleistocene times (early Gelasian) has
affected the Apennines, as revealed by long-term and active geology (Boncio et al., 2004; Ferrarini et al.,
2013; Roberts & Michetti, 2004), by paleoseismologic (Galadini & Galli, 2000), by historical and instrumental
seismic activity (ISIDe Working Group, 2015; Montone & Mariucci, 2016; Rovida et al., 2011), and by geodetic
data (D’Agostino, 2014; Devoti et al., 2011; Galvani et al., 2012).

The extensional system surrounding the AQE epicentral area (Figure 1a) mainly consists of WSW to SSW dip-
ping high-angle normal and normal-oblique faults, which cut preexisting fold and thrust structures and are
associated with tectonic depressions filled by continental deposits (Ghisetti & Vezzani, 2002; Lavecchia
et al., 1994). The overall belt is westward delimited by moderate to low-angle east dipping faults (Collettini
et al., 2006; Di Naccio et al., 2013; Mirabella et al., 2011; Petricca et al., 2015) that define a regional NNW-
SSE fault alignment, referred to as Etrurian Fault System (EFS) (Brozzetti et al., 2009; Eva et al., 2014) in the
northern Apennines of Italy and as Latium-Abruzzi Extensional System (Lavecchia et al., 2017) in the central
Apennines, Italy. Crustal transects and earthquake data across Central Italy show that the west dipping
Quaternary faults of the Intermountain Extensional Belt (yellow domain within the inset of Figure 1a) detach
on such eastward dipping structures (Boncio et al., 2004; Chiaraluce et al., 2007; Collettini et al., 2006).
Specifically, the east dipping basal discontinuity indicated as Latium-Abruzzi Extensional Detachment
(LAED in Figure 2a) delimitates the AQE activated SW dipping faults bottom. The LAED, characterized by a
ramp-flat-ramp geometry, accomplishes the extensional deformation mainly through a creeping process
(Collettini et al., 2006). Nevertheless, brittle seismic release on moderately steep (dip > ~45°) east dipping
segments is occasionally observed as in the case of the 2009 Ocre event (e.g., the largest AQE aftershock;
Lavecchia et al., 2017).

3. Three-Dimensional Modeling
3.1. Three-Dimensional Fault Model Geometry and Uncertainty

In order to retrieve, in a well-defined geographic reference system, the 3-D geometry of the active fault
segments involved in the AQE sequence and neighboring to them, we follow the methodological
approach adopted by the Community Fault Model of Southern California (Nicholson et al., 2014, 2015;
Plesch et al., 2007). In particular, we start from a detailed (scale 1:10,000 to 1:50,000) digital map of
the fault-ground traces (e.g., the fault intersection with the topography) of the individual Late
Quaternary normal fault segments (Figure 1a) and extrapolate them at depth, with different degrees of
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approximation (Figure 2a), by exploiting the available geological/seismological information (e.g., geologic
andmorphotectonic maps, boreholes, cross sections, fault/slip data, hypocentral data sets, focal mechanisms,
and available seismic lines).

Most of the fault segments consists of high-angle WSW to SSW dipping normal and normal-oblique faults
that belong to three major extensional fault alignments, indicated as Inner (green lines), Intermediate (pink
lines), and Outer (yellow lines). Each alignment is articulated in a number of “individual” master faults sepa-
rated by structural or geometric complexities (gaps, sharp bends, or stepovers). The master faults in Figure 1a
range in length from a minimum of ~7 km, which is suitable for generating earthquake with Mw ≥ 5.5, to a
maximum extent of ~35 km, suitable for generating Mw 7.0 earthquakes (Wells & Coppersmith, 1994).

Figure 2. Three-dimensional fault model. (a) Three-dimensional representation of the major individual, east and west dipping normal fault segments (redrawn
form Lavecchia et al., 2017); the individual fault segments are numbered and denominated as in Figure 1a. Note also that the black line represents the map
trace of the 3-D cross section reported in panel b. (b) Three-dimensional southeast view of the segments activated during the L’Aquila 2009 seismic sequence
and of the surrounding area; the red circles are relevant to the hypocenters of the main shock (6 April, Mw 6.3) and its largest aftershock (7 April, Mw 5.5)
and the black dots to the relocated aftershocks (Chiaraluce et al., 2011). Each fault reports the data completeness (RDC) and the Fault Geometric Attributes (RFGA)
factor (see Appendix A).
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The outcropping active fault pattern (fault numbers from 1 to 26 in Figure 2a) is well known in the scientific
literature, as responsible for relevant historical and instrumental earthquakes (Boncio et al., 2004; Galadini &
Galli, 2000; Roberts & Michetti, 2004). In early-instrumental and instrumental times, the Inner alignment was
activated by the catastrophic Fucino 1915 earthquake (Mw 7.0) (Rovida et al., 2011), the Intermediate one by
AQE 2009 (Mw 6.3) event, and the Outer one by a number of Mw 5.0–5.5 events released during the 2009
L’Aquila sequence and by the major events of the 2016–2017 Central Italy seismic crisis. Moreover, minor
sequences and background seismicity were distributed along patches of the other faults (Bagh et al., 2007;
Boncio et al., 2004, 2009; Chiarabba et al., 2015; Romano et al., 2013).

The western sector of the study area is prevalently characterized by moderately eastward dipping master
fault segments (fault numbers from 24 to 26 in Figure 2a), active in Quaternary age. These structures, which
are well exposed in the Sabini-Simbruini Mountains area (fault numbers 24 and 25), are located, with a right-
lateral en echelon set, along the southward prolongation of the EFS. Recently, the Sabini-Simbruni east dip-
ping system has been interpreted as the upper ramp hanging wall splays of the LAED (Lavecchia et al., 2017).
The LAED would delimitate at the base the SW dipping intra-Apennine active faults of Central Italy; beneath
the AQE epicentral area, it would be characterized by a flat-ramp geometry. This ramp (fault number 28) lies
at a depth of about 10 ± 1 km and moderately deepens to a depth of about 16 km (average dip 50°), starting
from the intersection with the PFS and moving eastward of it. The AQE largest aftershock, for example, Ocre,
nucleated on such ramp at a depth of about 14 km. A slow-slip seismic event, precursory of AQE, nucleated
on the horizontal flat, on 12 February 2009 (Borghi et al., 2016).

The 3-D fault model, shown in Figure 2a, is based on the direct interpolation of the available data to build
well-constrained fault patches and on the depth and lateral extrapolation of the patches to form complete
surfaces by exploiting the Move software package (2016). All the fault elements are represented as mesh
surfaces, obtained through the Delauney triangulation algorithm (Caumon et al., 2009), which permits to
accurately represent complex surface geometries. In some cases, the depth extrapolation was carried out
from the surface trace with a fixed dip angle (50–60°); in the other cases, the depth interpretation was con-
strained with fault slip data (Ferrarini et al., 2015) and geological cross sections (Lavecchia et al., 2012), as well
as with relocated sequences and/or minor seismicity with focal mechanism solutions (time interval from 1979
to 2015; Bagh et al., 2007; Boncio et al., 2009; Chiarabba et al., 2015; Chiaraluce et al., 2011; Romano et al.,
2013). When available, the boreholes and the seismic reflection data were also used. Updip, the fault seg-
ments are bounded by topographic digital elevation model data (20-m resolution) and, laterally, one fault
may terminate into another. Downdip, the faults are traced to reach the base of the seismogenic layer, as
derived from the local sequences and minor seismicity (Bagh et al., 2007; Boncio et al., 2009; Chiarabba
et al., 2015; Romano et al., 2013) and from relocated regional background seismicity in the time interval
2005–2012 (Chiarabba et al., 2015). The base of the seismological layer is interpreted as structurally controlled
and coinciding with the LAED; the presence of this basal detachment is also highlighted by the seismicity dis-
tribution related to the 2016–2017 Central Italy seismic crisis (Bonini et al., 2016; INGV Working Group, 2017).
Overall, we underline that the retrieved fault surface does not simply represent the downdip projection of the
complex outcropping trace, but rather a curved surface, which keeps information from both the surface and
the depth.

In order to estimate the uncertainty on the geometry of modeled fault patches, we analyze two factors, which
take into account the completeness of the input data and the variability of the geometric attributes for each
fault element (Appendix A). First, we assigned to each fault segment a data completeness (RDC) factor related
to the available information on that fault. In particular, following the criterion proposed by Plesch et al. (2007),
we adopted five data ranking factors (RDC) (Table A1): factor RDC = 1 refers to a fault retrieved from using high-
quality geological data (cartographic data, geomorphological and structural surface observations, and fault
slip data), seismological data (relocated hypocentral distribution and focal mechanism), and other geophysi-
cal data (seismic lines and/or wells information); factor RDC = 2 indicates a fault surface reconstructed thanks
to the availability of two of the above discussed information; factor RDC = 3 is relevant to faults constrained by
using surface geological data or by high-quality hypocentral locations; factor RDC = 4 refers to a fault surface
with some geological and/or seismological evidence; factor RDC = 5 indicates a model-driven fault, lacking of
any direct surface and/or subsurface information but well-fitting surrounding information. In detail, the west
dipping fault segments, primarily or subsidiary involved in the 2009 L’Aquila seismic sequence (labeled as 1,
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3, and 9 in Figure 2a), have a rather high data completeness factor (RDC = 1 and RDC = 2), because they are well
identified by geological and high-quality hypocentral data. The remaining west dipping faults (labeled as 2, 4,
5, 6, 8, 10, and 11 in Figure 2a) have values ranging from RDC = 3 to RDC = 2, being adequately identified by
geological evidences, but lacking of well-constrained depth information, apart from some hypocentral data
on minor sequences and the background seismicity (Chiarabba et al., 2015). The east dipping Southern
Sabini-Simbruini (SES) segment (labeled as 24 in Figure 2a), reaches factor RDC = 2, being well constrained
at surface by outcropping faults and structural data and at depth by a commercial seismic line (Videpi
Project, 2016), which shows an eastward SES deepening to a depth of about 7–8 km, with an average dip
of about 40°(±10) (Figure 2a). The east dipping OS, labeled as 27 (Figure 2b) and located at depths between
12 and 16 kmwithin the PFS footwall, reaches a factor RDC = 3, being revealed by the 7 April 2009 hypocentral
distribution. The large subhorizontal flat connecting SES and OS (labels 28 in Figure 2a), may have only a low
ranking (RDC = 5) being model driven, although in analogy with similar geometries already observed in the
other extensional and seismogenic areas of the Apennines (e.g., EFS). Moreover, following the criterion pro-
posed by Litchfield et al. (2013), we introduce an additional factor based on the variability of the Fault
Geometric Attributes (RFGA) (Table A2). Specifically, we focus on the admissible spatial variability of the bot-
tom fault traces and of the average representative fault dip angles. Also, in this case we adopted five geo-
metric ranking factors, from RFGA = 1 to RFGA = 5, corresponding to different ranges of angular and/or
spatial deviation from original ranges, as given in Table A2. The highest geometric ranking (RFGA = 1
and/or RFGA = 2) may be attributed to the faults outcropping within L’Aquila 2009 seismic sequence: these
faults are characterized not only by the well-constrained surface traces at small scale (1:10,000; 1:25,000)
but also by the well-located earthquakes (uncertainty of hypocenter locations ≤500 m). Lower geometric
ranking can be attributed to the faults outcropping far from the AQE hypocentral area, due to higher uncer-
tainty of the available hypocenter locations. The geometric attributes associated to the central LAED flat are
the most variable ones, being it a buried and aseismic structure (RFGA = 4 and RFGA = 5).

Starting from the above discussed factors RDC and RFGA, we carry out an empirical quantification of the uncer-
tainty values for each reconstructed fault model (Table A3), expressed in percentage. Note that the lower
value of uncertainty of the fault model may be associated to the PFS (labeled as 9), for which we achieve 15%.

3.2. Three-Dimensional Finite Element Model Setting

In order to retrieve the stress and strain field changes induced by the AQE event and its main aftershock (Ocre
event), a fundamental step is represented by the exploitation of the 3-D fault model geometry information,
discussed in the previous section, within a numerical environment. Subsequently, similarly to what was pre-
sented by Jungels and Frazier (1973) and Smylie and Mansinha (1971), we model the stress and strain field
changes alongside the faults involved in the L’Aquila 2009 seismic sequence assuming the stationary and lin-
ear elasticity of the involved materials and considering the solution of the equilibrium mechanical equations
(Fagan, 1992). More specifically, in order to build the FE simulation domain, we consider an area extending for
120 km × 80 km (east and north directions, respectively, Figures 3a and 3b) and with a depth of 25 km. Such a
large zone, with respect to the AQE epicentral region, allows us to assume the edge effects as negligible.
Indeed, we have performed a FE modeling test considering an enlarged domain along the depth (35 km)
and the results are very similar to those originally found.

As external boundary conditions, we apply a free surface condition for the upper boundary domain, which
corresponds to the topographic level of the considered area; the bottom face is held fixed, while rollers
are applied at the four lateral faces of the considered numerical domain. In addition, we assume different
internal boundary settings in order to simulate the tectonic contacts among the assumed structural domains.
In particular, we consider that (i) the identity mechanical constraints represent the media continuity; (ii) the
contact pairs, used to simulate the reactivation of a preexisting fault, represent the boundary along which the
body forces of the seismogenic crustal blocks are concentrated; and (iii) the roller constraints is applied to
simulate the horizontal sliding of the crustal blocks under the induced stress field. Therefore, the PFS sector,
labeled as 9 in Figure 2a, is modeled as contacts without frictional forces, the LAED surface as roller con-
straints (inset in Figure 3b), and the remaining locked surfaces are modeled as identity pairs.

We consider for our FE model a heterogeneous structural domain retrieved by exploiting the approach of
Barton (1986) and by using the seismic tomography results reported in Chiarabba et al. (2010) and Di
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Stefano et al. (2011). Figure 4a shows the considered elastic 3-D space, clearly showing significant vertical and
lateral heterogeneities. Note also that the exploited seismic tomography data have been sampled with a
spacing of 1.5 km, for x, y, and z directions.

The FE domains are discretized through tetrahedral elements realized by exploiting the Comsol Multiphysics
software package (by COMSOL Inc., version 5.2). The use of a tetrahedral element discretization leads to gen-
erate a fine mesh that is readily aligned to the complex geological features and to the topographic surface. In
particular, the entire numerical domain is discretized by considering 164,800 tetrahedral elements (Figure 4b)

Figure 3. Three-dimensional model setup. (a) Three-dimensional fault model representation highlighting the geometry of three major west dipping active fault
alignments (the Inner alignment in green, the Intermediate one in pink, and the Outer one in yellow), shown in Figure 1a, and their inferred extensional basal
detachment (LAED). (b) Simplified geometry used for the 3-D FE model. The orange star refers to the April 6 main shock (Mw 6.3); note that its location lies at the
intersection between the SW dipping Paganica fault and the south dipping Stabiata fault. The external and internal boundary conditions applied for the FE analysis
are also indicated.
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and by using a quadratic shape function, with the elements size ranging from 500 m to 5 km: to reduce the
computational efforts, the mesh size becomes coarsened as the distance increases from the seismogenic
fault. We remark that the spatial resolution of the FE model (i.e., the size of the tetrahedral elements) is
higher than the errors associated to the dip angle and the fault traces (Appendix A).

Overall, the earthquake simulation is developed through two stages, similarly to what was reported by Tizzani
et al. (2013) and Vadacca et al. (2016): during the first one (preseismic), the model is subject only to the gravity
load; accordingly, the model compacts under the weight of the rocks until it reaches a stable equilibrium
(Apuani et al., 2013). At the second stage (coseismic), we estimate the forces allowing us to reproduce
the measured displacements. In particular, this second stage is performed by fixing the geometry of the com-
plex fault planes (variable along strike and dip), constrained by exploiting the available 3-D structural/
seismological information (Figure 3), and by jointly searching for the fault patches extent (representing the
contact area between the seismogenic blocks) and the applied forces relevant to the PFS hanging wall and
the footwall seismogenic blocks. Note also that we searched for the applied forces configuration without
any constraint in terms of pure double-couple mechanism in order to investigate the activation of several
fault planes during the analyzed time window.

Figure 4. Mechanical heterogeneities and exploited mesh of the investigated 3-D domain. (a) Three-dimensional view of
the (left) Vp and (right) Vs values relevant to the investigated FE model domain and obtained from the seismic tomogra-
phy, reported in Chiarabba et al. (2010) and Di Stefano et al. (2011). (b) Discretization of the investigated 3-D domain
through tetrahedral elements with sides ranging from 500 m to 5 km. The cyan line indicates the PFS, labeled as number 9
in Figures 1 and 2.
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Figure 5. DInSAR and GPS measurements versus FE model results. Comparison between radar LOS displacements (computed in coherent areas) retrieved from
the DInSAR analysis of ENVISAT SAR images and the modeling results relevant to (a) ascending (11 March 2009 to 15 April 2009) and (b) descending (1 February
2009 to 12 April 2009) orbits. Left column: data; central column: model; right column: residual. (c) Comparison between the ENVISAT (left) ascending and (right)
descending (black dots) DInSARmeasurements and the corresponding LOS-projected results of the FE model (red dots) evaluated along the trace reported in panels
a and b. In the upper left corner, we report the time spans relevant to the exploited ENVISAT interferograms and the dates and magnitudes of the 6 April 2009
main shock and the 7 April 2009 largest aftershock. (d) Comparison between the observed (red arrows) and the computed (blue arrows) GPS vertical and horizontal
one displacement components.
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The presented approach has been applied in other seismogenic scenarios, and a related literature already
exists, where further details about the method can be found. In particular, the following earthquakes have
been already successfully investigated: Amatrice 2016, Italy (Lavecchia et al., 2016), Illapel 2015, Chile
(Solaro et al., 2016), Gorkha 2015, Nepal (Castaldo et al., 2016), and Emilia 2012, Italy (Tizzani et al., 2013).

4. Model Optimization

The optimization of the FE model parameters is carried out by minimizing the residuals, represented by the
difference between the geodetic measurements (DInSAR and GPS), and the corresponding modeled displa-
cements. In particular, the DInSAR measurements are retrieved from the ascending and descending SAR
images acquired by the ENVISAT satellite. We underline that the temporal and spatial extent of the analyzed
DInSAR measurements, as for the GPS ones, allows us to focus on the two major seismic events that occurred
on 6 April 2009 (AQE,Mw 6.3) and on 7 April 2009 (Ocre,Mw 5.5) within the same epicentral area but localized
at different depths and on independent fault segments (Figures 1c and 2b).

For what concerns the DInSAR measurements, we consider in our analysis the coseismic interferometric
ENVISAT image pairs relevant to the time intervals from 11 March to 15 April 2009 and acquired from ascend-
ing orbits and from 1 February to 12 April 2009, for the descending ones (Cheloni et al., 2014; Lanari et al.,
2010; Trasatti et al., 2011; Walters et al., 2009), covering a common area of over 2,200 km2. Note that for
the interferograms generation (Lanari et al., 2010), precise satellite orbital information and the 3-arc sec
Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the study area have been used
to remove the topographic phase contribution (Franceschetti & Lanari, 1999; Sansosti et al., 2006).

The related ground deformation map in radar LOS have been obtained by performing an average (multilook)
operation (Franceschetti & Lanari, 1999), resulting in interferograms pixel size of about 90m × 90m and inter-
ferometric phase unwrapping step (Costantini & Rosen, 1999; Fornaro et al., 1997) carried out in coherent
areas only. The retrieved deformation pattern (Figure 5) shows a nonsymmetric distribution of the LOS dis-
placements field along the two PFS sides; moreover, there are significant differences between the results
obtained from the interferograms relevant to the ascending and the descending orbits, clearly indicating sig-
nificant contributions of the horizontal (E-W) deformation components (Manzo et al., 2006). Indeed, the
retrieved deformations in the NW region reach the value of 17–18 cm and 23–24 cm (corresponding to a
sensor-target range increase), for the results relevant to ascending and descending orbits, respectively; more-
over, in the NE region a maximum displacement of 4–5 cm (corresponding to a sensor-target range decrease)
is visible only in the descending interferogram (Figure 5). The DInSAR measurements have been subsampled
with the Quadtree algorithm (Jonsson et al., 2002) for the ascending and the descending interferograms to
produce a set of about 8,000 and 11,000 points, respectively, suitable for the optimization procedure.
Regarding the GPS measurements, we consider 13 stations localized in the near-deformation field, consis-
tently with the previous analysis presented by Balestra and Delouis (2015) and Cheloni et al. (2010).

Specifically, as optimization tool, we use the search grid method (Sen & Stoffa, 2013) that allows to statistically
search for the unknown parameters; in our case they are represented by the fault patches extent and by the
applied forces relevant to the PFS hanging wall and the footwall unlocked blocks.

In particular, the best fit solution is selected by searching for the one minimizing of the RMSE of the residuals,
expressed as follows:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i

di;obs � di;mod
� �2

vuut

where di,obs and di,mod are the observed and modeled displacements of the ith points and N the number
of points.

To properly reproduce the ground deformation patterns jointly retrieved from the DInSAR and GPS measure-
ments within the defined 3-D mechanical modeling framework we carry out, through an exhaustive grid-
search method, our analysis based on searching the best fit solution among more than 500 forward models
obtained by varying the fault patches extent and the forces applied to the PFS hanging wall and the footwall
seismogenic blocks. Moreover, starting from the generated 3-D fault model and by exploiting the retrieved
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extent of the active PFS portion, we compute the hanging wall and the footwall volumes. In Table 1 we show
the retrieved best fit model parameters. In addition, we present in Figure 5 the modeled results and the
residual maps computed with respect to the available DInSAR and GPS measurements. The analysis of the
DInSAR residual maps (see also the longitudinal profile reported in Figure 5c) shows small RMSE values
(about 1.35 cm and 1.2 cm for ascending and descending deformation maps, respectively), which confirm
the reliability of our optimization procedure. The GPS data fitting are also good (Figure 5d): the vertical
component is well retrieved by the model (about 0.6 cm), as well as the horizontal one (about 0.9 cm),
except for CPAG and ROIO stations, in which slightly discrepancies on north-south component are
obtained of the order of 1.3 cm. We also remark that the asymmetric characteristics of the deformation
pattern are properly retrieved.

In addition, in order to compare our results with those obtained by retrieving the slip distribution on the PFS
through analytical (Okada) modeling, we have carried out a nonlinear inversion to estimate the single fault
parameters, followed by a linear inversion step to retrieve the slip distribution. In particular, the distributed
slip was computed by partitioning the plane into 32 × 20 patches. Such a two-step analytical modeling
approach is nowadays well consolidated (Atzori et al., 2009). The achieved results (Figures 6a–6c) are in
agreement with those previously presented by D’Agostino et al. (2012), Gualandi et al. (2014), and Cheloni
et al. (2014).

The comparative analysis (Figure 6d) between the FE and the Okada model solutions highlights that the for-
mer slightly better retrieves the measured ground deformations with respect to the latter. Indeed, the Okada
model RMSE values of the residual maps are equal to 2.2 cm and 1.8 cm for the descending and ascending
DInSAR maps, respectively. However, the surface deformation retrieval accuracy is not the key issue we want
to underline here. Indeed, we expect that by extending the number of considered Okada segments, better
approximating the fault system geometry, a more accurate retrieval of the ground displacements can be
achieved. The key point of our FE model approach that we want to highlight is relevant to its capability to
straightforwardly account for the overall available a priori information, such as those on the geometry of
the investigated fault system.

5. Volumetric Stress and Strain Changes Analysis

Let us start our analysis by considering the retrieved parameters relevant to the PFS seismogenic crustal
blocks (Table 1). The amplitude of the force (normalized to the volume) applied to the PFS hanging wall block
is equal to 170 N/m3, and the surface extent is about 245 km2. Instead, for the PFS footwall block, we obtain a

Table 1
Retrieved Best Fit Values Relevant to the Patches Extent and Force Components for the Modeled PFS Hanging Wall (UP) and
Footwall (DOWN) Blocks

Lower bound Upper bound Estimated values

Optimized hanging wall parameters Patches extent 10 (km2) 400 (km2) 245 (km2)

Fx �150 (N/m3) �10 (N/m3) �70 (N/m3)

Fy �150 (N/m3) �10 (N/m3) �40 (N/m3)

Fz �300 (N/m3) �10 (N/m3) �150 (N/m3)

|F| - - 170 (N/m3)

Volume - - 1.5 · 1012 (m3)

Optimized footwall parameters Patches extent 10 (km2) 100 (km2) 75 (km2)

Fx 10 (N/m3) 300 (N/m3) 160 (N/m3)

Fy 10 (N/m3) 300 (N/m3) 160 (N/m3)

Fz 10 (N/m3) 150 (N/m3) 90 (N/m3)

|F| - - 245 (N/m3)

Volume - - 0.4 · 1012 (m3)

Note. In the first and second columns the search bounds of the unknown parameters are reported, while in the last one,
the optimized values are presented. Note also that for the sake of completeness, we also report in the bottom lines (red
values) the amplitude of the retrieved forces and the volume of the seismogenic blocks (see Figure 7).

10.1002/2017JB014453Journal of Geophysical Research: Solid Earth

CASTALDO ET AL. 4205



Figure 6. Analytical model results. Comparison between LOS displacements (computed in coherent areas) retrieved from the DInSAR analysis of ENVISAT SAR images
and the Okada modeling results relevant to (a) ascending ( 11 March 2009 to 15 April 2009) and (b) descending (1 February 2009 to 12 April 2009) orbits. Left
column: data; central column: model; right column: residuals. (c) Coseismic slip distribution retrieved from the linear Okada inversion. The distributed slip over
32 × 20 patches (each of these extending for about 1 × 1.0 km2) is displayed in 3-D view; the retrieved parameters are reported in the table. (d) Comparison between
the ENVISAT (left) ascending and (right) descending (black dots) DInSAR measurements and the corresponding LOS-projected results of the FE model (red dots) and
analytical model (green dots), evaluated along the trace reported in panels a and b (the same as Figure 5). The DInSAR measurements are retrieved from the
analysis of ENVISAT SAR images, relevant to (top) ascending (11 March 2009 to 15 April 2009) and (bottom) descending (1 February 2009 to 12 April 2009) orbits.
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normalized force amplitude of about 245 N/m3 and a surface extent of about 75 km2. We remark that the
activated crustal region (Figure 7a) mostly corresponds to the hanging wall of the PFS (segment fault
number 9 in Figure 2a); it is delimited to the north by the south dipping Stabiata Mt. segment, to the east
by the SW dipping Paganica and S. Demetrio segments, and at depth by the LAED. The deformed volumes
also encompass the PFS footwall block delimited behind by the S. Franco-Assergi fault (segment fault
number 4 in Figure 2a) and at the base by the LAED. The Campo Felice-Ovindoli fault (segment
fault number 16 in Figure 2a), located southwestward of PFS, and the Campo Imperatore fault (segment
fault number 2 in Figure 2a), situated northeastward of PFS, appear also subordinately involved. We may
attribute the retrieved not parallelism between the forces to the kinematics of the Ocre aftershock, which
occurred within the analyzed time window; this nucleated on different structure with respect to PFS

Figure 7. Optimized parameters and retrieved slip distribution through the FEmodel. (a) The green and red domains repre-
sent the estimated hanging wall and footwall volumes involved in the 2009 L’Aquila seismic sequence, respectively; the
black arrows indicate the retrieved forces (their values are reported in Table 1) allowing us to reproduce the observed
ground deformation field. The blue surface represents the LAED. (b) Retrieved slip distribution along the PFS. The involved
crustal blocks are highlighted by the purple color. The black vectors represent the displacements relevant to the hanging
wall and footwall blocks.
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causing an asymmetric movement of the footwall seismogenic block. Starting from the optimized model
parameters summarized in Table 1, several results have been obtained; they are extensively discussed in
the following sections and include our findings on the slip distribution and on the stress and strain field
changes related to the AQE.

Figure 8. Coulomb stress changes retrieved through the FE model results. Coulomb stress changes caused by the L’Aquila
main shock (6 April, Mw 6.3) and its main aftershock (7 April, Mw 5.5). The stress changes are evaluated on faults having a
mechanism equal to that of the main shock, as inferred from geodetic data through the FE modeling results shown in
Figure 7. The panel (a) represents the stack of the retrieved Coulomb stress maps evaluated from the FE model at 5 km
depth and 10 km depth, respectively; the location and the focal mechanism of the main events are also reported. The
panel (b) shows the vertical cross sections of the computed Coulomb stress changes shown along the AA0 and BB0 traces
reported in (a), retrieved from the FE model, with the structures involved in our analysis (white lines). The relocated
hypocenters of the L’Aquila 2009 seismic sequence (Chiaraluce et al., 2011) are projected along the section traces,
assuming a semiwidth of 2.5 km at shallower depths than 12 km and of 5 km at grater depths. For the sake of clarity the
projection of the AQE and of the Ocre aftershock hypocenter locations is identified by white stars.
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For what concerns the retrieved slip distribution imaged along the PFS, it can be easily computed and reveals
maximum values of about 90 cm at depths between 3 and 6 km (below topographic level), see Figure 7b,
which are in good agreement with the results shown in Figure 6c. With respect to the retrieved slip distribu-
tion, a brief clarification is also in order. In particular, we underline that although only a single value force is
applied to each crustal block, a different slip can be achieved for each side of the blocks; these slip values are
obtained by taking into account for the mechanical heterogeneities the lithostatic stress (i.e., prestress) and
the complex geometry of the fault plane. Starting from the retrieved slip distribution, we solve for the
moment tensor by considering the fault area and the rigidity. The computed moment tensor (geodetic),
along the PF, is about 3.5 × 1018 N m, which is coherent with the Mw 6.3 of AQE.

A detailed analysis on the estimated stress and strain field changes is presented in the following sections.

5.1. Coulomb Stress Model Changes

Let us first focus on the Coulomb stress changes evaluation. In particular, starting from our FE model results,
we compute the Coulomb stress changes as follows (Toda et al., 2005):

σc ¼ τ þ μ · σn

where τ and σn are the changes in the shear and normal stress on the considered fault plane and μ = 0.75
represents the friction effect. Our findings, shown in Figure 8, reveal an inhomogeneous spatial distribution
of the Coulomb stress changes, which can be attributed to the crustal mechanical heterogeneities and to the
modulation role of the nearby structures. The retrieved Coulomb stress changes are also compared with the
seismicity that occurred from 6 April to 30 September 2009, 1.8 < ML ≤ 5.5, according to the time window of
the DInSAR interferograms and the GPS network.

Similarly to what was previously done for the displacement field, we also perform a comparative analysis
between the Coulomb stress changes results computed thought our FE model approach and the analytical
model (Okada) ones. In Figure 9 we show the analytical Coulomb stress changes obtained by considering
the previously discussed Okada fault model (see Figure 6c) characterized by 140° of strike, 47° of dip, and
�103° of rake and homogeneous and elastic half-space.

By comparing the results shown in Figures 8 and 9, we note that a rather good agreement concerns the spa-
tial distribution of the Coulomb stress patterns (red and blue regions), as highlighted in the two staking maps
reported in panels A of Figures 8 and 9; these analogies are very likely related to the same tectonic scenario
(i.e., normal faulting) and to the similar spatial orientation and size of the PF seismogenic fault structure. On
the other hand, differences are also visible along the sections AA0 and BB0 of Figures 8 and 9; we interpret
them as the effect of (i) the mechanical heterogeneities of the crust, considered in FE model environment,
versus the homogeneity and isotropic features of the analytical model approach and (ii) the geometric com-
plexity of the investigated fault system accounted for the FE model versus the single planar geometry of the
analytical source. In particular, we argue that the presence of positive lobes (red), observed along the AA0 and
BB0 cross sections in Figure 9b, at the bottom of the Okada fault plane projection, not present in the corre-
sponding Figure 8b, is mainly due to the effects caused by the previously mentioned homogeneity and iso-
tropic half space assumption.

5.2. Volumetric Von Mises Stress Model Changes

In this section, we focus on the investigation of the volumetric Von Mises stress pattern (Figure 10)
retrieved by applying the von Mises’s distortion energy theory (Sadd, 2009). We remark that the von
Mises stress is related to the principal components of the stress field (σ1, σ2, and σ3) and gives an indica-
tion about the shear stress amount (Jaeger & Cook, 1971); at the same time, this parameter is proportional
to the octahedral shear stress by a constant factor √2/3 and so it can be directly compared with the yield
strength of the materials, giving an estimate of the failure possibility (Pauselli & Federico, 2003). We pre-
sent in Figure 10a the volumetric von Mises stress changes at three different depths: (i) at the ground sur-
face, where the von Mises stress changes show a maximum value localized in the region at ENE of the
L’Aquila town; note that this zone seems to be located close to the position of the rupture segments iden-
tified at surface (Boncio et al., 2010; EMERGEO Working Group, 2010; Falcucci et al., 2009); (ii) at depth of
about 5 km, where the von Mises stress changes affect an extended region with lower intensity, showing
two anomalies in proximity of the lateral boundaries of the crustal blocks; (iii) at a depth of about 10 km,
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across the hypocentral region, where the map indicates a good correspondence between the high-
perturbation stress changes zone characterized by maximum values of about 3–4 MPa and the location
of the two principal seismic events (Mw ≥ 5.5), AQE (6 April, 2009, Mw 6.3) and the OS aftershock
(7 April, 2009, Mw 5.5). In Figure 10b, we report the 3-D views of the volumetric von Mises stress

Figure 9. Coulomb stress changes retrieved through the analytical model results. Coulomb stress changes caused by the
L’Aquila main shock (6 April, Mw 6.3). (a) The stress changes are evaluated on faults having a mechanism equal to that of
the main shock, as inferred from geodetic data through the Okada modeling results shown in Figure 6. The panel
(a) represents the stack of the retrieved Coulomb stress maps evaluated from the Okada model at 5 km depth and 10 km
depth, respectively; the location and the focal mechanism of the main events are also reported. The panel (b) shows the
vertical cross sections of the computed Coulomb stress changes shown along the AA0 and BB0 traces reported in (a),
retrieved from the Okada model, with the structure involved in our analysis (white lines). The relocated hypocenters of the
L’Aquila 2009 seismic sequence (Chiaraluce et al., 2011) are projected along the section traces, assuming a semiwidth of
2.5 km at shallower depths than 12 km and of 5 km at grater depths. For the sake of clarity the projection of the AQE and of
the Ocre aftershock hypocenter locations is identified by white stars.
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Figure 10. Volumetric von Mises stress changes. (a) Stack of the retrieved von Mises stress changes maps evaluated at ground surface (superimposed on the SRTM
DEM of the area), 5-km depth, and 10-km depth, respectively; the location and the focal mechanism of the main shock (6 April, Mw 6.3) and its largest aftershock
(7 April, Mw 5.5) are also reported. (b) Three-dimensional views of the volumetric von Mises stress changes, evaluated along the PFS and LAED. (c) Vertical cross
sections of the computed volumetric von Mises stress changes shown along the AA0 and BB0 traces, reported in panel a, with indication of the structures involved in
the FE modeling (white fault traces). The relocated hypocenters of the L’Aquila 2009 seismic sequence (Chiaraluce et al., 2011) are projected along the section traces,
assuming a semiwidth of 2.5 km at depths shallower than 12 km and of 5 km at grater depths. For the sake of clarity the projection of the AQE and of the Ocre
aftershock hypocenters locations is identified by white stars.
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changes projected along the structures; the main evidences consist of high values confined close to the
geometric discontinuities of the seismogenic crustal blocks.

The final analysis is devoted to investigate the high von Mises stress changes evaluated along two cross sec-
tions (AA0 and BB0 in Figure 10c), which are relevant to a large area including the PFS zone and surroundings,
reaching the Campo Felice-Ovindoli fault system in the SW direction and the S. Franco-Assergi fault in the NE
direction. We highlight that the spatial distribution of the von Mises stress changes has a good correlation
with the earthquake locations (time interval: from 6 April to 30 September 2009, 1.8 < ML ≤ 5.5) projected
along the AA0 and BB0 cross sections (Figure 10c). In detail, along the AA0 section, the stress changes concen-
tration shows two distinct maxima of about 3–4 MPa: one at the AQE hypocentral depth, close to the inter-
section between the SW dipping PFS and the underlying LAED, and a second one at shallow depth, close to
an area in correspondence to the surface coseismic rupture. Note also that the relocated hypocenters of the
L’Aquila 2009 seismic sequence (Chiaraluce et al., 2011), projected along the considered A-A0 section, are
mainly concentrated along the PFS. Moreover, along the BB0 section significant values of the von Mises stress
changes are found in correspondence of PFS, which identify the limits of the retrieved length of the seismo-
genic fault. Furthermore, another perturbation stress changes zone is detected between 10 and 15 km of
depth, corresponding to the Ocre aftershock hypocenter (Mw 5.5), along the LAED trace (Figure 10c).

Based on our analysis, we argue that if the extensional regime plays the key role of controlling the regional
stress (Petricca et al., 2015), the block dislocation at the hangingwall of the steep Paganica normal fault might
have been modulated by the LAED. On the other hand, the block movement at the footwall might have trig-
gered further slip on the steep portion of LAED (i.e., on the OS).

5.3. Volumetric Strain Model

Let us discuss the retrieved strain changes results. The volumetric strain of a deformed body is defined as the
ratio between the volume change due to the deformation and the original volume value (Sadd, 2009). More
specifically, the induced volumetric strain, say εv, is given by εv = εx + εy + εz = ΔV/V, where V is the original
volume, ΔV the change in volume due to the deformation, and εi, with (i = x, y, z), the principal strain compo-
nents. Therefore, where a material is compressed, the changes in strain and lengths are negative; conversely,
where the material is stretched, the changes in strain and lengths are positive. The modeled spatial distribu-
tion of the crustal volume dilatations (associated with a tensile positive strain) and contractions (associated to
a compressive negative strain) are shown in the planar, 3-D and section views presented in Figures 11a–11c,
respectively. In particular, in Figure 11a we show a stack of strain changes computed at three different
depths: (i) at the ground surface, where a maximum negative is localized in the broad region surrounding
L’Aquila city within the PFS hanging wall area, while a maximum positive is located in the footwall region.
In addition, this map highlights the existence of a subordinate, but spatially correlated, contraction lobe
located in the region within the hanging wall of the Campo Imperatore fault (segment fault number 2 in
Figure 2a). This anomaly may be a consequence of a predominant horizontal component of deformation,
which involves the footwall block (Cheloni et al., 2014); (ii) at depth of 5 km, where the strain changes are
characterized by a volumetric contraction, which affects the hanging wall block and a region corresponding,
at surface, to the Campo Imperatore area; and (iii) at a depth of 10 km, representative of the AQE hypocentral
region, where the map indicates two opposite strain changes domains: a contraction region located beneath
L’Aquila city and a dilatation area, localized to the east of the PFS.

For what concerns the 3-D views (Figure 11b), in which the along-strike faults alignment extent containing
the PFS segment are displayed, they show high-gradient strain patterns in the area close to the fault
segment edges.

Finally, the AA0 longitudinal and BB0 orthogonal sections of Figure 11c emphasize the relationship between
the faults geometry and the distribution of the volumetric strain changes lobes. These results highlight that
at depths greater than 3–4 km, the overall PFS hanging wall volume is characterized by negative strain,
whereas lobes of tensile strain changes characterize its shallower portion. The PFS footwall shows evident
dilatation lobes, which mainly focus on and along the east dipping OS of the LAED, at the intersection with
the SW dipping PFS and the S. Franco-Assergi fault (segment fault number 4 in Figure 2a). As for the von
Mises stress analysis, we projected along the cross sections the relocated hypocenters of the L’Aquila 2009
seismic sequence. The hypocentral distribution, which well fits the PFS and the OS geometry, reveals that
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Figure 11. Volumetric strain changes. (a) Stack of the retrieved strain maps evaluated at ground surface (superimposed on the SRTM DEM of the area), 5-km depth,
and 10-km depth, respectively; the location and the focal mechanism of the main shock (6 April,Mw 6.3) and its largest aftershock (7 April,Mw 5.5) are also reported.
(b) Three-dimensional view of the volumetric strain changes evaluated along the PFS and LAED. (c) Vertical cross sections of the computed volumetric strain
changes shown along the AA0 and BB0 traces reported in panel a, with the indication of the structures involved in the FE modeling (white fault traces). The relocated
hypocenters of the L’Aquila 2009 seismic sequence (Chiaraluce et al., 2011) are projected along the section traces, assuming a semiwidth of 2.5 km at shallower
depths than 12 km and of 5 km at grater depths. For the sake of clarity the projection of the AQE and of the Ocre aftershock hypocenters locations is identified by
white stars.
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the seismic sequence is clustered in the regions of high-gradient strain, for example, in the transition zones
characterized by a sharp variation behavior from contraction to dilatation (see the BB0 profile in Figure 11c).
We point out that the main shock (6 April 2009 AQE, Mw 6.3) is limited between the two different lobes
(contraction and dilatation ones), while its major aftershock, the 7 April 2009 event (Mw 5.5), is localized in
the deeper dilatation region (Figure 11c). Accordingly, the proposed comparative analysis between the
volumetric strain and the aftershocks allows us to confirm that a high percentage of earthquakes occur in
the zone of maximum strain gradient (i.e., along the rupture surface).

The achieved results are in good agreement with the strain model proposed by Terakawa et al. (2010) and
Doglioni et al. (2011) along a 2-D section. Our modeled strain changes results also agree with what was pro-
posed by King et al. (1994) and Axen et al. (1999) in the case of a geometric relationships between steep (in
our case the seismogenic PFS) and low-angle normal faults (in our case the LAED). In these conditions, the

Figure 12. Stress and strain field changes validation. Comparison between themodeled stress and strain field changes and
those derived from independent geological, seismological, and GPS data. (a) Perspective 3-D view and (b) stereographic
projection of the principal axes of the modeled stress field; the average T axis obtained from the focal mechanisms at the
Paganica hanging wall, from the PFS slip data (Lavecchia et al., 2012), and from GPS data (Devoti et al., 2012) are also
reported. Note also that the contour lines of the stereographic projection are computed with the Fisher distribution
method (Fisher, 1925) and represented in the lower hemisphere of an equal area projection (in the Fisher method each
pole is assigned a normal influence over the surface of the sphere, rather than a point value, as in the Schmidt method).
(c) Perspective 3-D view and (d) stereographic projection of the principal axes of the modeled strain field; the average
geological and seismological σ3 axis are from Ferrarini et al. (2015). (e) Stereographic projection of the retrieved PFS
hanging wall and footwall displacement vectors. (f) Schematic sketch of the retrieved asymmetric direction of the crustal
blocks movement and perspective 3-D view of the modeled displacement vectors along the active PFS segment.
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steep normal slip, above a Low Angle Normal Fault (LANF), would cause stress increase and strain decrease on
the LANF, under the high-angle hanging wall fault, and, vice versa, stress decrease and strain increase on the
LANF, under the high-angle footwall one. Indeed, the contraction and dilation lobes (Figure 11c) are adjacent
to the rupture edges, perpendicular to the slip vector, and occur at two different depths corresponding to the
hypocentral depths of AQE (about 10 km) and of the Ocre aftershock (about 12–14 km). These findings sup-
port the previous interpretation based on the stress changes analysis.

6. Retrieved Stress and Strain Changes Validation
In order to validate the obtained results, we have carried out a comparative analysis also between the
retrieved stress and strain changes, in correspondence with the PFS hanging and footwall active blocks,
and those derived by exploiting independent measurements (e.g., seismological, geological, and GPS data).
In particular, we present in Figure 12a the spatial orientation of the modeled principal stress axes, superim-
posed to the volumetric stress field changes and compare them with those retrieved from geological and
seismological measurements (Figure 12b). Note that the modeled σ1 and σ3 components, representing the
minimum and the maximum principal stress axes, respectively, are in agreement with an extensional
Anderson regime (Anderson, 1951). In particular, in the hanging wall block region the σ1 direction is nearly
perpendicular to the PFS and rotates as consequence of the varying strike and dip with depth. The behavior
of the principal stress axes (σ1, σ2, σ3), within the PFS hanging wall and the footwall volumes, is reported
within the stereographic projection in Figure 12b. The distribution of the principal stress axes, projected
on the Schmidt net, shows a high coaxiality with the average geological and seismological σ3 axes (see
Figure 7 in Ferrarini et al., 2015). Finally, we also remark the consistence of our results comparing them with
the orientation of the regional geological and seismological principal stresses, as derived from the inversion
of the aftershock focal mechanisms and slickenlines (Ferrarini et al., 2015).

Similarly to what was done for the stress field changes, we also compare the retrieved strain changes with
independent field measurements. Let us start this analysis by showing in Figure 12c the spatial orientation
of the modeled principal strain axes, superimposed to the retrieved volumetric strain pattern. We project
these axes on the equal area lower hemisphere Schmidt net (stereographic projection in Figure 12d) and
highlight their distribution with (blue-grey) contour lines by using Fisher distribution method (Fisher,
1925). This contour distribution highlights a tensional strain axis ε3 = 54/05, which is consistent with that
derived from the focal mechanisms of the seismic sequence (Lavecchia et al., 2012) and from GPS data
(Devoti et al., 2011).

In Figure 12e, we show the modeled displacement vectors for the PFS hanging wall and the footwall blocks,
within a stereographic projection. The retrieved dip angle ranges from 60° to 65° southwestward for the PFS
hanging wall and from 25° to 30° west-southwestward for the footwall. Starting from the assumption that the
displacement vector, evaluated for a single seismic event on a same fault plane, should have the same direc-
tion and dip angle within both the hanging wall and footwall, we note in our case a discrepancy that we
quantify in a divergence angle of about 30° (sketch in Figure 12f). More specifically, the hanging wall displa-
cement vector directions reflect the southwestward directed downdip motion on the PFS, as due to the main
shock shearing. Differently, the footwall displacement vectors appear to be the resultant of the AQE coseis-
mic footwall uplift and of a component of eastward directed shearing on the east dipping OS of the LAED
basal detachment, during the 7 April 2009 aftershock nucleation. As a matter of fact, the hypocentral distri-
butions (Chiaraluce et al., 2011) and the inversion of the apparent source time functions (Lavecchia et al.,
2017) highlight a moderately ENE dipping normal-oblique fault segment, activated by the 7 April 2009 largest
AQE aftershock (45°–50°). Accordingly, the retrieved asymmetric vector orientations (Figures 12e and 12f)
support the hypothesis that the observed kinematics of the crustal blocks cannot be associated to a single
earthquake; by considering that the time window and the spatial footprint of DInSAR interferograms and
GPS network account for the effects due to the 6 April 2009 main shock and to the 7 April 2009 largest after-
shock, we interpret also these findings as the consequence of the contribution of two activated sources: the
PFS and the OS ones.

7. Concluding Remarks

We have presented a FE modeling approach, which allows us to account for the curvature and complexity of
the investigated fault system and to consider for the heterogeneity of the involved rock materials by
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exploiting the available geological and seismological information. Accordingly, we do not need to introduce
any segment discretization for the fault geometry and, above all, we may easily account for the vertically and
laterally rock material heterogeneities without assuming simplified layered structures; in addition, we also
model the kinematics of the seismogenic crustal blocks. These are the key motivations of our approach lead-
ing us to provide an effective representation of the investigated seismogenic faults system and of the related
earthquake process.

By means of the proposed FE mechanical model, by exploiting a set of GPS and DInSAR measurements, the
latter relevant to the ENVISAT sensor, and an independently generated 3-D fault model, we have retrieved
the stress and strain field changes associated to the L’Aquila 2009 earthquake (AQE) and its largest
aftershock. In particular, the 3-D fault model generation has benefited of a large amount of geological and
seismological data including the information on the medium-scale crustal heterogeneities derived from
the regional seismic tomography. Moreover, the heterogeneities of available data input allow us to propose
a criterion in order to quantify the uncertainty of reconstructed 3-D fault model.

In order to carry out our analysis, we follow five main steps: (1) generation of a 3-D fault model based on the
interconnected active faults system, extended over a large area containing the PFS and other fault segments
involved in L’Aquila 2009 seismic sequence, as well as on the neighboring active structures; (2) implementa-
tion of a 3-D model setup, in a FE mechanical environment by exploiting the elastic dislocation theory and
integrating the information on the curved geometries of the 3-D fault model and those available, through
seismic tomography, on the crust heterogeneities; (3) optimization of the 3-D model unknowns represented
by the rupture patches extent and by the forces applied to the PFS hanging wall and footwall unlocked crus-
tal blocks; (4) evaluation of the stress and strain field changes associated to L’Aquila 2009 earthquake and its
largest aftershock; and (5) comparison between the modeled stress and strain principal axes and those
retrieved from the independent geological, seismological, and GPS data.

By following the proposed workflow, we have achieved several results that can be summarized as follows:

1. We have built a detailed 3-D fault model for a large area of the intra-Apennine extensional belt (about
10,000 km2; Figure 2) through an extensive exploitation of the available geological and seismological data
set; this model takes into account not only the west dipping fault system outcropping within the epicen-
tral area of L’Aquila 2009 sequence and the surrounding region but also an east dipping discontinuity,
referred to as LAED. The uncertainty of the geometric reconstruction is estimated by considering two fac-
tors, relevant to the data completeness and to the spatial variability of the Fault Geometric Attributes,
respectively.

2. Our 3-D FE modeling approach allowed us to well reproduce the coseismic surface displacements, includ-
ing its significant asymmetric pattern, as shown by the very good fit between the modeled ground defor-
mations and the geodetic data, DInSAR, and GPS measurements (Figure 5). More specifically, the residuals
between the DInSAR and the modeled deformations show small RMSE values corresponding to about
1.3 cm and 1.2 cm for the ascending and the descending DInSAR maps, respectively. Also, the GPS data
are well simulated (Figure 5d) for both vertical and horizontal component.

3. A comparative analysis between our FE model results and classical analytical (Okada) ones, concerning
both the surface displacements (Figures 5 and 6) and the Coulomb stress changes (Figures 8 and 9),
has been performed. From this comparison emerged that our FE approach allows to straightforwardly
account for the overall available a priori information, such as those on the complex geometry of the inves-
tigated fault system and on the heterogeneities of the considered 3-D space.

4. The presented analysis of the retrieved volumetric stress and strain field changes (Figures 10 and 11) has
shown a good correlation with the seismicity spatial distribution. In addition, in Figure 10 we have high-
lighted that the stress changes concentration shows different maxima. Two of these are characterized by
about 3–4 MPa (section AA0 in Figure 10c): one at the AQE hypocentral depth, close to the intersection
between the SW dipping PFS and the underlying east dipping LAED and a second one, smaller and at
shallower depth, close to the area of the surface coseismic rupture. Moreover, another area showing sig-
nificant values of the von Mises stress changes are found in correspondence of PFS (section BB0 in
Figure 10c), identifying the limits of the retrieved length of the seismogenic fault patches. Furthermore,
a perturbation stress zone is detected between 10 and 15 km of depth, corresponding to the Ocre after-
shock hypocenter, along the trace of LAED (Figures 10c and 11c). For what concerns the retrieved strain
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field changes, we remark that the overall PFS hanging wall volume is characterized by negative values at
depths greater than 3–4 km, whereas lobes of tensile strain characterize its shallower portion (section AA0

in Figure 11c). In particular, the PFS footwall shows evident dilatation lobes, which mainly focus on and
along the east dipping OS of the LAED. The main shock (AQE, Mw 6.3) is localized in the region where a
high gradient of strain field changes is observed, while the deeper volumetric dilatation lobe involves
the region where the 7 April 2009 largest aftershock (Mw 5.5) occurred. In addition, from the overall
analysis of the stress and strain changes we argue that the L’Aquila 2009 earthquake hanging wall
block downward movement along the steep SW dipping PFS normal fault might have been modulated
by the LAED. On the other hand, the coseismic eastward motion of the PFS footwall might have
triggered further slip on the OS. This active role of the Ocre Segment is further supported by (i) the
slight concentration of the volumetric stress and strain field changes in correspondence of the Ocre
hypocenter and (ii) by the retrieved configuration of the two forces acting on the PFS hanging wall and
the footwall blocks (Figure 7a and Table 1). Our analysis has also emphasized the consistency of the
modeled stress and strain field changes with those retrieved from the focal mechanisms of L’Aquila
2009 sequence;

5. We have also compared the principal stress and strain axes obtained from our modeling procedure and
those achieved from the independent fault/slip data, surveyed on the PFS and on surrounding active
faults, as well as the average extensional axis from independent GPS data. A very small angular discre-
pancy (<10°) has been observed between the principal strain and stress axes evaluated from FE modeling
and those obtained from focal mechanisms and GPS data. Conversely, this discrepancy increases up to
20°–30° when considering the geological data. These differences may be attributed to the wide and com-
plex fault network, which extends outside the L’Aquila 2009 earthquake hypocentral area.

6. The analysis of the modeled displacement vectors further confirms our interpretation of two independent
coseismic kinematic components (Figures 12e and 12f) associated with the 6 April 2009main shock, invol-
ving the PFS, and its largest 7 April 2009 aftershock relevant to the OS. In particular, we interpret the OS as
a release structure, which accommodates the differential throw in the hanging wall and footwall blocks of
the PFS. Note also that the analysis of the displacement vectors (direction and amplitude) brings a

Table A1
Data Completeness, Ranking From RDC = 1 to RDC = 5

Available data Data completeness RDC

Three information sources:
• geological data (detailed maps and cross sections, geomorphological, and structural field data)
• seismological data (relocated hypocentral distribution and focal mechanism)
• Geophysical data (seismic lines and/or wells)

Very good 1

Two information sources (among the above data list) Good 2
Detailed structural-geological data or high-quality hypocentral locations Moderately good 3
Some geological and/or seismological evidence Poor 4
No direct surface and/or subsurface information Very poor 5

Note. RDC indicates the ranking of data input and summarizes the level of knowledge in terms of completeness of the data relevant to the studied area.

Table A2
Range of Spatial Variability of the Geometric Fault Attributes, Ranking From RFGA = 1 to RFGA = 5

Surface fault

Bottom fault trace
Average representative
dip-angle deviation (σ)

Ranges of
spatial variability RFGAZerr Herr

Outcropping Z < 1 Km H < 1 Km σ < 5° Small 1
Outcropping Z < 1.5 Km H < 2 Km σ < 10° Small to moderate 2
Outcropping Z < 2.0 Km H < 3 Km σ < 15° Moderate 3
Buried/Inferred from Neighbors Z < 2.5 Km H < 3.5 Km σ < 20° Large 4
Hypothetical Undetermined Undetermined Undetermined Very large 5

Note. RFGA indicates the ranking of fault attributes. It is expressed in terms of the admissible ranges of spatial variability of the three selected fault attributes (Zerr,
Herr, and σ, respectively). In particular, the vertical error (Zerr) is related to the knowledge on the depth of the seismogenic layer base; the horizontal error (Herr) in
the bottom fault trace is strictly related to the admissible angular deviation of the average fault surface, rotated around the surface trace. In addition, a small spatial
error (<100 m) can be attributed to the fault trace of the outcropping faults, as they are derived from a geologic cartography at scale from 1:10,000 to 1:100,000.
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contribute to the discussion on the role of the basal east dipping detachment in the nucleation of the
earthquakes in the intra-Apennine area, which has obtained greater attention due to the 2016–2017 seis-
mic crisis affecting the Central Italy.

Finally, we underline the flexibility of the proposed modeling approach, which may be easily extended to the
investigation of other seismic events because of its capability to exploit heterogeneous information and, in
particular, to properly take into account for the involved faults system, even in presence of a complex
seismotectonic scenario.

Appendix A: Ranking and Uncertainty of the 3-D Fault Model

We assess the quality of the 3-D fault model by considering two different factors referred to as data comple-
teness (RDC) and Fault Geometric Attributes (RFGA). These factors take into account the completeness of the
input data and the spatial variability of the geometric attributes of the fault (after Plesch et al., 2007; Litchfield
et al., 2013). By combining these two factors, we propose an empirical quantification of the reconstructed
fault model uncertainty (Δ), expressed in percentage. In particular, it is calculated as follows:

Δ ¼ 10 � RDC þ RFGA
2

� �

In the following tables the assessed values of the assigned factors and of the fault model uncertainty are
reported. In detail, Table A1 summarizes the criterion adopted to define the RDC factor, ranking from

Table A3
Recap of the Data Completeness (RDC), Range of Variability of the Fault Geometric Attributes (RFGA) and of the Fault Model
Uncertainty (Δ) Expressed in Percentage

Fault model Data completeness
Ranges of

spatial variability
Fault model
uncertainty

Number Name RDC RFGA Δ (%)
1 Gorzano Mt. 2 2 20
2 Campo Imperatore 3 3 30
3 Montereale 2 2 20
4 S. Franco-Assergi 2–3 2–3 25
5 Capestrano 3–4 3–4 35
6 Morrone Mt. 2–3 2–3 25
7 Porrara Mt. 3 3 30
8 Pizzoli 3 2–3 27.5
9 Paganica-Stabiata Mt. 2 1 15
10 Middle Aterno Valley 3 3 30
11 S. Pio Delle Camere 3 3 30
12 Frattura-Genzana Mt. 3–4 3–4 35
13 Rieti 3–4 3–4 35
14 Valle del Salto 3 3 30
15 Velino Mt. 3 3 30
16 Campo Felice-Ovindoli 3 3 30
17 Magnola Mt. 3 3 30
18 Tre Monti Mt. 3 3 30
19 Fucino 3 3 30
20 Fucino Splay 3 3 30
21 Marsicano Mt. 2–3 2–3 25
22 Narnese-Amerina 3 3 30
23 Link between 22–24 5 5 50
24 Southern Sabini Simbruini (SES-North) 2 2 20
25 Southern Sabini Simbruini (SES-South) 3 3 30
26 Affile-East Ernici 3–4 3 32.5
27 Ocre Segment (OS) 3 2 25
28 LAED Ramp Far from OS and LAED Flat 4–5 4 42.5
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RDC = 1 to RDC = 5, with 1 and 5 that represent the best and the worst values, respectively. Table A2 sum-
marizes the criterion adopted to define the RFGA factor, ranking from RFGA = 1 to RFGA = 5, where 1 and 5
represent also in this case the best and the worst values, respectively

In Table A3, we report the computed values of Δ.
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