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A B S T R A C T   

Although several observations have been reported in the literature before a strong earthquake, their relation with 
the forthcoming event is often controversial. Since many physical processes and parameters govern the dynamics 
of preparation, initiation, and occurrence of earthquakes, their understanding is essential for explaining 
anomalous seismological, geophysical, hydrological and geodetic signals before a strong earthquake that may be 
considered for seismic monitoring and hazard assessment. 

In this work, the interseismic and coseismic stress and strain fields associated with the 6 April 2009, Mw 6.3 
L’Aquila earthquake are calculated via a 3D numerical model designed to simulate the crustal interseismic 
loading and the coseismic brittle episodic dislocation along the fault. The model adopts a framework of gravi-
tational and tectonic forces that are compatible with the geodynamics of the Central Apennines region of the 
Italian territory. The model assumes a brittle upper crust, where the fault has stick-slip behaviour, and a plastic 
deeper crust, where the fault is in stationary creep. 

The results indicate that the concurrent action of gravitational and tectonic forces determines steep inter-
seismic stress gradients at the transition between the creeping and locked fault planes that promote the coseismic 
subsidence of the hanging wall. The interseismic strain above the transition between that locked upper fault and 
its unlocked lower shear zone develops a dilated volume in the hanging wall and a contracted volume in the 
footwall. These stress and strain variations are compatible with seismological, geophysical and geodetic 
anomalies observed before the earthquake, i.e., Vp/Vs anomalies and location of foreshocks. Interseismic stress 
and strain patterns invert during the coseismic stage. The dilated volume, formed during the interseismic phase, 
will be contracted at the coseismic stage and, conversely, the footwall volume previously contracted will be 
expanded.   

1. Introduction 

Earthquakes are the result of stress and strain accumulation in the 
Earth’s crust over variable (decade to millennial) periods, which is fol-
lowed by a sudden stress release at a crustal discontinuity (Scholz, 
2019). Earthquake nucleation depends on several physical processes 
that are often difficult to model. Several phenomena, such as seismicity 
patterns, changes in b-value, aseismic deformation-rate changes, seismic 
velocity changes, modifications of hydrological and geochemical 

parameters, and changes in the electrical and magnetic field have been 
sometimes observed before strong earthquakes (Bouchon et al., 2013; 
Cicerone et al., 2009; Crampin et al., 2015; Hartmann and Levy, 2005; 
Mavrommatis et al., 2014; Ohtake et al., 1981; Roeloffs, 1988; Schurr 
et al., 2014). However, their relationship with the upcoming earthquake 
is controversial. Some phenomena may be related to the beginning of 
processes associated with the earthquake nucleation or may indicate a 
general advanced state of the loading cycle. Also, other phenomena are 
observed, but their occurrence in the vicinity of and sometimes before 
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the occurrence of an earthquake is a mere coincidence (Scholz, 2019). 
Understanding the physical processes that can precede earthquakes 

is mandatory to correctly identify geophysically observable phenomena 
and eventually use them for forecasting purposes. This work aims at 
understanding the physical processes related to the nucleation of the Mw 
6.3 L’Aquila earthquake (hereinafter L’Aquila 2009) that happened in 
Central Italy on 6 April 2009 (Fig. 1a). The earthquake occurred along 
the Central Apennines belt, which is characterized by extensional tec-
tonics, with normal faulting mainly confined in the upper crust (Car-
minati and Doglioni, 2012; Galadini et al., 2012; Chiarabba et al., 2015), 
and nucleated approximately 4 km southwest of the city of L’Aquila, at a 
depth of approximately 9 km (Valoroso et al., 2013) (Fig. 1b). The 
earthquake dislocated the Paganica fault, a normal fault trending NW-SE 
and dipping 45 to 50 degrees to the SW (Atzori et al., 2009; Castaldo 
et al., 2018; Falcucci et al., 2009; Gori et al., 2012; Trasatti et al., 2011; 
Volpe et al., 2012). The mainshock was followed by a 3-year-long 
aftershock sequence comprising more than 80,000 events that 
occurred within a 35-km-long NW-SE-trending area (Fig. 1b) (Chiar-
aluce et al., 2011; Valoroso et al., 2013). 

Several a-posteriori studies identified some seismological, geophys-
ical and geodetic signals in the days to months before the event. A cluster 
of small foreshocks occurred nearby the mainshock hypocentre in the 
previous six months. These events (blue dots in Fig. 1b) started on a 
narrow band of the deepest portion of the NW-SE trending and SW 
dipping main fault, then switched on an antithetic plane, NW-SE 

trending and NE dipping, where an Mw 4.0 foreshock occurred on 30 
March 2009. In the last week before the mainshock, the seismicity 
switched again to the mainshock rupture plane (Chiaraluce et al., 2011). 
Fluctuations in the b-value were also reported in the months before the 
mainshock, reflecting increasing stress due to fracture growth on a local 
patch of the fault before the mainshock rupture (De Gori et al., 2012; 
Sugan et al., 2014; Gulia et al., 2016). Changes in the VP/VS ratio and 
anisotropy parameters were also observed from January 2009 (Bac-
cheschi et al., 2019; Di Luccio et al., 2013; Lucente et al., 2010). Addi-
tionally, GPS and InSAR data identified specific patterns of ground 
deformation in the vicinity of the epicentral area. An analysis of 
continuous GPS stations identified a transient signal, which was attrib-
uted to a slow slip event that originated beneath the reactivated normal 
faulting system (Borghi et al., 2016). Multitemporal analysis of Inter-
ferometric Synthetic Aperture Radar data (InSAR) identified a pre-
seismic broad signal of unclear origin (Atzori et al., 2013). Another 
InSAR study identified subsidence acceleration, starting three years 
before the earthquake, in two Quaternary sedimentary basins (located 
north-west of the main fault), that experienced about 10–15 mm of 
subsidence (Moro et al., 2017). 

The occurrence of most of these observations has been interpreted in 
the framework of the dilatancy-diffusion conceptual model (Nur, 1972; 
Scholz, 1974). This model assumes that dilatancy occurs within a 
stressed volume surrounding an impending rupture zone and evolves at 
an accelerating rate, potentially involving the development of pore 

Fig. 1. Sketch of the study area. (a) Simplified tectonic map showing the main tectonic and geodynamic setting of the region (modified from Carminati and Doglioni 
(2012) and Petricca et al. (2015)) with the locations of the L’Aquila 2009 event and the footprint of panel b (the dashed white rectangle). The white arrows identify 
the interseismic horizontal velocities at GPS sites to a fixed Eurasian frame (with 95% error ellipses (Devoti et al., 2017)). The dashed black rectangle indicates the 
footprint of the 3D numerical model of Fig. 3. (b) The L’Aquila 2009 seismic sequence (Chiaraluce et al., 2011; Valoroso et al., 2013), showing the location of the 
mainshock (the red star) and the aftershocks, classified according to the magnitude. The blue dots indicate the position of the earthquakes (Mw ≤ 4.0) registered six 
months before the mainshock. The black rectangle indicates the projection at the surface of the fault plane responsible for the event, estimated from the analytical 
inversion of geodetic data (Atzori et al., 2009). (c) Plot of the horizontal velocities from GPS stations enclosed in the dashed black rectangle in panel a, projected 
along the cross-section A-A’, together with the topographic profile. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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pressure changes and the diffusion of highly pressurized fluids, like 
groundwater or CO2 overpressurized reservoirs (Chiodini et al., 2004), 
which triggered the mainshock. Although many works share this view, 
none of them provided a quantitative characterization of the inter-
seismic crustal dynamics and the potential stress and strain field 
(Lucente et al., 2010; Moro et al., 2017; Savage, 2010; Sugan et al., 
2014; Terakawa et al., 2010). 

In this work, we focused on quantifying stress and strain variations at 
depth and discussing how they relate to the occurrence of the main-
shock. To this purpose, we developed a first-order, crustal-scale 3D static 
numerical model to jointly simulate the long-term crustal interseismic 
loading and the coseismic brittle episodic dislocation associated with the 
L’Aquila 2009 earthquake. The model assumes a framework of gravi-
tational and tectonic forces that is compatible with the geodynamics of 
the Central Apennines region of the Italian territory. Here, the fault 
dislocates under the effect of the internal stress and strain field, which 
are the result of the applied far-field boundary conditions, forces, and 
rheological behaviour of geomaterials. Differently from kinematic 
models, in which the fault slip is the forcing term and is determined to fit 
the coseismic data, the static forward model can help to quantify the 
stress and strain changes before earthquake nucleation. 

The results of our physical model provide a quantitative picture of 
the interseismic stress and strain pattern at seismogenic depth before the 
earthquake nucleation. Modelling of the interseismic phase shows evi-
dence of interseismic dilatancy at depth in the hanging wall, in a volume 
embedding the L’Aquila 2009 earthquake, while volumetric contraction 
develops in the footwall. In terms of stresses, interseismic Coulomb 
stress changes promote the coseismic dislocation of the fault responsible 
for the L’Aquila 2009 mainshock. Such stress and strain changes provide 
a quantitative description for the seismological, geophysical and 
geodetic phenomena observed before the mainshock. 

2. Methods 

2.1. Conceptual scheme and numerical model 

The stress, strain and displacement fields associated with the inter-
seismic and coseismic phases of the L’Aquila 2009 earthquake were 
simulated by assuming a first-order conceptual scheme that presents a 
simple fault plane cross-cutting a medium composed of a brittle upper 
crust and a plastic lower crust (Fig. 2). We speculate that the fault has 
two different slip styles along the dip direction, i.e., an episodic stick-slip 
behaviour along its brittle upper part (representing an asperity), and 
steady-state shear (creep) behaviour along its deeper part (Scholz, 
2019). In the interseismic phase (Fig. 2a), the presence of the gravita-
tional force ensures that the stress tensor is compressive at every depth 
in the crust. However, the presence of extensional tectonic loads grad-
ually reduces the horizontal stresses. The different behaviour of the 
locked upper part of the fault concerning the viscous shearing of its 
plastic lower part generates extensional stress and strain gradients in a 
crustal volume of the hanging wall at the brittle-plastic transition, 
antithetic to the main fault plane (Fig. 2a) (Doglioni et al., 2011, 2014, 
2015). This model also applies for normal faults forming above a shallow 
dip basal decollement within the brittle upper crust, as in the Mw 6.5 
Amatrice-Norcia 2016 seismic sequence (Bignami et al., 2019). A dilated 
volume may gradually develop during the interseismic period, creating a 
volume weakened by fracturing that, depending on the tectonic loading- 
rate, the relative permeability of the rock, and the presence of sealing 
barriers, could involve the development of pore fluid pressure gradients, 
fluid migration, as well as changes in physical properties of the rock 
(Lucente et al., 2010; Doglioni et al., 2014). 

The interseismic stress and strain gradients promote the coseismic 
dislocation of the upper fault plane, thus dissipating the accumulated 
stress and strain by the rapid downward movement of the hanging wall 
and recovering the dilated volume at depth (Fig. 2b). 

We exploited this conceptual scheme to simulate the interseismic and 

coseismic phases of the L’Aquila 2009 earthquake in the framework of 
the geodynamic setting of the Central Apennines (Fig. 1a), dominated by 
the W- and SW-ward subduction of the Adriatic plate and E- and NE- 
ward retreat of the subduction hinge, relative to the upper European 
plate. This geodynamic setting generates contraction and the generation 
of the accretionary prism in the frontal part of the belt (the western 
Adriatic Sea) and contemporaneous extension in the backarc area all 
along the Apennines belt and the Tyrrhenian Sea (Doglioni, 1991). From 
the Late Eocene-Oligocene to present time, the Apennines fold-and- 
thrust belt was characterized by the eastward (in the Central and 
Southern Apennines) migration of thrust fronts (Malinverno and Ryan, 
1986; Patacca et al., 1990). To the east, the Adriatic margin served as the 
foreland to the migrating thrust belt. Starting in the Late Miocene, 
extensional tectonics, associated with backarc rifting, dissected the 
Apennines by high-angle normal and oblique faulting, which cut 
through the pre-existing compressional structures (Ferranti and Oldow, 
1999; Hippolyte et al., 1994) and progressively migrated from the 
western to the eastern parts of the orogen (Malinverno and Ryan, 1986; 

Fig. 2. Isometric view of the first-order conceptual sketch explaining the 
interseismic (a) and coseismic (b) phases for the L’Aquila 2009 normal-fault 
earthquake (modified from Doglioni et al. (2011, 2014, 2015). The figure 
shows only half of the conceptual model. The symmetric half and part of the 
hanging wall are hidden for representation purposes. 
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Patacca et al., 1990; Westaway, 1990; Doglioni, 1991; Amato and 
Montone, 1997). Nowadays, the accretionary prism is still active, and 
thrusting is currently active on the Adriatic side of the Central Apen-
nines, as indicated by seismicity, deformation of Quaternary sediments, 
and GPS data (Fig. 1a) (Cuffaro et al., 2010; Palano, 2015; Livani et al., 
2018). Thrusting is also active along the Dinarides belts, where the 
Adriatic plate subducts ENE-ward beneath Eurasia (Fig. 1a) (Kastelic 
and Carafa, 2012). 

This geodynamic context has been simulated with a 3D finite 
element numerical model, built with the commercial code MSC Marc 
2018 (MSC Software Corporation, 2018), which encompasses a broad 
area, including most of the Central Italy Apennine chain and the Adriatic 
Sea offshore (dashed black rectangle in Fig. 1a). One of the most chal-
lenging tasks in tectonic modelling is the definition of appropriate model 
dimensions and boundary conditions. The simulation of the L’Aquila 
earthquake is performed adopting the setting used in previous numerical 
models of the interseismic deformation in central Italy (Barba et al., 
2010, 2008; Candela et al., 2015; Finocchio et al., 2016, 2013). Such 
models were expanded to include the coseismic dislocation scheme 
proposed by Doglioni et al. (2011). The model (Fig. 3) extends 220 km in 
the NE-SW (x-direction in Fig. 3) and 120 km in the NW-SE (z-direction 
in Fig. 3), for a depth of 40 km. The model bottom is fixed along the 
vertical direction, while the upper boundary is free to move (Fig. 3). The 
lateral boundaries present roller constraints that lock the horizontal 
movements orthogonally to the model sides. Such a choice agrees with 
the interseismic horizontal velocity vectors from GPS (Fig. 1c) (Devoti 
et al., 2017), which show that the horizontal interseismic ground motion 
is approximately SW-NE of the model (the x-direction in Fig. 3) and is 
negligible along the NW-SE direction (the z-direction in Fig. 3). More-
over, an approximately zero-velocity area corresponds to the SW model 
boundary (Fig. 1c), which agrees with the assumed horizontal fixity. The 
NE boundary of the model is constrained by considering that the Adri-
atic domain is undergoing compression (Fig. 1a) and that the horizontal 
strain-rate and velocity in the middle of the Adriatic sea offshore is 
almost negligible (Carafa et al., 2015; Pezzo et al., 2020). Thus, the 
location of the NE model boundary is set at approximately 80–90 km 
offshore, roughly equidistant from the Apennines and Dinarides thrust 
fronts. 

The applied forces consist of the gravitational force (green arrows in 
Fig. 3) and uniform shear tractions at the model base (blue arrows in 
Fig. 3), directed towards the NE and parallel to the x-direction of the 
model. The latter simulates the basal shear traction exerted by the 
eastward mantle flow associated with the rollback of the Adriatic slab 
and has been successfully adopted to simulate the active tectonic 
deformation in the Central Mediterranean (Barba et al., 2008, 2010; 
Candela et al., 2015; Finocchio et al., 2013, 2016). Basal shear tractions, 

together with the horizontal constraints at the SW and NE model sides, 
enable a first-order description of the ongoing crustal interseismic 
stretching of the Central Apennine chain and the compression of the 
Adriatic offshore (Fig. 1a) (Doglioni, 1991; Doglioni et al., 1999; Carafa 
and Bird, 2016). 

The finite-element mesh is composed of eight-node hexahedral ele-
ments, with their size ranging from approximately 0.3 km on the fault 
trace to 5–10 km at the bottom and sides of the model. The model 
presents a discontinuity in the mesh, indicated by the green (No. 1) and 
red (No. 2) planes in Fig. 3, which is intended to simulate the L’Aquila 
2009 earthquake causative fault plane. The fault presents a strike and 
dip of approximately 130◦ and 47◦, respectively (Atzori et al., 2009), 
and is composed by two subplanes that simulate the steady-shearing 
(No. 1 in Fig. 3) and stick-slip behaviour (No. 2 in Fig. 3) of the fault. 
The fault extent at depth is limited to approximately 15 km because of 
the presence of a decollement level, i.e., the Latium-Abruzzi extensional 
detachment (Lavecchia et al., 2017), which delimitates the SW dipping 
intra-Apennines active faults of Central Italy. The transition between the 
brittle and plastic behaviour of the fault plane is at approximately 10 km 
depth, according to the location of the hypocentres of the foreshocks and 
the mainshock (Chiaraluce et al., 2011; Valoroso et al., 2013). There-
fore, the red (No. 2) and green (No. 1) segments present an along-dip 
length of approximately 12 km (D1) and 8 km (D2), respectively. The 
fault behaviour is modelled assuming a frictional contact interface be-
tween the two walls of the discontinuity, where the nodes are doubled so 
that the footwall and the hanging wall of the fault can move relative to 
each other, according to the Mohr-Coulomb failure criterion: 

τ = − σμ (1)  

where τ is the shear stress, σ is the normal stress (assumed positive when 
tensile), and μ is the friction coefficient. 

Unlike conventional kinematic models, no forces or displacements 
are imposed on the fault edges (No. 1 and 2 in Fig. 3) to induce slip. 
Instead, the walls of the fault plane are assumed alternatively locked or 
unlocked in space and time (Doglioni et al., 2011, 2014). No self- 
consistent failure criterion, e.g., rate-and-state friction (Ruina, 1983; 
Aharonov and Scholz, 2018), is assumed on the fault plane, but the 
timing of fault rupture is imposed a-priori. In detail, the locked and 
unlocked condition is attained by manually changing the friction coef-
ficient at the interface. In case of a locked fault, the friction coefficient 
assumes a large value, i.e., 0.7 (Byerlee, 1978) to avoid the relative 
movement between the nodes belonging to the footwall and hanging 
wall. In case of an unlocked fault, friction is set to a low value (0.05) (Di 
Toro et al., 2011) to simulate the interseismic viscous sliding of the deep 
fault segment (No. 1 in Fig. 3) and the coseismic dislocation of the upper 
fault segment (No. 2 in Fig. 3). When unlocked, nodes along the fault 

Fig. 3. 3D finite element geometry, mesh, and boundary conditions developed for the simulation of interseismic and coseismic phases associated with the L’Aquila 
2009 earthquake. The figure shows only half of the conceptual model. The symmetric half is hidden for representation purposes. 
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edges move each other under the drive of the applied far-field boundary 
conditions, forces, and internal stress. This approach allows investi-
gating the different stress and strain distributions associated with the 
interseismic and coseismic phases, rather than assessing what processes 
control the timing of rupture. 

A linear elastic isotropic model describes the evolution of stress and 
strain within the medium. The complex geology of the study area is 
simplified into two layers (Fig. 3). Such a simplification is consistent 
with the first-order nature of the performed modelling. The elastic and 
state parameters come from literature data and geophysical measure-
ments available over the study area (Carannante et al., 2013). The 
assumed values are reported in Table 1 and are consistent with those 
adopted in related case studies in Italy (Trasatti et al., 2011; Albano 
et al., 2015; Finocchio et al., 2016; Castaldo et al., 2018; Tung and 
Masterlark, 2018). 

2.2. Simulation phases and model validation 

Simulations present an interseismic phase and a coseismic phase. The 
mechanical boundary conditions are activated at the beginning of the 
analysis, while the applied forces and locking status for the fault seg-
ments are specified in Table 2 for each phase. 

The interseismic phase mimics the accumulation of the long-term 
pre-earthquake stress and strain field in the crust resulting from the 
applied gravitational and basal shear forces and boundary conditions. 
The analysis type is elastic and lasts for one loading step, within a single 
numerical increment. In this way, the viscoelastic behaviour of the lower 
crust is neglected, thus focusing on the cumulated interseismic stress and 
strain field only, rather than assessing the shape of the loading path. This 
phase presents two sub-stages. In the first stage, the model self- 
consolidates under gravity only (green arrows in Fig. 3). Both the fault 
surfaces are unlocked (No. 1 and No. 2 in Table 2 and Fig. 3) so that the 
footwall and the hanging wall can move relative to each other, accom-
modating the lithostatic load. In the second stage, the basal shear trac-
tions are activated (blue arrows in Fig. 3) to simulate the interseismic 
tectonic loading. The deep fault plane is kept unlocked (No. 1 in Fig. 3) 
to simulate a fault that steadily shears during the interseismic phase 
(Doglioni et al., 2011; Scholz, 2019), while the upper fault plane is 
locked (No. 2 in Fig. 3) to simulate a fault asperity during the tectonic 
loading. 

Notice that in extensional tectonic settings, the state of stress within 
the crust is always compressive below about 1 km due to the confining 
pressure exerted by the lithostatic load. In other words, as classically 
depicted by the state of stress in extensional settings, the maximum 
stress (σ1) is vertical, and the minimum stress (σ3) is horizontal but still 
positive (i.e., contractional) beneath 1 km depth (Bignami et al., 2020). 
Therefore, the stress determining the activation of the downward mo-
tion of the hanging wall volume is given by the lithostatic load (i.e., 
gravity). For these basic observations, the normal faulting cannot be 
considered as generated by an elastic rebound, but rather by the gravi-
tational collapse of the hanging wall (Bignami et al., 2020). Due to this 
difference, Doglioni et al. (2015) proposed the nomenclature of grav-
iquakes for normal-fault earthquakes. 

The coseismic phase lasts for one loading step within a single nu-
merical increment to calculate the coseismic deformation induced by the 
unlocking the upper fault plane (No. 2 in Fig. 3), while the lower fault 
plane (No. 1 in Fig. 3) is locked. Both the mechanical boundary condi-
tions and forces applied in the interseismic phase are still active in this 

phase. 
Preliminary models highlight that stress, strain, and ground dis-

placements in interseismic and coseismic phases rely on the magnitude 
of the applied basal shear traction and the extent of the locked and 
unlocked portions of the fault plane. Otherwise, the rheological prop-
erties of the medium play a minor role (Doglioni et al., 2014). Therefore, 
the model performance has been established by carrying on a trial-and- 
error procedure with a parametric analysis to search for the combination 
of the amplitude of the applied shear traction (blue arrows in Fig. 3) and 
the along-strike length of locked and unlocked fault planes (L in Fig. 3) 
that fits the coseismic ground displacements observed with the inter-
ferometric synthetic aperture radar (InSAR) technique. 

The quality of the modelled solution is then evaluated by estimating 
the root mean square error (RMSE) of the residuals between the 
observed and modelled displacements, expressed as follows: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
N
∑N

i=1

(
yi,obs − yi,mod

)2
√

(2)  

where yi,obs and yi,mod are the observed and modelled displacements of 
the ith points and N the number of points. 

2.3. InSAR data and processing 

The coseismic displacements caused by the earthquake have been 
investigated with InSAR data from the ENVISAT satellite mission. Pre- 
and post-event images were acquired on 11 March and 15 April 2009 
along the ascending orbit, and on 20 July 2007 and 12 April 2009 along 
the descending orbit. The ascending and descending unwrapped 
coseismic interferograms are computed by applying the classical InSAR 
technique (Massonnet and Feigl, 1998) using the GAMMA© SAR soft-
ware package (Wegmuller et al., 1998). The topographic phase has been 
removed from the interferograms by using the SRTM 1-arc sec Digital 
Elevation Model (Farr et al., 2007), while phase noise filtering (Gold-
stein and Werner, 1998) has been applied to the wrapped interferograms 
using the Minimum Cost Flow algorithm (Costantini, 1998). A multi- 
look factor has been applied to achieve a final ground pixel resolution 
of about 30 m, in agreement with the SRTM resolution cell. 

3. Results 

The description of the results of the numerical simulations refers to 
the best-fit model. They are presented in terms of differential displace-
ment, stress, and strain fields in the interseismic and coseismic phases, 
respectively. 

3.1. Interseismic phase 

At the end of the interseismic phase, the lithostatic load produces 
horizontal and vertical stress distributions that increase almost linearly 
with depth and are compressive at every depth in the model. 

The basal shear tractions, with an amplitude of approximately 1.6 
MPa, modify the horizontal stress and strain field along the x-direction. 
In detail, the SW part of the model experiences horizontal stress relax-
ation and extension (Fig. 4a and b), while the NE part experiences stress 

Table 1 
Parameters adopted in the numerical analysis.  

Parameter Description Layer 1 Layer 2 

ρ (kg/m3) Mass density 2600 2600 
ν Poisson’s ratio 0.3 0.25 
E (GPa) Young modulus 20 35  

Table 2 
Applied forces, type of analysis, and locking status of faults for each modelling 
phase. For the location of the fault surfaces, see Fig. 3.  

Modelling phase Analysis type Applied forces Fault segments (L =
locked; U =
unlocked) 

No. 1 No. 2 

Interseismic Elastic Gravity force U U 
Basal shear traction U L 

Coseismic Elastic Gravity + basal shear L U  
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increase and contraction. Such stress and strain changes adequately 
simulate the tectonic stretching of the Central Apennines area and the 
compression of the Adriatic offshore (Fig. 1a). The fault plane that 
simulates the L’Aquila 2009 earthquake (red and grey planes in Fig. 4) is 
located in an extensional tectonic field. 

The resulting horizontal displacement along the x-direction (Fig. 4c) 
is NE-directed (orange arrows) and is constant along the z-direction. 
Horizontal movements are null at the model sides because of the 
assumed horizontal constraints, then gradually increase towards the 
centre, with a maximum value of approximately 900 cm. 

Fig. 4. Effect of the interseismic basal shear tractions only (i. 
e., excluding the contribution of the gravity force) for the 
L’Aquila 2009 earthquake model. a) Modelled differential 
stress field along the x-direction. b) Modelled differential 
horizontal strain field along the x-direction. c) Modelled dif-
ferential horizontal displacement pattern and vectors (orange 
arrows) along the x-direction. The figure shows only half of 
the numerical model. The symmetric half along the z-direction 
is hidden for representation purposes.   

Fig. 5. Comparison between observed (light blue circles) and modelled (red curve) interseismic horizontal ground velocities along the x-direction (Fig. 3) in the 
median part of the model. The RMSE is calculated according to Eq. (2). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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The modelled interseismic horizontal displacements at the ground 
surface along the x-direction (Fig. 4c) were scaled relative to time and 
compared with the horizontal interseismic ground velocities from GPS 
data (Fig. 1a and c). Fig. 5 shows the comparison between the calculated 
equivalent horizontal velocity profile at the ground level along the A-A’ 
cross-section in Fig. 1a (red curve) and the horizontal velocities from the 
GPS stations (blue circles) comprised by the model footprint in Fig. 1a, 
and projected along the x-direction, together with 1-σ confidence error 
bars. Assuming a time factor of approximately 1900 years yields a fair fit 
between the observed and modelled velocities, with an RMSE of about 
1.3 mm/year. The spatial long-wavelength velocity trend of the GPS 
data is well captured by the model, which adequately reproduces the 
nearly NE-directed GPS velocity increase in the Central Apennines and 
the maximum GPS velocity. However, the homogenous model does not 
capture short-wavelength velocity variations in the GPS data. These are 
likely associated with geometrical and rheological heterogeneities in the 
upper crust (Finocchio et al., 2016). 

At the brittle-plastic transition (i.e., at the transition between the 

locked and unlocked fault planes), the interseismic shearing of the deep 
fault plane (the plane No. 1 in Fig. 3) determines a rotation of stress and 
strain axes. The interseismic displacement pattern and vectors (Fig. 6a), 
cleared of the large-scale interseismic displacements of Fig. 4c, show the 
interseismic normal dislocation of the lower fault plane. Displacements 
are SE-directed and reach maximum values close to the shearing fault, 
while gradually reduce moving aside. A small amount of deformation is 
also detected at the ground level. Such interseismic displacements 
induce dilation at depth in the hanging wall, at the transition between 
the locked and unlocked fault planes (positive volumetric strains in 
Fig. 6b), while volumetric contraction develops in the shallow most two- 
kilometre of the hanging wall because of the interseismic ground sub-
sidence caused by the shearing of the deep fault plane, and in the 
footwall because of its mainly NE-ward movement (negative values in 
Fig. 6b). 

Stress variations, expressed in terms of Coulomb stress changes 
(ΔCFS) (Fig. 6c), calculated along preferential NW-SE trending planes 
dipping 47◦ towards SW (corresponding to the dip of the segment No. 2 

Fig. 6. Modelling results at the end of the interseismic and coseismic phases. a) Interseismic differential displacements and vectors (orange arrows), b) volumetric 
strain, and c) ΔCFS caused by the interseismic shearing of the deep fault plane (No. 1 in Fig. 3). d) Coseismic differential displacements and vectors (orange arrows), 
e) volumetric strain, and f) ΔCFS caused by the coseismic dislocation of the upper fault plane (No. 2 in Fig. 3). The yellow star in panel d, e, and f indicates the 
approximate position of the mainshock at depth. The figure shows only half of the numerical model. The symmetric half in the z-direction is hidden for representation 
purposes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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in Fig. 3) and with μ = 0.6 (Byerlee, 1978), show that the locked fault 
segment falls within a positive ∆CFS volume, where extensional earth-
quakes are promoted. 

3.2. Coseismic phase 

In the coseismic phase, the earthquake dislocation occurs by 
unlocking the shallower part of the fault (No. 2 in Fig. 3). The coseismic 
deformation pattern (Fig. 6d) highlights the down and SW-ward 
movement of the hanging wall and the mainly NE-ward movement of 
the footwall, consistently with geodetic observations and analytical or 
numerical models (Atzori et al., 2009; Trasatti et al., 2011). The 
coseismic fault slip is directed downdip (Fig. S1) with maximum values 
of approximately 90 cm reached about 6–10 km at depth. The geodetic 
moment tensor computed from the retrieved slip distribution, the fault 
area and the stiffness, is about 1.61 × 1018 Nm, corresponding to a 
magnitude of approximately 6.1. The coseismic dislocation induces the 
volumetric contraction of the hanging wall at the brittle-plastic transi-
tion (Fig. 6e), thus recovering the volumetric dilation accumulated in 
the interseismic phase (Fig. 6b). A complex pattern of dilated and 
compressed volumes occurs in the shallow most 1–2 km due to the 
combination of subsidence and south-westward movement of the 
hanging wall. Conversely, the footwall experiences dilation at the brittle 

plastic transition that relaxes the interseismic volumetric contraction, 
while contraction develops in the upper part because of the mainly 
horizontal movement of footwall induced by the hanging wall down-
ward movement. The coseismic ΔCFS pattern (Fig. 6f) shows increasing 
stresses at the fault tips and is consistent with those calculated with 
conventional analytical approaches (Serpelloni et al., 2012). 

The modelled coseismic displacements at the ground level (Fig. 6d) 
have been projected along the ascending and descending line of sight 
(LOS) of the ENVISAT satellites and compared with the corresponding 
InSAR observations. The InSAR-derived displacement pattern (Fig. 7a), 
showing the predominant subsidence of the hanging wall (negative 
values) and the mainly eastward movement of the footwall (positive 
values), is well resolved by the model (Fig. 7b). Indeed, the residuals 
between modelled and measured displacements (Fig. 7c) are less than 3 
cm. At the same time, the computed RMSE is less than 10% of the 
maximum observed displacements, and it is comparable with the results 
of finite-fault dislocation models available in the literature (Atzori et al., 
2009; Trasatti et al., 2011). 

4. Discussion 

The proposed numerical approach allowed us to model the inter-
seismic and the coseismic phases associated with the L’Aquila 2009 

Fig. 7. Comparison between measured and modelled coseismic displacements. a) Coseismic ground displacement field from InSAR data along the ascending and 
descending orbits, associated with the L’Aquila 2009 earthquake. Positive and negative values indicate ground movements towards and away from the satellite 
sensor, respectively. b) Modelled LOS displacements. The dashed black rectangle identifies the projection at the surface of the modelled fault. c) Residuals between 
the modelled and observed LOS displacements. The RMSE is calculated according to eq. (2). 
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earthquake. The adopted model setting (boundary conditions, loads, and 
fault geometry) generates dominant gravitational and tectonic forces 
that are compatible with the tectonic setting of Central Apennines in 
Italy. The applied basal shear tractions (Fig. 3) are suitable to model the 
large-scale interseismic displacement. These tractions allow for a first- 
order description of the ongoing crustal interseismic stretching of the 
Central Apennines and the compression of the Adriatic foreland 
(Figs. 1a, 4 and 5) (Barba et al., 2008; Carminati and Doglioni, 2012; 
Galadini et al., 2012; Carafa et al., 2015). 

In the presence of crustal heterogeneities, i.e., a fault with a different 
shearing behaviour between its upper and lower part (Fig. 3), the con-
current action of shear tractions and the gravity force cause the normal 
dislocation of the unlocked portion of the fault (Fig. 6a). This generates 
an accumulation of interseismic stress and strain in a crustal volume at 
the transition between the locked and unlocked fault planes (Figs. 6b). 
Such stress and strain partitioning can be considered to control the 
activation of the seismogenic fault portion. The ongoing stretching at the 
brittle-plastic transition gradually increases the ΔCFS all over a volume 
that contains the seismogenic fault plane (Fig. 6c) until reaching the 
failure strength of the brittle upper part of the fault plane. Thus, in our 
interpretation, the existence of the basal tractions favours the occur-
rence of large normal-faulting earthquakes. When the failure threshold 
is met, the brittle part of the fault is unlocked and generates a sudden 
downward and SW-ward movement of the hanging wall, with a pre-
dominantly NE-ward movement of the footwall (Fig. 6d). The fault 
dislocation (Fig. S1) causes the hanging wall release and the reversal of 
the interseismic stress and strain patterns. The dilated volume, formed 
during the interseismic phase, shortens during the coseismic stage 
(Fig. 6e) and the coseismic stress increase compensates the interseismic 
stress relaxation at depth. 

The modelled fault kinematics depends on the interseismic crustal 
stress and strain fields resulting from the applied boundary conditions 
and loads in the far-field. Such an approach differs from conventional 
kinematic models, where the fault mechanism is imposed by applying 
forces or displacements directly along the fault edges to fit geodetic or 
seismological data, regardless of the tectonic setting. Nevertheless, our 
approach is equally capable of simulating the observed coseismic sce-
narios. Indeed, the modelled coseismic displacements effectively 
reproduce the InSAR observations (Fig. 7), with residuals comparable 
with those obtained from kinematic models. The computed slip distri-
bution (Fig. S1) is similar to that obtained by analytical and numerical 
models (Atzori et al., 2009; Trasatti et al., 2011; Castaldo et al., 2018), 
while the estimated geodetic moment tensor and magnitude are slightly 
lower than those estimated from instrumental seismicity. Such a 
discrepancy is related to the adopted forward modelling approach, 
which is not intended to search for a best-fit of the available geodetic 
measurements but to assess the stress and strain field before earthquake 
dislocation. In this sense, the obtained simple slip distribution cannot 
provide any clues about the source directivity or the asymmetric posi-
tion of the earthquake epicentre with respect to the L’Aquila 2009 fault 
plane (Fig. 1b). 

Both amplitude and shape of the coseismic displacement field 
(Fig. 6d) depend on the magnitude of applied basal shear tractions 
(Fig. 3), i.e., the larger the applied force is, the higher is the amplitude of 
the coseismic displacements. Therefore, the basal shear force can be 
viewed as the accumulated interseismic loading that is required to break 
an asperity located in the upper brittle fault portion and to generate an 
earthquake of a given magnitude. The shear traction amplitude depends 
on the assumed modelling hypotheses; thus, it cannot be interpreted in 
absolute terms. Nonetheless, we can analyse the time factor, i.e., 
approximately 1900 years, obtained by fitting the modelled interseismic 
horizontal displacements with the horizontal ground velocities from 
GPS data (Fig. 5). This time factor can be interpreted as an approximate 
estimate of the time required to generate an earthquake of a specified 
magnitude on the same fault segment. This time-factor links the 
coseismic displacements with the interseismic ground velocity and does 

not depend on the model parameters. A comparison with the literature 
shows that the computed time-factor resembles with the typical recur-
rence time interval for normal fault earthquakes in Central Italy with 
magnitudes ranging between 5.6 and 7.0, i.e., approximately 
1200–3000 years, inferred from slip rates and average displacement 
measurements (DISS Working Group, 2018; Galadini and Galli, 2000; 
Galli et al., 2008). However, the modelled time-factor does not consider 
the effect of earthquake interaction, which could anticipate, but also 
delay, the occurrence of an earthquake on a specific fault segment by 
several hundred years in Central Italy, according to Wedmore et al. 
(2017). 

The assumed abrupt transition between the shallow and deep fault 
planes (Fig. 3) mimics a much more complex behaviour of the shear 
zone. Indeed, a broad transition generally exists between the unstable 
and stable sliding of the fault, and between its brittle and plastic 
behaviour, as a function of pressure and temperature gradients and 
rheological parameters (see Scholz (2019) and references therein). 
Moreover, we assumed a finite length for the creeping fault plane (the 
green plane No. 1 in Fig. 3). This approximation produces numerical 
artefacts such as the stress and strain lobes that develop at the lower tip 
of the shearing fault plane (Fig. 6b and c). These lobes, which are 
symmetrical and opposite in sign respect to those that develop at the 
transition between the locked and unlocked fault planes, are caused by 
the assumed along-dip finite length of the fault. However, such an 
approximation does not affect the general validity of the obtained 
results. 

Our modelling approach aims at assessing the long-term interseismic 
stress and strain pattern before an earthquake rather than analysing the 
trend and shape of the loading path until the earthquake nucleation. In 
particular, the interseismic phase simulates the accumulation of stress 
and strain regardless of time, neglecting the viscous-plastic behaviour of 
geomaterials and the coupling between the solid and fluid phase. 
Modelling these aspects is not straightforward since it requires knowing 
several parameters, such as the tectonic strain-rate and the hydraulic 
properties of the medium, the latter being strongly heterogeneous and 
anisotropic at seismogenic depth (Gleeson and Ingebritsen, 2012). 

However, the proposed approach provides an overall picture of the 
accumulated stress and strain fields before the earthquake. In particular, 
the most significant results of our model are the computed volumetric 
strain and ΔCFS at the end of the interseismic phase (Fig. 6b and c). 
Interseismic volumetric strains comply with some geophysical and 
geodetic signals observed before the earthquake nucleation. In detail, i) 
the dilating and contracting volumes (Fig. 8a) roughly correspond with 
the volumes where respectively low and high Vp/Vs anomalies were 
detected before the earthquake (see Fig. 4 in Lucente et al. (2010)), and 
ii) the dilating volume in the hanging wall is located approximately 
below the Pizzoli e Preturo Quaternary basins (Fig. 8a), where acceler-
ating ground subsidence was detected with satellite data, three years 
before the mainshock (see Fig. 1 in Moro et al. (2017)). 

The interseismic ΔCFS pattern agrees with the spatial distribution of 
seismicity registered before the mainshock in the period of Januar-
y–March 2009 (Chiaraluce et al., 2011) (Fig. 1b). In particular, 
approximately 89% of the foreshocks falls in volumes where the ΔCFS is 
positive (red spheres in Fig. 8b). Such a percentage increases to around 
95% considering the ΔCFS on preferential NW-SE trending fault planes 
and dipping 50◦ to the NE, i.e., antithetic to the mainshock causative 
fault (Fig. S2), consistent with the fact that some of the foreshocks 
developed along a secondary antithetic fault plane (Chiaraluce et al., 
2011). 

These correspondences allow portraying a unified sketch of the 
phenomena likely occurred before the L’Aquila 2009 mainshock. During 
the interseismic phase, the continuous shearing of the deep fault plane 
(No. 1 in Fig. 3) determines the growth of dilated and compressed vol-
umes at depth in the hanging wall and footwall, respectively, and the 
increase in shear stresses on the mainshock causative fault and sec-
ondary antithetic planes (Fig. 6c and Fig. S2). The progressive 
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accumulation of dilatancy and shear stresses presupposes crack growth 
by tensile-opening and in-plane shear fractures in the hanging wall 
(Scholz, 2019), which triggered foreshocks (Chiaraluce et al., 2011). The 
latter developed from January 2009, with an increasing seismicity rate 
and a decreasing b-value (Gulia et al., 2016; Sugan et al., 2014). Fore-
shocks were also accompanied by slow slip events (Borghi et al., 2016) 
that reflect the progressive stress increase on synthetic and antithetic 
planes surrounding an impending rupture zone (Fig. 8b), caused by the 
differential slip behaviour of the brittle and plastic fault planes (Sugan 
et al., 2014). 

In the presence of voids filled with fluids (Fyfe, 2012), volumetric 
changes imply a variation in the void space of the solid and a contextual 
modification in the fluid pore pressures respect to the hydrostatic, 
especially in case of the presence of low permeability strata (Lucente 
et al., 2010; Doglioni et al., 2014). Thus, two different compartments 
develop; one of dilatant material in the hanging wall block, filled with 
pore fluids at sub-hydrostatic pressure and another one of contracted 

material in the footwall block, filled with highly pressurized fluid, with 
the fault acting as an impermeable seal separating them (Fig. 8a) (Bense 
et al., 2013; Lucente et al., 2010). This scenario explains the low and 
high VP/VS ratios detected in the hanging wall and footwall, respectively 
(Lucente et al., 2010; Terakawa et al., 2010). Pore pressure gradients 
could trigger fluid flow into the hanging wall volume from deep over-
pressurized CO2 rich zones, as postulated by Chiodini et al. (2004). If the 
fluid diffusion is steady, it could affect the surficial phreatic aquifers 
inside Quaternary basins, thus lowering the groundwater table and 
causing soil consolidation, as observed in the Preturo and Pizzoli basins 
(Moro et al., 2017), which are located in the hanging wall and approx-
imately above the dilated volume (Fig. 8a). Otherwise, the diffusion 
could be abrupt because of the rupture of a permeability barrier, as 
supposed by Lucente et al. (2010) after the nucleation of the 30 March 
2009, Mw 4.0 foreshock. This event could lead to a fluid pressure pulse 
from the contracted volume of the footwall into the dilated volume of 
the hanging wall, thus explaining the observed sharp changes in the VP/ 

Fig. 8. 3D sketch showing a) the location of the computed dilated and contracted volumes and b) the ΔCFS at the end of the interseismic phase calculated along NW- 
SE trending fault planes dipping 47◦ towards SW. The red and blue spheres in panel b identify the foreshocks location (from Valoroso et al., 2013) in positive and 
negative ΔCFS volumes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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VS ratio in the hanging wall and footwall observed one week before the 
mainshock (Baccheschi et al., 2019; Lucente et al., 2010), the concurrent 
abrupt modifications of seismicity rate and b-value (Gulia et al., 2016), 
and the triggering of the mainshock. 

5. Conclusions 

The results of the performed numerical model provide a quantitative 
description of the interseismic stress and strain pattern at seismogenic 
depth before the earthquake nucleation along normal faults as proposed 
by Bignami et al. (2020). Modelling of the interseismic phase shows 
evidence of interseismic dilatancy at depth in the hanging wall, in a 
volume embedding the L’Aquila 2009 earthquake hypocentre, while 
volumetric contraction develops in the footwall. Such volumetric 
changes provide a quantitative description of the geophysical and 
geodetic signals observed before the mainshock, i.e., the Vp/Vs anoma-
lies and the ground subsidence observed with satellite data. Moreover, 
the partitioning of the interseismic ΔCFS stress at the transition between 
the brittle and plastic fault segments promotes the coseismic dislocation 
of the hanging wall and agrees with the spatial distribution of foreshocks 
detected before the mainshock nucleation. 

The modelled interseismic stress and strain patterns invert during the 
coseismic stage. The dilated volume, formed during the interseismic 
phase, will be contracted and, conversely, the volume in the footwall 
that was previously contracted will be expanded. 
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