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Summary 

The preparation, initiation, and occurrence dynamics of earthquakes in Italy are governed 

by several frequently unknown physical mechanisms and parameters. Understanding these 

mechanisms is crucial for developing new techniques and approaches for earthquake monitoring 

and hazard assessments. Here, we develop a first-order numerical model simulating quasi-static 

crustal interseismic loading, coseismic brittle episodic dislocations, and postseismic relaxation 

for extensional and compressional earthquakes in Italy based on a common framework of 

lithostatic and tectonic forces. Our model includes an upper crust, where the fault is locked, and 

a deep crust, where the fault experiences steady shear. 

The results indicate that during the interseismic phase, the contrasting behavior between 

the upper locked fault segment and lower creeping fault segment generates a stretched volume at 

depth in the hanging wall via extensional tectonics while a contracted volume forms via 
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compressional tectonics. The interseismic stress and strain gradients invert at the coseismic 

stage, with the interseismic dilated volume contracting during the coseismic stage, and vice 

versa. Moreover, interseismic stress gradients promote coseismic gravitational subsidence of the 

hanging wall for normal fault earthquakes and elastic uplift for reverse fault earthquakes. Finally, 

the postseismic relaxation is characterized by further ground subsidence and uplift for normal 

and reverse faulting earthquakes, respectively, which is consistent with the faulting style. The 

fault is the passive feature, with slipping generating the seismic waves, whereas the energy 

activating the movement is stored mostly in the hanging wall volume. The main source of energy 

for normal faulting and thrust is provided by the lithostatic load and elastic load, respectively. 

 

Keywords: Seismic cycle, Space geodetic surveys, Radar interferometry, Numerical modelling, 

Earthquake dynamics 

 

1 Introduction 

The present-day geodynamic setting of the Apennines is related to the ‘westward’ 

subduction of the Adriatic plate beneath peninsular Italy (Carminati & Doglioni 2012, Carminati 

et al. 2012). The Central and Northern Apennines mountain belt evolved since Late Eocene-

Oligocene times through the ENE to NNE migration of the thrust fronts, which was 

contemporaneous to the back-arc opening of the Tyrrhenian sea due to the ‘eastward’ 

lithospheric slab retreat of the Adriatic plate (Doglioni et al. 1999, Meletti et al. 2000, Patacca & 

Scandone 2001). GPS data and seismicity distribution and geological and geophysical 

observations (Palano 2015, Devoti et al. 2017) highlight the presence of at least two opposing 

tectonic regimes that coexist at short distances (Figure 1a). Extensional tectonics characterizes 

the central and northern Apennines, whereas crustal shortening characterizes the Po plain and the 

Adriatic foreland (Chiarabba et al. 2015, Devoti et al. 2017). This tectonic setting is typical of 

subduction zones where the slab hinge moves away with respect to the upper plate (Doglioni et 

al. 2007), generating a low topography shallow accretionary prism above the slab hinge and a 

contemporaneous rifting in the hanging wall of the subduction characterized by higher 
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topography (Doglioni et al. 1999). Moreover, high topography favors extensional seismicity 

whereas low topography favors contractional seismicity due to the opposite sign of the lithostatic 

load in the two tectonic settings (Carminati et al. 2004).  

Seismicity is dictated by the kinematics of the area, with dominant normal fault 

earthquakes along the elevated Central and Northern Apennines chain, whereas reverse fault 

earthquakes occur in the low land Po plain and the Adriatic foreland. Among the numerous 

seismogenic normal and thrust faults, some of them generated damaging earthquakes in the last 

century, with magnitudes up to 7 (e.g., Avezzano 1915, Mw 7.0; Garfagnana 1920, Mw 6.5; 

Senigallia 1930, Mw 5.8; Valnerina 1979, Mw 5.8; Colfiorito 1997, Mw 6; L'Aquila 2009, Mw 6.3; 

Emilia-Romagna 2012, Mw 6; Norcia 2016, Mw 6.5) (Rovida et al. 2019). 

Several studies provided significant insights about subduction dynamics, magmatism, 

present-day stress fields, rheology and seismicity (Doglioni et al. 1991a, Carminati et al. 2005, 

Chiarabba et al. 2005, Peccerillo 2005, Riguzzi et al. 2012, Montone & Mariucci 2016), fault 

coupling and fault interaction (Barba et al. 2010, Petricca et al. 2013, Cheloni et al. 2014, 

Petricca et al. 2015, Anderlini et al. 2016, Finocchio et al. 2016, Mildon et al. 2017), coseismic 

fault dislocation (Atzori et al. 2009, Trasatti et al. 2011, Tizzani et al. 2013, Cesca et al. 2017, 

Cheloni et al. 2017, 2019, Castaldo et al. 2018), and postseismic relaxation (Cheloni et al. 2016, 

Albano et al. 2017, Tung & Masterlark 2018, Albano et al. 2019, Pousse‐Beltran et al. 2020) 

associated with Italian earthquakes. Few recent studies have successfully simulated the large-

scale coupling between long-term geodynamic evolution and short-term seismogenic 

deformation in northern Italy (D’Acquisto et al. 2020, Dal Zilio 2020) and the role of the brittle-

ductile transition on fault reactivation (Carminati & Vadacca 2010, Doglioni et al. 2011, 2015, 

Petricca et al. 2018, Petricca et al. 2019). Interseismic, coseismic and postseismic phases have 

been jointly modeled also for large subduction zones (Savage 1983, Thatcher & Rundle 1984, 

Matsu’ura & Sato 1989, Wang et al. 2012 and references therein). However, a detailed 

description of the stress, strain and displacement evolution during the interseismic loading, the 

coseismic dislocation and postseismic relaxation for normal and reverse fault earthquakes in Italy 

has not been provided.  

In this work, we develop a first-order numerical model to investigate the evolution of 

interseismic, coseismic and postseismic stress, strain and displacement fields at the fault-scale 
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for typical Italian earthquakes. The model assumes a framework of gravitational and tectonic 

forces that are compatible with the geodynamics of the Italian territory and is able to simulate the 

long-term interseismic stress and strain loading, the coseismic brittle episodic dislocation, and 

postseismic relaxation for normal and reverse fault earthquakes in Italy. 

The model consists of three phases. In the interseismic phase, both normal and reverse 

faults present a locked upper part that simulates an asperity but are unlocked at depth to simulate 

steady-state creeping under the effect of both lithostatic and tectonic load. In the coseismic 

phase, the kinematic earthquake dislocation is not generated via forces or displacements applied 

along the fault edges but is the result of the stress and strain fields inherited from the interseismic 

phase accumulated in the volumes adjacent to the fault plane. In the postseismic phase, stress, 

strain and displacement variations are modulated by the poroelastic response of the crust to the 

coseismic dislocation. 

The modeling results show evidence of interseismic dilatancy at depth in the proximity of 

the earthquake hypocenter for extensional earthquakes and volumetric contraction for 

compressional events. Interseismic stress variation, which is expressed in terms of Coulomb 

failure stress changes (ΔCFS), highlights the progressive increase of shear stress on the locked 

fault segments for both normal and reverse fault events. Coseismic fault motion is then triggered 

by the drop of the hanging wall for extensional events, which recovers the interseismic dilatancy 

at depth, and by the expulsion of the hanging wall for compressional earthquakes, which is 

coincident with the instantaneous release of accumulated compressive elastic energy. Finally, in 

the postseismic stage the pore fluid pressure dissipation accommodates further displacements 

that are consistent with the expected fault kinematics. Our modeling shows that the same forces 

and boundary conditions can satisfactorily model the interseismic, coseismic and postseismic 

data of normal and thrust faults, thus providing a framework that can be used in the study of 

earthquake physics. 
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Figure 1. Tectonic sketch of the study area. a) Simplified tectonic map showing the major 

tectonic and geodynamic setting of the region (modified from Carminati & Doglioni 2012 and 

Petricca et al. 2015) with the locations of the studied earthquakes and the footprints of panels b, 

c and d. The white arrows identify the interseismic horizontal velocities at GPS sites with respect 

to a fixed Eurasian frame (with 95% error ellipses; for information about the GPS processing, 

refer to Devoti et al. (2017)) b) L’Aquila 2009 seismic sequence. c) Norcia 2016 seismic 

sequence. d) Emilia 2012 seismic sequence. The black rectangles in panels b, c and d indicate the 

projection at the surface of the fault planes responsible for the three events estimated from an 

analytical inversion of geodetic data (Atzori et al. 2009, Cheloni et al. 2016, 2019). 
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2 Methods 

2.1 Study area and case studies  

The study area (Figure 1a) encompasses the Central and Northern Apennines and the Po 

plain. The current geodynamic setting of the area is characterized by the W- and SW-ward 

subduction of the Adriatic plate, which is E- and NE-ward retreating 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 (southern Po Plain and western Adriatic Sea) and 

contemporaneous extension in the backarc area all along the Apennines belt and the Tyrrhenian 

Sea. From the Late Eocene-Oligocene to present time, the Apennines fold-and-thrust belt was 

characterized by the northeastward (in the Northern Apennines) and eastward (in the Central and 

Southern Apennines) migration of thrust fronts (Malinverno & 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 (Hippolyte et al. 1994, Ferranti & Oldow 1999) and progressively migrated from the 

western to the eastern parts of the orogen (Malinverno & Ryan 1986, Patacca et al. 1990, 

Westaway 1990, Doglioni et al. 1991b, Amato & Montone 1997). The accretionary prism is still 

active, and thrusting is currently active on the Adriatic side of the Central and Northern 

Apennines and in the Po plain as indicated by the seismicity, Quaternary sediment deformation, 

and GPS data (Figure 1a) (Cuffaro et al. 2010, Livani et al. 2018). Thrusting is also active along 

the Dinarides belts where the Adriatic plate subducts ENE-ward beneath Eurasia and in the 

eastern Alps, which represents the retrobelt of the Alpine subduction (Figure 1a), and it is also 

caused by the northward indentation of the Adriatic plate (Kastelic & Carafa 2012).  

In such a geodynamic context, we simulated the stress and strain variations in the 

interseismic, coseismic and postseismic phases for three earthquakes that occurred in Italy during 

the last fifteen years (Figure 1a). Two earthquakes occurred in the Central Apennines, i.e., the 6 

April 2009 Mw 6.3 L’Aquila and 30 October 2016 Mw 6.5 Norcia normal-fault earthquakes 

(hereinafter L’Aquila 2009 and Norcia 2016, respectively), and the third earthquake occurred in 

the Po plain along the buried front of the Northern Apennines beneath the Po basin, i.e., the 20 
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May 2012 Mw 6.1 Emilia-Romagna reverse-fault event (hereinafter Emilia 2012) (Figure 1a). 

These events represent remarkable examples of strong Italian earthquakes and mimic the typical 

seismicity of the area, which is dominated by normal-fault earthquakes along the Apennines belt 

and reverse-fault earthquakes in the Po plain and Adriatic Sea and characterized by magnitudes 

ranging between 5.6 and 7 and mean recurrence times between 1000 and 3000 years (Galli et al. 

2008).  

The L'Aquila 2009 earthquake (Mw 6.3) nucleated approximately 4 km southwest of the 

city of L’Aquila (Figure 1b) at a depth of approximately 9 km. The event originated on the 

Paganica fault, a normal fault dipping 45 - 50° to the SW and trending NW-SE (Atzori et al. 

2009, Falcucci et al. 2009, Trasatti et al. 2011, Gori et al. 2012, Volpe et al. 2012, Castaldo et al. 

2018). The mainshock was preceded by a foreshock sequence that lasted for at least 4 months 

(blue dots in Figure 1b) and was followed by a 3-year-long aftershock sequence that occurred 

within a 35-km-long NW-SE-trending volume and consisted of more than 90000 events, 

including seven Mw > 5 events (Chiaraluce et al. 2011, Valoroso et al. 2013). 

The Norcia 2016 earthquake (Mw 6.5) represents the most powerful event registered 

during a still ongoing (at the time of writing) seismic sequence, which is spread out over the 

municipalities of Accumoli, Amatrice, Visso and Norcia (Figure 1c). The sequence started on 24 

August 2016 when a Mw 6.0 earthquake nucleated between the towns of Accumuli and Amatrice 

(Figure 1c) (Chiaraluce et al. 2017, Improta et al. 2019). Hundreds of aftershocks were recorded, 

which gradually migrated away from the earthquake hypocenter, suggesting the possibility of a 

transient diffusive process (Chiarabba et al. 2018, Tung & Masterlark 2018, Albano et al. 2019). 

On 30 October 2016, the Norcia earthquake (Mw 6.5) struck the town of Norcia and caused 

further damage. According to seismological and geodetic data, the entire sequence activated 

along a normal fault system striking approximately NW-SE and dipping 40 - 55° SW-ward, with 

a locally listric shape (Cheloni et al. 2019 and references therein) and involving a crustal volume 

of approximately 6000 km3 (Bignami et al. 2019). These main faults crosscut the ground and 

outcrop along the Mt. Vettore-Bove fault system, which is characterized by 

extensional/transtensional kinematics and dissects the Meso-Cenozoic clayey/marly and 

carbonatic sedimentary layers of the Central Apennines (Galadini & Galli 2003, Barchi et al. 

2012). The possible local reactivation of an inherited NW-dipping thrust has been proposed, 
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even if the literature does not consistently agree with this model (Scognamiglio et al. 2018, 

Bonini et al. 2019, Cheloni et al. 2019, Improta et al. 2019). 

The Emilia 2012 earthquake (Mw 6.1) occurred on 20 May in the Po Valley. The 

mainshock activated the Ferrara thrust (Figure 1d), which strikes approximately N140°-150° and 

dips 20° - 40° (Bignami et al. 2012, Giuseppe Pezzo et al. 2013, Cheloni et al. 2016, Livani et 

al. 2018) (Figure 1d) and belongs to the Ferrara salient of the accretionary prism. Following the 

main event, the rupture propagated eastward and downdip within the Ferrara thrust system 

(Govoni et al. 2014, Scognamiglio et al. 2016) and westward along the adjacent Mirandola 

thrust, where a Mw 5.9 event occurred 9 days later (Figure 1d). The majority of the aftershocks 

took place within 3 months of the mainshock, and those at Mw > 5 occurred within 15 days of the 

20 May event (M Albano et al. 2017). 

2.2 Conceptual sketch and numerical models 

The stress, strain and displacement fields associated with the interseismic, coseismic, and 

postseismic phases of these events were simulated by assuming a common conceptual scheme. A 

first-order sketch exhibiting a simple fault plane cross-cutting a medium composed of a brittle 

upper crust and a plastic deep crust is presented to explain the interseismic, stress and strain 

accumulation, the coseismic dislocation and the postseismic relaxation at depth in the hanging 

wall in extensional and compressional regimes (Doglioni et al. 2011, Scholz 2019, Albano et al. 

2021) (Figure 2). 
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Figure 2. First-order conceptual sketch explaining the interseismic (a) coseismic (b) and 

postseismic (c) phases for normal faulting (upper panels) and reverse faulting (lower panels) 

earthquakes (modified from Doglioni et al. 2011, 2015a). 

We speculate that the fault presents two different slip styles along the dip direction, i.e., 

an episodic stick-slip behavior in the brittle upper part (representing an asperity) and a steady-

state shear behavior in the plastic deep part (Scholz 2019). 

In the interseismic phase (Figure 2a), the gravity force generates a compressive 

horizontal stress at every depth within the crust. However, the horizontal stress gradually 

decreases in extensional tectonic settings and progressively increases in compressional tectonic 

settings (Figure 2a) (Doglioni et al. 2011, 2015). Extensional and compressional regimes 

generate opposite scenarios. In an extensional tectonic regime, the steady slip of the deep fault 

segment generates extensional stress and strain gradients, thus developing a dilated volume in the 

hanging wall above the brittle-plastic transition. Conversely, in a compressional tectonic regime, 

the inverse slip of the deep fault segment generates compressional stress and strain gradients and 

develops a contracted volume (Figure 2a). Since the earth’s crust behaves as a medium 

consisting of a solid skeleton and voids filled with fluids (Fyfe 2012), volume 

dilation/contraction could involve the development of excess pore fluid pressure in case of the 

presence at depth of low permeability strata (Lucente et al. 2010, Doglioni et al. 2014a). 
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In the coseismic phase, the interseismic stress and strain accumulated in the hanging wall 

are dissipated (Figure 2b). In an extensional tectonic regime, the hanging wall instantaneously 

subsides, thereby recovering the dilated volume at depth. In a compressional tectonic regime, the 

hanging wall is uplifted, thereby dissipating the accumulated compressional elastic energy in the 

crustal volume at depth. Since the coseismic dislocation is almost instantaneous, fluid 

overpressures develop respect to the hydrostatic equilibrium for extensional events in the 

hanging wall, while fluid underpressures develop for compressional events (Figure 2b). 

In the postseismic phase (Figure 2c), the fault plane and the nearby crustal volume 

accommodate further displacements at a rate that typically decreases with time and whose 

direction and magnitude depend on the fault mechanism and the physical phenomena acting 

during the postseismic relaxation. In the early postseismic phase, the afterslip and poroelastic 

stress changes driven by fluid diffusion are the principal driving mechanisms for postseismic 

fault relaxation and aftershock nucleation (Govoni et al. 2014, Albano et al. 2015, Tung & 

Masterlark 2018, Convertito et al. 2020). 

This conceptual sketch has been simulated numerically via three 2D plane-strain models 

built with the finite element commercial code MSC Marc 2018 (MSC Software Corporation 

2018). The models are oriented approximately SW-NE (Sections A, B and C in Figure 1a) and 

placed orthogonal to the regional tectonic structures and the strike of the faults that nucleated the 

earthquakes (Figure 1) (Atzori et al. 2009, Pezzo et al. 2013, Cheloni et al. 2016, 2019). 

The complex geology of the study area is simplified into two layers, and the thickness of 

the top layer varies according to the study case. We adopted a fully coupled, isotropic, linear 

poroelastic model to describe the evolution of both the stress and strain and pore pressure within 

the medium (Biot 1941, Rice & Cleary 1976, Wang 2000). The poroelastic constitutive equations 

that relate the stress, strain, pore pressure and fluid mass content per unit volume are as follows 

(Segall 2005): 

2𝐺𝜀 = 𝜎 −
𝜈

1 + 𝜈
𝜎 𝛿 +

(1 − 2𝜈)𝛼

1 + 𝜈
𝑝𝛿  (1) 

𝛥 = 𝑚 − 𝑚 =
(1 − 2𝜈)𝛼𝜌

2𝐺(1 + 𝜈)
𝜎 +

3

𝐵
𝑝  (2) 
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𝑞 = −𝜌
𝑘

𝜂

𝜕𝑝

𝜕𝑥
− 𝜌 𝑔𝛿  (3) 

Equation (1) links the stress and strain in a poroelastic medium, where  is the drained 

Poisson ratio, G is the shear modulus, p is the pore pressure, ij is the Kronecker delta,  is the 

Biot-Willis coefficient, and ij and ij are the strain and the stress tensor components, 

respectively. 

Equation (2) relates the change in fluid mass per unit volume (m) to the sum of both the 

normal stress (kk) and the change in the pore pressure (p), where m is the fluid mass content, m0 

is the reference fluid mass content, i.e., the product of the fluid density (0) and the porosity (n), 

and B is the Skempton coefficient. Equation (3) is the Darcy’s law, where k is the permeability, g 

is the gravitational acceleration, qi is the fluid mass flow rate, and  is the dynamic fluid 

viscosity. The Skempton (B) and Biot-Willis () coefficients can be written as follows under the 

assumption that the solid grains constituting the medium are incompressible (Rice & Cleary 

1976, Wang 2000): 

𝐵 =
𝐾

𝑛𝐾 + 𝐾
 

(4) 

𝛼 ≅ 1 (5) 

where Kf and K are the bulk moduli of the pore fluid and the frame, respectively. 

Given the first-order nature of the modeling, we adopted average elastic, state and 

hydraulic parameters for the two layers derived from the literature and geophysical 

measurements available over the studied areas (Agosta et al. 2007, Carannante et al. 2013, 2015, 

Ferraro et al. 2020). The assumed values (reported in Table 1) are consistent with those adopted 

in similar case studies in Italy (Carminati & Vadacca 2010, Albano et al. 2015, 2016, 2019, 

Finocchio et al. 2016, Castaldo et al. 2018). Different elastic parameters do not significantly 

affect the pattern of the stress and strain field (Doglioni et al. 2011). In addition, different 

hydraulic properties could accelerate or delay the diffusion process, although they have little 

effect on the general trend and pattern of coseismic and postseismic pore pressure excess 

(Doglioni et al. 2014a, Albano et al. 2017, Albano et al. 2019).  
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Table 1. Parameters adopted in the numerical analyses.  

Parameter Description Layer 1 Layer 2 

ρ (kg/m3) Mass density 2600 

ν Drained Poisson’s ratio 0.3 0.25 

E (GPa) Drained Young’s modulus 18 35 

n Porosity 0.1 

k (m2) Permeability 1x10-14 

Kf (GPa) Fluid bulk modulus 2.2 

η (Pa s) Fluid dynamic viscosity 0.001 

ρ0 (kg/m3) Fluid density 1000 

B Skempton coefficient 0.75 0.61 
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Figure 3. Finite element model geometries and meshes developed for the simulation of the 

interseismic, coseismic and postseismic phases associated with the L’Aquila 2009 (a), Norcia 

2016 (b) and Emilia 2012 (c) earthquakes. 

One of the most challenging tasks in tectonic modeling is defining the appropriate 

dimensions and boundary conditions. These were selected according to those proposed by Barba 

et al. (2008, 2010) and Finocchio et al. (2013, 2016) for the simulation of the interseismic 

regional tectonic field and by Doglioni et al. (2011, 2014a, 2015) for the simulation of 

interseismic and coseismic phases of both normal and thrust fault earthquakes in Italy. 

In detail, the cross-sections extend 220 km horizontally and reach a depth of 40 km. The 

lower boundary is locked in the vertical direction (Figure 3), while the upper boundary is free to 

move. The model’s sides feature roller supports that constrain the horizontal movements. This 

boundary condition agrees with the section-parallel component of the interseismic horizontal 

velocities from GPS data along sections 1, 2 and 3 in Figure 1a (Figure S1), which show that an 
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approximately zero-velocity area corresponds to the left-hand model boundary of sections 1 and 

2 and to both left and right-hand boundaries of Section 3. To constrain the right-hand sector of 

the velocity field for sections 1 and 2, which correspond to the Adriatic offshore, we assumed 

that the Adriatic domain is undergoing compression (Figure 1a) and established that the 

horizontal velocity in the middle of the Adriatic offshore area is almost negligible (Carafa et al. 

2015, Pezzo et al. 2020). Thus, we set a point at approximately 80-90 km offshore as a zero-

velocity reference, approximately equidistant from the Apennines and Dinarides thrusts (Figure 

1a). 

The applied forces consist of the gravity force, applied as a body force to all of the 

elements, and shear tractions with constant amplitude applied at the model base (black horizontal 

arrows in Figure 3), which are directed towards the NE. The latter simulate the basal shear 

traction exerted by eastward mantle flow in the Tyrrhenian asthenosphere and the rollback of the 

Adriatic slab and have been successfully exploited to simulate the active tectonic deformation in 

the Central Mediterranean (e.g., Barba et al. 2008, 2010, Carafa et al. 2015). These shear forces 

are currently implemented in the Shells finite element code (Bird et al. 2008), which is widely 

adopted to simulate plate motion. Basal shear forces, together with the horizontal fixities at the 

model’s sides, have been also successfully employed to model the interseismic deformation and 

slip-rate in Central and Southern Italy (Finocchio et al. 2013, 2016, Candela et al. 2015) since 

they enable a first-order description of the ongoing crustal interseismic stretching of the Central 

and Northern Apennine chain and the compression of the Po plain and the Adriatic offshore 

(Figure 1a) (Doglioni et al. 1999, Carafa & Bird 2016)  

Regarding the hydraulic boundary conditions, the lower boundary is assumed to be 

impermeable, the upper boundary features a fixed fluid pressure equal to the atmospheric 

pressure, and the sides exhibit hydrostatic pore pressure to simulate a flowing boundary. 

The finite element mesh is composed of eight‐node, isoparametric quadrilateral elements 

with sizes ranging from approximately 0.2 km on the fault segment to 1-5 km at the bottom and 

sides of the models (Figure 3).  

The faults associated with the L’Aquila 2009, Norcia 2016 and Emilia 2012 events are 

modelled as frictional contact interfaces (No.1 and 2 in Figure 3), where the nodes are doubled 
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so that the footwall and hanging wall slide relative to each other according to the Mohr-Coulomb 

failure criterion (equation 6): 

𝜏 = (𝜎 − 𝑝) 𝜇 (6) 

where  is the yield shear stress,  is the total normal stress, p is the pore pressure and  is the 

friction coefficient. 

In our modeling, the rate and state dependency of friction (Ruina 1983) is not assumed 

since we are not investigating the processes controlling the timing of rupture; however, we focus 

on the different stress and strain distributions that develop during the interseismic, coseismic and 

postseismic phases (Doglioni et al. 2014b), which implies that the fault rupture is assumed a-

priori. The two segments composing the fault, i.e., segments No.1 and 2 in Figure 3, are assumed 

to be alternatingly locked and unlocked, depending on the simulated phase (Doglioni et al. 2011, 

2014a). The “locked” and “unlocked” status of the fault is achieved by varying the friction 

coefficient at the interface. In the 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 the case of an unlocked fault, friction is set to a low value 

(0.05) (Di Toro et al. 2011) to simulate both the viscous sliding of the deep fault segment (No.1 

in Figure 3) and the coseismic dislocation of the upper fault segment (No. 2 in Figure 3). 

Compared with common analytical and numerical approaches (Atzori et al. 2009, Anderlini et al. 

2016, Castaldo et al. 2018) no forces or displacements are imposed along the edges of the faults 

to impose their kinematics. When unlocked, the nodes along the fault’s edges move under the 

effect of the applied far-field boundary conditions, loads, and stress distributed within the 

hanging wall and footwall volumes. Finally, the fluid flow through the fault itself is not 

considered in the current modeling (Piombo et al. 2005, Albano et al. 2017, Albano et al. 2019).  

The geometry of the discontinuities simulating the fault segments are defined on a case-

by-case basis according to the available literature. For the L'Aquila 2009 earthquake (Figure 3a), 

the fault extent at depth is limited at approximately 14 km because of the presence of a flat-ramp 

geometry, i.e., the Latium-Abruzzo extensional detachment (Lavecchia et al. 2017), which 

delimitates the SW dipping intra-Apennines active faults of Central Italy. The fault dips 

approximately 47° towards SE (Atzori et al. 2009), while the transition between the lower fault 

segment (segment No.1 in Figure 3a) and the upper fault segment (No.2 in Figure 3a) is located 
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at a depth of approximately 9 km (Doglioni et al. 2011) according to the approximate 

hypocentral depth of the foreshocks that preceded the Mw 6.3 event (Valoroso et al. 2013). 

For the Norcia 2016 event, the lower fault (No.1 in Figure 3b) corresponds to a segment 

dipping approximately 10° towards the NE. The latter was delineated by the distribution of 

aftershocks following the Amatrice-Visso-Norcia sequence (Chiaraluce et al. 2017, Vuan et al. 

2017, Improta et al. 2019) and probably represents the southeastern extension of the Alto-

Tiberina fault. The extent of this fault segment is defined according to the available literature 

(Boncio & Lavecchia 2000, Carminati et al. 2001, Anderlini et al. 2016 and references therein, 

Vadacca et al. 2016, Vadacca 2020), while its lower part is uncoupled (i.e., below approximately 

4-5 km depth) and steadily creeps during the interseismic phase. The upper fault segment 

(segment No.2 in Figure 3b) dips approximately 48° towards the SW (Cheloni et al. 2016, 2019, 

Scognamiglio et al. 2018) and is limited at depth by the segment No.1 in Figure 3b. Any 

additional synthetic or antithetic fault segments have been neglected since their contribution to 

earthquake nucleation is secondary (Cheloni et al. 2019). 

For the Emilia 2012 event, the thrust presents two segments with different dip angles 

(Figure 3c), i.e., approximately 20° and 40° (Pezzo et al. 2013, Livani et al. 2018) and is limited 

in the SW direction by the inner Mirandola thrust (Boccaletti et al. 2004, Chiarabba et al. 2014). 

The transition between the upper (segment No.1 in Figure 3c) and lower (segment No.2 in Figure 

3c) portions of the thrust is defined by the lithostratigraphic contact. Indeed, aseismic slip is 

likely to occur at the contact between the sedimentary succession and the basement while 

seismogenic slip occurs in Mesozoic carbonate rocks (Bonini et al. 2014). 

2.3 Simulation phases 

The simulations include an interseismic phase, a coseismic phase and a postseismic 

phase. The mechanical and hydraulic boundary conditions are activated at the beginning of the 

analysis, while the applied forces, locking status of each fault segment, and fluid-solid coupling 

conditions are specified in Table 2 for each phase. 
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Table 2. Applied forces, analysis type, fault locking status and fluid-solid coupling for each 

modeling phase. For the location of the fault segments, see Figure 3.  

Modeling 

phase 

Analysis type 

(period) 

Applied 

forces 

Fault segments 

(L=locked; F=free) 

Pore pressure 

(C=coupled; 

U=uncoupled) No.1 No.2 

Interseismic 
Elastic 

(1 sec) 

Gravity 

force 
F F 

U 

Basal shear 

tractions 
F L 

Coseismic 
Poroelastic 

(1 sec) 

Gravity + 

basal shear 
L F C 

Postseismic 
Poroelastic 

(2 years) 

Gravity + 

basal shear 
L F C 

 

The interseismic phase is intended to reproduce the stress and strain fields in the crust 

resulting from the applied boundary conditions and forces. The analysis type is elastic and lasts 

for one second within a single numerical increment. In this way, we neglect the viscoelastic 

behavior of the lower crust and focus on the cumulated interseismic stress and strain field. The 

interseismic phase is divided into two stages. In the first stage, the model self-consolidates under 

the gravity force only while assuming that both fault segments (No.1 and No.2 in Table 2 and 

Figure 3) are unlocked, which allows the footwall and hanging wall to move with each other and 

accommodate the lithostatic load. In the second stage, the basal shear tractions (whose 

magnitude varies on a case-by-case basis) are activated (black arrows in Figure 3) to simulate the 

interseismic stretching of the Apennine chain and the contraction in the Po plain and the western 
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Adriatic frontal accretionary prism. In this stage, the deep segment (segment No.1 in Figure 3) is 

unlocked to simulate a fault that experiences steady shear in its lower part while the upper 

segment (No.2 in Figure 3) is locked to simulate a fault asperity during tectonic loading. Pore 

pressure and stress are fixed to the hydrostatic values and uncoupled to the stress occurring 

within the hanging wall and footwall volumes; i.e., drained conditions are assumed for the fluid 

phase. Therefore, any poroelastic transients in the interseismic phase are neglected. 

The coseismic phase is poroelastic and lasts for one second within a single numerical 

increment to calculate the undrained coseismic deformation as well as the instantaneous changes 

in the stress and pore pressure fields induced by unlocking the upper fault segment (No.2 in 

Figure 3) and locking the lower fault segment (No.1 in Figure 3). Both the mechanical boundary 

conditions and the forces applied during the interseismic phase are active in this phase. 

The postseismic phase is poroelastic and spans 2 years to simulate the transient evolution 

of the stress and pore pressure fields. Viscous effects are neglected in this phase, and the 

postseismic stress, strain and displacement field are governed by poroelasticity only. The upper 

fault segment (No.2 in Figure 3) is kept unlocked to simulate further postseismic slip induced by 

shear stress changes caused by fluid diffusion. The poroelastic equations are solved every day of 

the postseismic period, and they constitute 730 numerical increments required for the solution to 

converge over the 2-year interval. The boundary conditions, forces, fault segment status and 

fluid-solid coupling are the same as those during the coseismic phase. 

2.4 Model optimization through coseismic deformation 

The model’s performance was established by performing a trial-and-error procedure to 

search for the magnitude of the applied shear traction (black arrows in Figure 3) and the along-

dip length of the deep and shallow fault segments (No.1 and 2 in Figure 3) that better reproduce 

the observed coseismic ground displacements. As a reference, we processed the synthetic 

aperture radar (SAR) data available for each earthquake (for details about the selected SAR 

datasets, see Table S1) to show the coseismic ground displacements induced by the mainshocks 

by means of the classic interferometric SAR (InSAR) technique (Massonnet & Feigl 1998) along 

both the ascending and the descending satellite orbits (Figure S2). Details about the SAR 

datasets, the acquisition dates and the processing scheme are reported in the Supporting 

Information. The best model is selected by searching for the solution that minimizes the root 
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mean square error (RMSE) of the residuals between the observed and modelled coseismic 

ground displacements, which is expressed as follows: 

𝑅𝑀𝑆𝐸 =
1

𝑁
(𝑦 , − 𝑦 , )  (7) 

where yi,obs and yi,mod are the observed and modeled displacements of the ith point, respectively, 

and N is the number of points. 

3 Results 

The results of the numerical simulations refer to the combination of shear traction 

amplitude and the extent of upper and lower fault segments that best reproduce the coseismic 

displacement field for the three earthquakes. The effect of varying the amplitude of the basal 

shear tractions and the along-dip extent of the upper and lower fault segments on the coseismic 

ground displacements is reported in Figure S3. 

The results are presented in terms of the differential displacement, stress, strain, and 

excess pore pressure (p) in the interseismic, coseismic and postseismic phases. 

 3.1 Interseismic phase 

For an elastic medium, the gravity force produces vertical compressive stress, increasing 

linearly with depth as a function of the material density, and horizontal compressive stress 

smaller than the vertical one as a function of the Poisson coefficient (Table 1) (Figure S4a and 

S5a). The contribution of the topographic load, which has been neglected in our models, does not 

vary the stress field substantially. Indeed, the spatial distribution of horizontal and vertical stress 

considering the topographic contribution for the L’Aquila 2009 case study (Figure S4b and S5b) 

is similar to that without topography (Figure S4a and S5a), while the amplitude of horizontal and 

vertical stress considering topography increases slightly of some tens of MPa in those areas 

where the topography is high, as observed in Figure S4c and S5c. 

The applied basal shear tractions, with amplitudes of approximately 1.5 MPa, 4 MPa and 

1.55 MPa for the L’Aquila 2009, Norcia 2016 and Emilia 2012 events, respectively, modify the 
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horizontal stress and strain field. The left part of the model experiences horizontal stress 

relaxation and extension (Figure 4a and b, S6a and b, S7a and b), while the right part of the 

model experiences horizontal stress increase and compression, which is consistent with the 

extensive tectonic regime of the Central and Northern Apennines and the compressive regime of 

the Adriatic Sea offshore and the Po plain (Figure 1a). The change in horizontal stress induced 

by the shear forces (Figure 4a, S6a and S7a) is smaller than the horizontal stress induced by the 

gravity force (Figure S5), thus ensuring that the horizontal stress remains always compressive at 

any point of the model (Bignami et al. 2020). The fault segments that simulate the L’Aquila 

2009 and Norcia 2016 earthquakes are located in an extensional tectonic field (red line in Figure 

4a, b and Figure S6a, b), while the fault segment that simulates the Emilia 2012 event falls in a 

compressional field (Figure S7a, b). 

The tectonic horizontal displacement pattern (Figure 4c, S6c and S7c) is directed towards 

NE and it is symmetric with respect to the vertical median axis of the model. Displacement is 

null at the model’s sides because of the assumed fixed boundaries and then gradually increases to 

the maximum at the model’s center. 
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Figure 4. Effect of interseismic basal shear only (i.e., without the gravity force) for cross-section 

1 of the L’Aquila 2009 earthquake. a) Differential horizontal stress. The red line identifies the 

location of the modeled fault segment. b) Differential horizontal strain. c) Differential horizontal 

displacements. d) Comparison between the modelled interseismic horizontal velocities (blue 

curve) and those observed with GPS data (red circles) projected along section 1 assuming a 

distance from the cross-section of 40 km. 
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The computed interseismic horizontal displacements at the ground surface were scaled 

with respect to time and compared with the GPS-derived interseismic horizontal velocities 

(Figure 1a and Figure S1) projected along the cross-sections 1 (L’Aquila 2009), 2 (Norcia 2016) 

and 3 (Emilia 2012) (Figure 4d, S6d and S7d). Different scaling times were selected for the three 

case studies to reproduce the first-order trend of the interseismic GPS velocities, i.e., 

approximately 1500 years for the L’Aquila 2009 and Emilia 2012 earthquakes and 4000 years 

for the Norcia 2016 event. The comparison shows that the long-wavelength velocity trend of the 

GPS data (red circles) is well captured by the model (blue curve), which adequately reproduces 

the NE-directed GPS velocity increase in Central Italy (Figure 4d and Figure S6d) and the almost 

symmetric velocity increase and decrease in northern Italy (Figure S7d). 

The assumed interseismic shearing of the deep fault segment (segment No.1 in Figure 3) 

locally modifies the stress and strain fields. For the L’Aquila 2009 and Norcia 2016 normal 

faulting events, the interseismic displacement pattern and vectors (Figure 5a and b) emphasize 

the normal dislocation of the fault segment. Both sets of displacements reach their maxima close 

to the shearing fault segment and gradually decrease moving away from the fault. Such 

interseismic displacements induce dilation locally at depth in the hanging wall of the locked fault 

segment (positive volumetric strains in Figure 5d and e), while local volumetric contraction 

develops in the hanging wall at depths of up to 2 km because of the interseismic ground 

subsidence caused by the shearing of the deep fault segment. The Coulomb Failure Stress 

changes (CFS), calculated on preferential normal planes dipping 47° - 48° towards SE (which 

correspond to the dip of the segments No.2 in Figure 3) and with =0.6 (Byerlee 1978), show 

that the locked fault segments fall within a positive CFS area, where normal faulting 

earthquakes are promoted. 

For the Emilia 2012 reverse faulting earthquake, interseismic shearing produces 

displacements and volumetric strains opposite those obtained for the two normal faulting events. 

The displacements are oriented mainly upward (Figure 5c), which causes volumetric contraction 

(negative values in Figure 5f) over a wide area of the hanging wall at the transition between the 

locked and unlocked portions of the fault segment. Conversely, the footwall experiences a 

general increase of the volumetric strain. The CFS (Figure 5i) calculated for preferential 
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reverse faulting plane dipping, such as the segment No.2 in Figure 3c, shows that the locked fault 

segment is located in an area where thrust faulting is promoted. 

 

Figure 5. Interseismic differential displacements (upper panels), volumetric strain (middle 

panels), and CFS (lower panels) caused by the interseismic shearing of the deep fault segment 

only (No.1 in Figure 3) calculated for the L’Aquila 2009 (left panels), Norcia 2016 (center 

panels), and Emilia 2012 (right panels) events. The black circles in panel g identify the 

hypocenters of the foreshocks registered in the 6 months before the L’Aquila 2009 event (blue 

dots in Figure 1b) projected on cross-section 1 in Figure 1a. 
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3.2 Coseismic phase 

The earthquake dislocations are simulated by unlocking the shallower part of the fault 

segment (segment No.2 in Figure 3). The latter presents an along-dip length of 11.5 km, 10 km 

and 6 km for the L’Aquila 2009, Norcia 2016 and Emilia 2012 events, respectively.  

For the L’Aquila 2009 and Norcia 2016 normal faulting earthquakes, the coseismic 

deformation patterns (Figure 6a and b) highlight the down-left (westward) movement of the 

hanging wall and the mainly eastward shift of the footwall, which are consistent with geodetic 

observations and analytical or numerical modeling results (Atzori et al. 2009, Cheloni et al. 

2019). The coseismic dislocation causes the volumetric contraction of the hanging wall at depth 

(Figure 6d and e), thereby recovering the interseismic volumetric dilation (Figure 5d and e), 

while dilation occurs in the shallower 1-2 km. The footwall undergoes contraction overall 

because of the nearly horizontal compression induced by the hanging wall movement. Since pore 

pressure is coupled with stress, the coseismic volumetric changes induce a p pattern in excess 

with respect to the hydrostatic equilibrium (Figure 6g and h). The p values range nearly ±1-2 

MPa for the L’Aquila 2009 and Norcia 2016 events. In particular, suprahydrostatic and 

subhydrostatic pore pressures develop in areas affected by volumetric contraction and dilation, 

respectively. 

For the Emilia 2012 reverse faulting earthquake, the displacement pattern emphasizes the 

uplift of the hanging wall moving along the thrust plane (Figure 6c), which causes volumetric 

dilation in the hanging wall at depth and contraction in the shallower part (Figure 6f) as observed 

in Doglioni et al. (2011). The footwall rather undergoes extension and compression in its upper 

and lower parts, respectively. The developed p pattern, which reaches nearly ±1 MPa at the 

fault segment, is opposite to the patterns obtained for the normal faulting events because of the 

different faulting mechanisms (Figure 6i). 
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Figure 6. Coseismic differential displacements (upper panels), volumetric strain (middle panels), 

and excess pore pressure with respect to the hydrostatic equilibrium (lower panels) caused by 

unlocking the shallow fault segment (No.2 in Figure 3) calculated for the L’Aquila 2009 (left 

panels), Norcia 2016 (center panels), and Emilia 2012 (right panels) earthquakes. The yellow 

stars in panels a, b and c indicate the approximate positions of the mainshocks. 

The coseismic displacements are compared with those observed with InSAR (Figure S2). 

The modeled displacement profiles at the ground surface (i.e., at zero depth in Figure 7a, b and 

c) for the L’Aquila 2009, Norcia 2016 and Emilia 2012 events are projected along the ascending 

and descending satellite line of sight (LOS) and compared with the corresponding InSAR 

observations (Figure 7). The agreement between the modeled (red line) and measured (blue 

circles) LOS displacements is satisfactory for both the normal and the reverse faulting events. 

For the L’Aquila 2009 and Norcia 2016 normal faulting events (Figure 7a and b), the RMSEs are 
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less than 10% of the maximum observed displacements and comparable to the results of finite-

fault dislocation models available in the literature (Atzori et al. 2009, Cheloni et al. 2016). For 

the L’Aquila 2009 test case (Figure 7a), the RMSE is even lower than the uncertainty (i.e., the 

noise) of the InSAR processing (the error bars in Figure 7a). For the Norcia 2016 case study, the 

higher misalignment with respect to InSAR noise is probably due to complexities in the rupture 

geometry (Cheloni et al. 2019), which cannot be modeled with our 2D approach, and to the high 

spatial rate of deformation, which can be reflected in unwrapping errors in the InSAR results. 

For the Emilia 2012 reverse faulting event (Figure 7c), the RMSE is also very low except for the 

data along the ascending orbit, where the larger misalignment is associated with unwrapping 

errors caused by the strong loss of coherence in InSAR data. 
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Figure 7. Comparison between the observed and modeled LOS displacement profiles along 

sections 1, 2 and 3 in Figure 1a for the L’Aquila 2009 (a), Norcia 2016 (b) and Emilia 2012 (c) 

earthquakes. The vertical bars indicate the uncertainty of the InSAR-derived ground 

displacements. 
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3.3 Postseismic phase 

The coseismic Δp values (Figure 6g, h, and i) gradually dissipate during the postseismic 

phase because of fluid diffusion. Indeed, 20 days after the simulated earthquakes, the p peak is 

approximately 4 times lower than the corresponding coseismic value (Figure 8a, b and c) 

because of the ongoing fluid diffusion in the model (gray arrows), which gradually dissipates p. 

The temporal variation of p (green curves in Figure 8g, h and i) at depth in the hanging wall 

(point 1 in Figure 8a, b and c) reflects the dissipation of the coseismic suprahydrostatic p 

(positive values in Figure 8g and h) and subhydrostatic p (negative values in Figure 8i) that 

develop in the hanging wall for the normal and reverse faulting events, respectively, reaching 

nearly hydrostatic values (i.e., p=0 in Figure 8g, h and i) after approximately one year. It is 

worth noting that our 2D approach forces the fluid flow to occur within the modelled sections, 

thus delaying the time required to dissipate p. With a 3D model, the dissipation time would be 

shorter, given the hydraulic properties in Table 1 (Tung & Masterlark 2018).  

The progressive dissipation of the coseismic p alters the effective stress, thus 

accumulating further strains and deformations at the surface. Indeed, the cumulative postseismic 

deformations 2 years after the simulated events show further subsidence of the hanging wall for 

the L’Aquila 2009 and Norcia 2016 normal faulting earthquakes (Figure 8d and e) and uplift of 

the hanging wall for the Emilia 2012 reverse faulting earthquake (Figure 8f). These 

displacements are due to both the poroelastic contraction/expansion of the medium and the 

postseismic slip (i.e., afterslip) of the fault segment (Albano et al. 2017). The latter is assumed 

unlocked during the postseismic phase (Table 2) and accumulates a mean slip of approximately 

2.5 cm, 7 cm and 2 cm for the L’Aquila 2009, Norcia 2016 and Emilia 2012 events, respectively. 

The temporal variation of the postseismic displacement (red curves in Figure 8g, h and i) 

at the ground level (point 2 in Figure 8g, h and i) shows a typical exponential decay according to 

the p dissipation rate, which is characterized by a rapid increase in displacements in the first 

few days after the earthquake, reaching an asymptotic value after almost one year. The modelled 

postseismic phase is only intended to verify the validity of the assumed boundary conditions and 

loads. Therefore, the amplitude and rate of postseismic displacements calculated with our 

simplified models cannot be directly compared with geodetic observations since they depend on 

the assumed 2D plane strain approach and on the assumed mean elastic and hydraulic properties 
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and residual friction along the fault plane, which have been selected from average values derived 

from the literature and geophysical measurements. Qualitatively, the model correctly predicts 

postseismic subsidence for the L’Aquila 2009 and Norcia 2016 events, as observed by 

D’Agostino et al. (2012), Albano et al. (2015) and Pousse-Beltran et al. (2020), while 

postseismic uplift is predicted for the Emilia 2012 event, as observed by Albano et al. (2017), 

thus confirming the effectiveness of the applied boundary conditions and loads. 

 

Figure 8. Results of the postseismic phase for the L’Aquila 2009 (left panels), Norcia 2016 

(center panels) and Emilia 2012 (right panels) earthquakes. Upper panels: postseismic p pattern 

respect to the hydrostatic equilibrium 20 days after the simulated earthquakes. The gray arrows 

identify the pore fluid diffusion direction. Middle panels: cumulative postseismic displacements 

two years after the simulated earthquakes. Lower panels: temporal evolution of p (green 
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curves) at point 1 in panels a, b and c and temporal evolution of the vertical displacements (red 

curves) at point 2 in panels d, e and f. 

4 Discussion 

The developed numerical model allowed us to reproduce the interseismic loading, 

coseismic dislocation/unloading and postseismic relaxation for three normal- and thrust-fault 

earthquakes in Italy. The imposed boundary conditions, forces and geometrical features, are 

compatible with the geodynamics of the Italian territory but applicable and valid in other regions 

characterized by similar conditions (i.e., the occurrence of a brittle shallow crust and a plastic 

deeper crustal layer). The applied basal shear forces, which simulate the shear traction exerted by 

eastward mantle flow in the Mediterranean area (Figure 3), provided a first-order picture of the 

large-scale crustal interseismic stretching of the Central and Northern Apennines and the 

ongoing compression of the Adriatic foreland and Po Plain (northern Italy) (Figure 1a, Figure 4, 

Figure S6 and Figure S7) (Doglioni et al. 1999, Barba et al. 2008, Cuffaro et al. 2010, Carafa et 

al. 2015). The action of both shear and gravity forces generates a local concentration of stress 

and strain that, in our case, localizes in the crustal volume at the transition zone between the 

locked and unlocked fault segments (Figure 5). Such partitioning of the interseismic stress and 

strain promotes the coseismic gravitational lowering of the hanging wall in extensional 

environments and its elastic expulsion in compressional environments as highlighted by the 

interseismic increase in CFS for both normal fault and thrust mechanisms (Figure 5g, h and i). 

Regardless of the tectonic style, the interseismic stress and strain pattern is reversed 

during the coseismic stage: the accumulated differential stress is released, while the dilated 

volume formed during the interseismic stage for normal faulting is shortened, and vice versa for 

thrust faulting (Doglioni et al. 2011).  

Unlocking the brittle segment of the fault generates a sudden drop of the hanging wall for 

the L’Aquila 2009 and Norcia 2016 events (Figure 6a and b), being the coseismic subsidence 

carefully recorded by InSAR data (Figure S2) (Atzori et al. 2009, Bignami et al. 2019) while the 

hanging wall is uplifted for the Emilia 2012 event, as observed by InSAR data (Figure 6c and 

Figure S2) (Tizzani et al. 2013), thus releasing the stress and strain accumulated during the 

interseismic phase (Figure 6d, e and f).  
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Since the model is fully saturated and the pore pressure is coupled with the effective 

stress, the coseismic slip of the hanging wall alters the crustal pore fluid pressures. Fluids react 

contrarily when comparing extensional and contractional tectonic settings (Muir-Wood & King 

1993, Doglioni et al. 2014a, Barberio et al. 2017). Indeed, fluids are contained in fractures or 

primary porosity, and their expulsion and percolation require contraction and dilation, 

respectively, which are expected at the transition from the interseismic phase to the coseismic 

stage, when the stress and strain fields invert. This reversal of settings is opposed in sign when 

comparing contractional and extensional tectonic settings (Figure 6g, h and i).  

In the postseismic phase, the excess pore pressure triggers fluid flow from regions with 

suprahydrostatic p, which become further compressed, to regions with subhydrostatic p, 

which further dilate (Figure 8). The displacements increase in the postseismic phase according to 

the dissipation of the excess pore pressure (Figure 8) and the poroelastic compression/dilation of 

the medium. Moreover, fluid diffusion causes the seismogenic fault responsible for the 

mainshock to further slip during the postseismic phase, thus contributing to the accumulated 

ground displacements (Albano et al. 2017). Once the postseismic phase terminates, a new cycle 

of interseismic loading starts anew. 

4.1 The role of the basal shear traction 

Both the amplitude and the spatial extent of the coseismic displacement field (Figure 7) 

depend on the amplitude of the applied basal shear traction and the along-dip length of the upper 

fault segment (No.2 in Figure 3). Indeed, increasing the amplitude of the shear force (Figure S3a, 

b and c) increases the amplitude of the coseismic displacements while increasing the along-dip 

length of the upper fault segment (Figure S3d and e) increases both the amplitude and spatial 

extent of the coseismic displacements.  

The earthquake magnitude can increase with the amplitude of basal shear traction for 

equivalent rupture styles. Indeed, with reference to the two extensional earthquakes, the shear 

traction for the Mw 6.3 L’Aquila 2009 event (≅1.5 MPa) is approximately 3 times lower than 

that for the stronger Mw 6.5 Norcia 2016 event (≅4 MPa). The two events occurred along 

practically the same portion of the backarc rifting in the central Apennines, which belongs to the 

upper plate of the Adriatic subduction. The difference in the basal shear force is probably related 

to geometrical and lithological heterogeneities of the crust, e.g., the deep fault segments (No.1 in 
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Figure 3a and b) of the L’Aquila 2009 and Norcia 2016 events present different dip and 

orientation. Therefore, the basal shear force can be interpreted as a proxy for the local 

interseismic loading required to break an asperity that is stronger for the Norcia 2016 event 

respect to the L’Aquila 2009 earthquake and then to destabilize the more than twice larger brittle 

crustal volume mobilized during the Norcia 2016 event with respect to the L’Aquila earthquake 

(Bignami et al. 2019). 

Interestingly, the amplitude of the basal shear traction required to simulate the coseismic 

dislocation of the Mw 6.1 Emilia 2012 reverse faulting earthquake is approximately the same as 

that required for the simulation of the stronger Mw 6.3 L’Aquila 2009 normal faulting earthquake 

(≅1.5 MPa). This result is not surprising since the gravity force acts in favor of normal faulting 

events while tends to inhibit reverse faulting events. Therefore, under the same basal shear 

traction and similar geometrical conditions, the magnitude of a thrust fault event is lower than 

that of a normal fault event, because the crust moves against or in favor of the gravity force, 

respectively (Doglioni et al. 2014b, Bignami et al. 2020). This finding is also consistent with the 

longer duration and the more numerous aftershocks along normal faults (e.g., Aquila 2009 and 

Norcia 2016), where the volume moves in favor of the gravity force and does not stop until a 

final gravitational equilibrium is reached with respect to the compressive settings (e.g., Emilia 

2012), which present shorter times and fewer aftershocks because the volume moves against the 

gravity force (Valerio et al. 2017).  

The amplitude of the basal traction is model-dependent and cannot be interpreted in 

absolute terms. Nonetheless, if we assume that the interseismic horizontal stress rate in Central 

Italy is spatially homogeneous and constant over time, we can analyze the time factor used to 

scale the modelled interseismic horizontal displacements and fit with the horizontal velocity 

from GPS data (Figure 4d, S6d and S7d) This time factor could be interpreted as an approximate 

estimate of the mean recurrence time associated to each event. However, this recurrence time is 

modelled by a single fault and does not consider the effect of earthquake interaction, which could 

advance, 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). Despite this approximation, 

a comparison with the available literature shows that the magnitude of the computed time factors 

resembles to the typical recurrence times for Italian earthquakes. In detail, the scaling factors for 

the L’Aquila 2009 and Emilia 2012 events, i.e., approximately 1500 years, look like to those 
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estimated for Italian earthquakes with magnitudes ranging between 5.6 and 7.0, i.e., 

approximately 1000 - 3000 years. For the Norcia 2016 event, paleoseismological studies 

estimated a maximum magnitude of 6.5 and a maximum recurrence time not longer than 4690 

years (Galadini & Galli 2003) for the Mt. Vettore fault. These parameters resemble with both the 

magnitude of the 30 October 2016 event (Mw 6.5) and the time factor obtained from our model 

(i.e., approximately 4000 years). 

4.2 Model limitations and agreement with the available literature 

It is worth discussing the significance of these results in relation to the modeling 

assumptions and the available literature. The interseismic phase overlooks the long-term, 

viscous-plastic behavior of geomaterials and simulates the accumulation of interseismic stress 

and strain regardless of time. Together with the assumption of linear elasticity, such an 

approximation presumes a linear increase in both stress and strain until earthquake occurs. This 

approach is acceptable since we are interested in investigating the cumulated interseismic stress 

and strain changes rather than assessing the whole loading path. However, interseismic stress and 

strain rates are not constant and could change days to months before the earthquake, i.e., in the 

preseismic phase (Scholz 2019), thus triggering several phenomena that could be related to the 

preparatory phase of an earthquake. Examples of such phenomena include modifications of the 

aseismic ground deformation rate (Moro et al. 2017), changes in crustal seismic velocities 

(Lucente et al. 2010), the development of seismicity patterns (Valoroso et al. 2013, Bouchon et 

al. 2016), and variations in the hydrological and geochemical properties of fluids (Roeloffs 1988, 

Thomas 1988). Such interseismic stress and strain rate variations are not considered in our 

model. However, our first-order results are consistent with field observations. Indeed, the 

modeled interseismic dilatancy at depth in the hanging wall of extensional settings is compatible 

with the changes in the Vp/Vs ratio observed several days before the L’Aquila 2009 mainshock 

(Lucente et al. 2010), which indicate the presence of fluids and their increase in pressure during 

the preparation phase. This proves the occurrence of a dilated and multifractured volume in the 

hanging wall of a normal fault, where fluids may infiltrate and eventually be expelled at the 

coseismic stage. Moreover, approximately 80% of the foreshocks recorded during the six months 

before the L’Aquila earthquake (black circles in Figure 5g) are located in areas where the 

interseismic CFS increases.  
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For the Norcia 2016 event, the modeled interseismic shearing of the low-angle normal 

fault segment (segment No.1 in Figure 3b) and the resulting volumetric strain and CFS 

variations (Figure 5e and h) are compatible with the locations of the seismicity recorded during 

the six months before the nucleation of the first event of the sequence on 24 August 2016 (Vuan 

et al. 2017). It is worth noting that the maximum stress and strain concentration does not occur at 

the source fault of the 2016 Norcia earthquake, which depends on the assumed length of the 

unlocked fault segment in the interseismic phase (No.1 in Figure 3b). Such lengths are 

constrained by literature data (Anderlini et al. 2016) and could vary locally. 

Our modeling results are consistent with available geodetic measurements. The 

interseismic phase appropriately simulates the long-wavelength interseismic horizontal ground 

velocities (Figure 4d, S6d and S7d) from GPS data. However, the model is not able to capture 

the observed local fluctuations of displacement rates and the horizontal strain rate. This issue is 

related to the simplified rheological and geometrical approximations imposed in our model and 

by the assumption of basal shear forces with constant amplitude. In contrast, introducing 

heterogeneities into both the geometries of the locked/unlocked faults and the modeled 

geomaterials and assuming non-uniform shear tractions at the model’s base improve the 

observed short-wavelength interseismic strain rates (Finocchio et al. 2013, 2016). 

The coseismic fault slip style and kinematics are driven by the interseismic crustal stress 

and strain field resulting from the applied boundary conditions and loads in the far field. This 

approach, which is different from common analytical modeling techniques (Okada 1985), is able 

to simulate the observed coseismic scenarios. Indeed, the modeled coseismic displacements for 

the three case studies effectively reproduce the InSAR observations (Figure 7). The highlighted 

discrepancies between the calculated and observed coseismic displacements for the Norcia 

earthquake (Figure 7b) are possibly explained by the occurrence of unmodeled geometrical 

complexities of the seismogenic fault responsible for the mainshock, such as the presence of 

secondary antithetic faults and inherent 3D effects that are neglected with our 2D approach 

(Cheloni et al. 2016, 2019, Bonini et al. 2019). The coseismic dislocation of the upper fault 

segment (segment No.2 in Figure 3) is not governed by a self-consistent failure criterion (Ruina 

1983, Scholz 2019) but rather is imposed by unlocking the upper fault segment. This 

simplification is justified by the purpose to investigate the different stress and strain distributions 
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associated with the interseismic, coseismic and postseismic stages rather than to assess which 

processes control the timing of rupture. 

In our model, the postseismic evolution of the displacement, stress and strain is governed 

by poroelasticity only. Different time-dependent physical mechanisms may act at smaller spatial 

scales or over longer time periods than those accounted for in this work. Assessing the 

contribution of other physical phenomena to the postseismic phase is not the goal of this study. 

Here, we choose to simulate the early postseismic scenario only, when the probability of strong 

aftershocks is high and poroelastic effects and afterslip are the controlling phenomena. It is 

worth noting that afterslip is simulated in our model by assuming the upper fault segment (No.2 

in Figure 3) unlocked in the postseismic phase, although it is driven by poroelastic stress and 

strain changes only.  

Although successful in reproducing several aspects of the modelled earthquakes, our 2D 

approach suffers from inherent limitations, e.g., it neglects motions and fluid diffusion in a 

direction perpendicular to the modeled cross-section. Such an approximation does not allow us to 

investigate the stress and strain field at the fault’s edges and only permits two‐dimensional pore 

pressure gradients, thereby delaying the decay of postseismic pore pressure excess and the 

accumulation of displacements. Although a 3D model would certainly produce more accurate 

results, although the relative importance of the applied boundary conditions and loads would be 

similar, the first‐order results of the 2D approach are generally valid and provide evidence that 

has both theoretical and practical implications. In theory, the interseismic differential strain and 

stress that occur in the crustal volume above the brittle-plastic transition (Figure 5) could locally 

involve the development of plastic strain associated with the formation of opposite mode I and II 

cracks and fractures in the hanging wall of normal and reverse faulting environments where the 

accumulated interseismic stress is mainly gravitational in extensional tectonic settings (1 is the 

lithostatic load), whereas it is elastic in contractional settings (1 is horizontal and generated by 

plate convergence). Due to this difference in extensional and compressional tectonic settings, 

Doglioni et al. (2015a, b) proposed the nomenclature of graviquakes and elastoquakes, 

respectively. Such opposite behavior of cracks constrains the migration of fluids with opposite 

sign (Doglioni et al. 2014). Cracks generation and fluids migration have been extensively 

observed in laboratory fracture experiments and inferred in the field with the observation of 
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crustal velocity anomalies (Lucente et al. 2010) associated with changes in void spaces and fluid 

pressures at depth (Terakawa et al. 2010, Scholz 2019 and references therein) preceding and 

especially contemporaneous to a seismic event. Therefore, a systematic investigation of crustal 

velocity anomalies at depth in areas where a potential seismogenic fault shows a seismic gap 

could provide valuable information for predictive purposes. Practically, the findings of our 

numerical approach, if confirmed, could be implemented in a statistics-based seismicity 

forecasting technique (Marzocchi et al. 2012) to implement a physics‐based earthquake 

forecasting approach that could be worthwhile for the estimation and management of seismic 

hazard. 

5 Conclusions 

We contributed to the current understanding of the evolution of stress and strain in the 

interseismic, coseismic and postseismic phases associated with a single fault segment by 

developing a fault-scale numerical model that allowed us to jointly simulate long-term crustal 

interseismic loading, coseismic brittle episodic dislocation, and postseismic relaxation for typical 

normal and reverse faulting earthquakes in Italy based on a single framework of gravitational and 

tectonic forces. 

For the proposed models, the following main conclusions can be drawn. 

 The assumed gravity and tectonic forces and boundary conditions lead to stress and strain 

distributions that are compatible with the interseismic ground velocity patterns in central 

and northern Italy, the coseismic dislocations of normal and reverse faulting earthquakes, 

and their postseismic relaxation. 

 The strain gradient generated at the brittle-plastic transition during the interseismic phase 

yields dilation at the base of a locked normal fault, which may be accommodated by the 

formation of cracks and associated with porosity increase, and contraction at the base of a 

locked thrust fault, which is associated with crack closure, pressure solution processes 

and porosity decrease. 

 The partitioning of the interseismic stress at the transition between the locked and 

unlocked fault segments increases the CFS over the locked fault segments and promotes 
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the coseismic subsidence and uplift of the hanging wall in extensional and compressional 

regimes, respectively. 

 The observed postseismic relaxation (where the model is driven by poroelasticity) shows 

further ground subsidence and uplift for normal and reverse faulting earthquakes, 

respectively, which is consistent with the faulting style. 

 The energy activating the fault is accumulated predominantly in the hanging wall 

volume. The fault represents the passive plane where the friction during the slip produces 

the double couple and the related seismic waves. Moreover, the proposed numerical 

model supports the notion that the main source of energy for normal faulting and 

thrusting is provided by the lithostatic load and classic elastic load, respectively 

(Doglioni et al. 2015a, b). 

Our findings provide a possible explanation for the initiation and evolution of an earthquake 

that could help to develop a physical basis for time-dependent earthquake hazard studies as a 

function of the tectonic setting. 
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