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Abstract The source geometry of the 24 August 2016 Amatrice earthquake is
studied with Sentinel 1-A/B and Advanced Land Observation Satellite (ALOS)-2
Interferometric Synthetic Aperture Radar (InSAR) coseismic observations. Without
presetting the fault geometry and location, we allow these geodetic data to constrain
a planar fault and a listric dislocation through an innovative nonlinear approach.
Finite-element models (FEMs) are built to simulate the earthquake deformation over
a domain with a distribution of realistic crustal materials. Optimal fault geometries are
resolved with the observed coseismic displacements in both homogeneous (HOM)
half-spaces and heterogeneous (HET) FEMs. The HET-computed planar slip is mod-
eled next to the hypocenter and estimated with a very compatible dip (47°) similar to
the moment tensor solution, while that of the HOM solution is offset by ∼14°. Mean-
while, the former recovers the coseismic displacements significantly better than the
latter at 95% confidence. This indicates that the inverse solutions of source analysis
are sensitive to the presence of nonuniform rock materials in the elastic domain.
Though abundant fault detachments are documented within the epicentral area, the
slip distributions derived along optimized listric faults do not improve the prediction
of surface movements estimated by the rectangular sources. This implies that a planar
fault geometry is sufficient to describe the rupture of the Amatrice earthquake. The
corresponding slip distribution reveals a maximum slip of ∼1 m at 7 km depth,
beneath a lithological boundary between the shallow weaker units and the underlying
stronger Dolomite. A significant correlation is found between the slip magnitude and
subsurface rock stiffness where stress is being accumulated, implying a possible struc-
tural control on the earthquake nucleation and propagation.

Introduction

The central Mediterranean region has been seismically
active, due to the continuous northward convergence
(∼5–6 mm=yr) between the Eurasian plate and African
(Nubia) plate along a complex plate margin (Reilinger et al.,
2006; Serpelloni et al., 2007). The present-day seismotecton-
ics of central Italy are further complicated by the anticlock-
wise rotation and flexural hinge retreat of the Adria plate
with respect to the Eurasian plate, as well as by the back-
arc opening of the Tyrrhenian Sea, resulting in the current
northeast–southwest extension along the axial belt of the
plate periphery (Westaway, 1990; Morelli and Boschi, 1998;
Nocquet, 2012). Despite the coexisting crustal shortening,
this extensional field continues to stretch the Apennines belt
in an east–west direction and create extensive north–south-
trending normal-fault systems along the mountain ranges,
causing significant earthquake events (Mw 3.8–6.3) over the
past few decades (Margheriti et al., 1998; Ciaccio et al.,
2005; Ameri et al., 2009; Cirella et al., 2009; Marzorati et al.,
2014; Albano et al., 2015).

On 24 August 2016, an Mw 6.2 earthquake (42.723° N,
13.188° E) occurred near (<2 km) Accumoli and 10 km
northwest (NW) of Amatrice, central Italy (Anzidei and
Pondrelli, 2016; U.S. Geological Survey [USGS], 2016; see
Data and Resources), as shown in Figure 1. This strong event
(hereafter, the Amatrice earthquake [AE]) ruptured a broad
section (∼50 km) of the central Apennines that is a part of
the accretionary prism of the subduction boundary between
the overriding Eurasian plate and the subducting Adria plate.
The hypocenter is located at a shallow depth (∼8 km; Scog-
namiglio et al., 2016) in proximity to the north-northwest
(NNW)-striking Vettore fault (VF) and the Gorzano fault
(GF) system, for which the (extensional) tectonic activities
(∼1:5 mm=yr) were examined by various field studies
(Calamita and Pizzi, 1992, 1994; Pizzi et al., 2002; Galadini
and Galli, 2003). Surface offsets were observed along the
southern section of the VF and the northern section of the
GF (Livio et al., 2016; Pucci et al., 2017). These fault sys-
tems are parallel to the ranges of Mt. Vettore and Laga
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Mountains, intersecting the mountainous areas and the
nearby alluvial graben basins (Galadini and Galli, 2003). Pa-
leoseismological analyses suggest that earthquakes with
Mw 6.5–6.6 have activated these fault systems (Galadini
and Galli, 2003). For the AE, preliminary seismological
models and moment tensor solutions indicate predominantly
normal faulting plus minor left-lateral strike slip along a
west-dipping fault with strike/dip/rake of 165°/49°/−78°
from USGS and 142°/45°/−106° from Global Centroid Mo-

ment Tensor. The strong ground motion destroyed more than
half of the town of Amatrice, with a combined death toll
of ∼300 (BBC, 2016). Aftershocks of magnitudes between
2 and 5.35 continued for weeks after the mainshock (Michele
et al., 2016) within the seismic gap between the recent 2009
Mw 6.3 L'Aquila earthquake (Atzori et al., 2009) and the
1997Mw 5.7 Colfiorito earthquake (Stramondo et al., 1999).
Two strong earthquakes of Mw 6.1 and 6.6 struck the same
area near Visso and Norcia on 16 and 30 October 2016,

Figure 1. Tectonic setting and coseismic surface displacements of the Amatrice earthquake (AE). The focal mechanism represents a
north–south-trending normal faulting of the mainshock (U.S. Geological Survey [USGS], 2016). Near-field line of sight (LoS) displacements
are revealed by both (a,b) Sentinel 1-A/B and (c,d) Advanced Land Observation Satellite (ALOS)-2 Interferometric Synthetic Aperture Radar
(InSAR) data spanning between 9 September 2015 and 31 August 2016 (Huang et al., 2017). Red solid line is the AE-associated surface
offset observed along the southern Vettore fault (Pucci et al., 2017). The yellow line represents the finite-fault geometry resolved by Huang
et al. (2017). Thin white solid lines indicate the active faults in the central Apennines. Near-field aftershocks occurring within 21 days after
the mainshock are displayed as red dots. (a) The red box at the top right inlet shows the map location.
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respectively, implying complex seismic sequences (Cheloni
et al., 2017). In this work, our study focuses on investigating
the 24 August 2016 AE.

There is a long-standing controversy between the
manifestations of planar and listric rupture during earth-
quakes, which is not trivial in complex tectonic settings, such
as accretionary prisms, orogenic belts, and subductive mar-
gins. In orogenic environments such as central Italy, listric
faults are common, due to the coexistence of detachment
faulting and basal decollements (Bigi et al., 2003; Tao et al.,
2015; Borghi et al., 2016; Lavecchia, Adinolfi, et al., 2016).
The refined aftershock locations show that the majority of
aftershocks following the AE clustered within the Castelluc-
cio plain at depths of 5–12 km (Fig. 1) and corroborate
extensive gently dipping structures (Chiaraluce et al., 2017).
These low-angled structures are supported by the field evi-
dence of listric faults connected to decollements at 6–10 km
depth (Calamita and Pizzi, 1994; Bigi et al., 2003; Borghi
et al., 2016), comparable with the listric rupture of the 2009
L'Aquila earthquake to the south (Borghi et al., 2016;
Lavecchia, Adinolfi, et al., 2016). Several planar finite-fault
models were estimated for the AE (Lavecchia, Castaldo,
et al., 2016; Tinti et al., 2016; Cheloni et al., 2017; Huang
et al., 2017). However, Huang et al. (2017) argue that a rec-
tangular source might not be able to describe the very near-
field displacements related to shallower fault slip if the actual
fault is listric. Because flat decollements are generally inter-
preted along the root of VF and GF near the AE epicenter
(Bigi et al., 2009), such as other detachment fault networks
within the central Apennines, the AE becomes a good

candidate for the test of a listric earthquake source furnishing
the existing uniform-dipping models. By comparing the slip
models of different fault configurations, our analysis serves
to test the hypothesis that the planar fault approximation is
sufficient to describe the seismic rupture of the AE.

Moreover, the near-field foreland basin system (Laga
basin) near the AE consists of pelagic, turbiditic, and carbon-
ate platform deposits, and clastic foredeep sediments (Bigi
et al., 2003). Figure 2b,c shows a weaker layer superimposed
with the sedimentary sequence between 0 and 4 km revealed
by seismic tomography (Li et al., 2007; Scarfì et al., 2009)
and velocity models (Cirella et al., 2012). Even without ex-
tensive surface cracking, this subsurface layer of soft mate-
rials, to some extent, can amplify seismic shear waves and
thus encourage stronger ground shaking (Chau and Lo,
2001), explaining the destructiveness of past earthquakes
along the Apennines mountain belt. It is also well known that
such subsurface material heterogeneity controls how fault
slip is translated into surface displacements during earth-
quakes (Sato, 1971; Jovanovich et al., 1974; Savage, 1987,
1998; Fernandez et al., 1996; Pan, 1999; Masterlark et al.,
2001, 2012; Eleonora et al., 2002; He et al., 2003; Hearn and
Bürgmann, 2005; Wang et al., 2006; Trasatti et al., 2011;
Williams and Wallace, 2015), to which the solutions of in-
verse analyses are sensitive. In central Italy, the complex con-
figurations of crustal materials pose a fundamental challenge
to geodetically invert for seismic sources using customary
models that simulate dislocation in a homogeneous half-
space, which would either overestimate or underestimate slip
in weak and rigid zones, respectively (Masterlark et al.,

Figure 2. Finite-element model (FEM) simulating coseismic dislocation in a 3D heterogeneous domain. (a) FEM domain accommodates
crustal entities of the subduction zone in the central Mediterranean. The domain approximates a block with dimensions of
1456 × 1456 × 300 km3. The domain top is a stress-free surface representing the land and seafloor surfaces. A fine-mesh region (green
box) specifies the near-field tectonics and contains a structural discontinuity (either a rectangular or listric fault) that hosts the seismic rupture.
(b) The distribution of Young’s modulus and (c) Poisson’s ratio are derived from the regional velocity model by Cirella et al. (2012) and
CRUST2.0 (Bassin, 2000). Near-field rock strength increases abruptly at a depth of ∼4 km as Young’s modulus increases from ∼55 to
85 GPa.
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2012; Tung and Masterlark, 2016). Hence, simulating dis-
tributed rock properties in deformational models might
become essential for a more accurate estimation of coseismic
slip distributions (e.g., Masterlark, 2003; Hughes et al., 2010;
Kyriakopoulos et al., 2013; Tung and Masterlark, 2016).
Furthermore, the material heterogeneity further affects the cal-
culation of in situ Coulomb stress and thus the prediction of
aftershock-prone areas (He et al., 2003; Hearn and Bürgmann,
2005). Therefore, we construct finite-element models (FEMs)
of deformation with distributed rock materials to study the
source geometry of the AE.

The goals of this work are to compare the seismic source
of the AE resolved over a planar fault and a listric fault
geometry and test the corresponding solution sensitivity to-
ward the nonuniformity of rock materials in the upper crust.
As constrained by coseismic Interferometric Synthetic Aper-
ture Radar (InSAR) observations (Fig. 1), these geometries
are first retrieved through nonlinear analyses and then used
for linearly deriving the detailed slip distribution. More real-
istic representations of the Green’s function matrices are
generated through FEMs that assemble the regional tectonic
environment of the central Mediterranean (Fig. 2). FEMs are,
so far, the best tool for simulating elastic dislocation within a
velocity-constrained rock heterogeneity (Masterlark and
Hughes, 2008) and are proved to provide more accurate pre-
dictions of coseismic displacements than the conventional
analytical solutions (Tung and Masterlark, 2016). Our rapid
FEM generation technique (build time < 10min for each
FEM) enables sampling over thousands of high-resolution
FEMs for the optimal source geometry, through effective al-
gorithms and computational parallelization. Hence, this
study serves as a pioneer to conduct a nonlinear source
analysis in an inhomogeneous crustal domain (compare to
Huang et al., 2017), which cannot be accomplished by the
analytical models of faults embedded in isotropic half-spaces
(e.g., Okada, 1985). The resolved fault geometries and the
corresponding slip models are then studied in the context
of the local rock stiffness for possible structural control over
the earthquake.

Methods

InSAR Data

The coseismic deformation was captured by multiple
pairs of satellite Synthetic Aperture Radar (SAR) images
with different acquisition dates (Lavecchia, Castaldo, et al.,
2016; Huang et al., 2017). The surface subsided by up to
20 cm near Accumoli and uplifted as much as 9 cm along
the down-dip edge of the fault (Lavecchia, Castaldo, et al.,
2016; Huang et al., 2017). In this work, we adopt the InSAR
data processed by Huang et al. (2017) to re-analyze the seis-
mic rupture of the AE. Both the ascending and descending
tracks of Sentinel 1-A/B and Advanced Land Observation
Satellite (ALOS)-2 are used to constrain the coseismic
surface displacements (Fig. 1). The unwrapped images alto-

gether consist of 17,701 pixels and cover an ∼70 × 50 km
area surrounding the epicenter, with a horizontal resolution
of 30 arcsec. The details of the interferograms are described
in table S1 of Huang et al. (2017). The incidence angle of
these four InSAR images dS1 ASC (S1 ascending), dS1 DES

(S1 descending), dALOS2 ASC (ALOS2 ascending), and
dALOS2 DES (ALOS2 descending) are of 34°–45° from verti-
cal, so that the line of sight (LoS) displacements are more
sensitive to the vertical ground movements. All LoS vectors
roughly point along the east–west direction. The prominent
ground depression found in two NW-southeast (SE)-striking
deformation lobes could be the result of either two distinct
sources or continuous rupture propagation over a single fault
(Lavecchia, Castaldo, et al., 2016). Collectively, these defor-
mation signatures support a NW-trending west-dipping
normal rupture that is in general agreement with the recent
fault activities of the central Apennines (Calamita and Pizzi,
1994; Borghi et al., 2016).

Finite-Element Models

A new generation of FEMs is employed to simulate the
geological complexity of central Italy. Our FEMs, which are
constructed within a commercial finite-element code Abaqus
(see Data and Resources), inherit a 3D elastic domain with
nonuniform crustal materials surrounding the epicentral area,
as shown in Figure 2. The distribution of material properties
in the central Mediterranean region is estimated from the
global velocity model CRUST2.0 (Bassin, 2000; see Data
and Resources), while the near-field materials are furthered
refined with the regional model suggested by Cirella et al.
(2012). Within the Abaqus-based FEM domain, the distrib-
uted rock properties are specified by spatially varying
Young’s modulus E and Poisson’s ratio ν, which are respec-
tively determined by

EQ-TARGET;temp:intralink-;df1;313;319E � ρV2
S�3V2

P − 4V2
S�

V2
P − V2

S
; �1�

EQ-TARGET;temp:intralink-;df2;313;272v � V2
P − 2V2

S

2�V2
P − V2

S�
; �2�

in which VP, VS, and ρ refer to the P-wave velocity, S-wave
velocity, and density, respectively. The shear modulus can be
further formulated by G � E=2�1� v�. The elastic disloca-
tion is simulated in the Abaqus-standard module and gov-
erned by the equations of elasticity (e.g., Vasco et al., 2002).

The domains of the FEMs are represented by a block
centered at (42.707° N, 13.176° E) with 1456 km in width or
length and 300 km in thickness (Fig. 2a). The domains
comprise 30,000–80,000 nodes and 100,000–400,000 of
first-order tetrahedral elements with element intensity gradu-
ally dropping away from the domain center (Table 1). The
meshing scheme is a nonstructural aggregation implemented
through the Abaqus–Complete Abaqus Environment (CAE)
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module. The fault rupture is embedded in a designated fine-
mesh region (FMR; width 125 km, length 125 km, and depth
40 km) for a refined near-field resolution (Fig. 2a). The el-
ements exhibit characteristic lengths of 1 km on the fault
surface, 2 km on the rims of FMR, and 120 km along the
far-field boundaries. A total of 450–665 subpatch node pairs
are configured on the fault surface for simulating the seismic
rupture. The elastic dislocation is formulated through the
kinematic constraint equations among these subpatch node
pairs (Masterlark, 2003), and the details are discussed in
the Kinematic Constraint of Elastic Dislocation section.
The outer surfaces of the block represent the far-field lateral
and depth boundary of the domain, with zero-displacement
boundary conditions. These surfaces are separated from the
fault center by a distance at least 10 times longer than the
fault dimension to ensure the calculation consistency with
the analytical solutions (Fig. 3). The domain top is a stress-
free surface corresponding to the land and seafloor surface.
The details of model specifications are described in Table 1.

Kinematic Constraint of Elastic Dislocation

The fault dislocation in FEMs is configured by the kin-
ematic constraints developed by Masterlark (2003). The fault
discontinuity in FEM is composed of multiple node pairs in
which each pair consists of two overlapping nodes sharing the
same initial location. A static fault slip is applied to these node
pairs by relatively offsetting the two node members, nodes n1
and n2 of each pair, along the rake θrake. The kinematic con-
straints specify a relative fault offset Δu of each node pair
through three equations of motion along orthogonal axes:

EQ-TARGET;temp:intralink-;df3;55;111un1strike − un2strike � Δustrike � Δu × cos�θrake�; �3�

EQ-TARGET;temp:intralink-;df4;55;90un1dip − un2dip � Δudip � Δu × sin�θrake�; �4�

EQ-TARGET;temp:intralink-;df5;385;721un1normal − un2normal � 0; �5�
in which un1strike and un2strike are the along-
strike displacements of nodes n1 and n2,
respectively; un1dip and un2dip are the along-
dip displacements of nodes n1 and n2,
respectively; and un1normal and un2normal are the
fault-normal displacements of nodes n1
and n2, respectively. The null fault-normal
displacements of equation (5) ensure the
hanging block and foot block are welded
together during the dislocation. Nonslip-
ping node pairs are configured with
Δu � 0 equivalent to a welded condition.
For the FEM of a listric fault, 665 node
pairs are assigned to assemble the fault
so that the kinematic constraints contain
∼2000 equations of motion. The predicted
surface deformation of elastic dislocation
from the above configurations has been
verified against the half-space analytical

solutions (Okada, 1985) in a homogeneous domain (Fig. 3).

Listric Fault Geometry

The listric fault geometry can be described explicitly by
several types of formulation, such as power-law (Hutton
et al., 2001) and trigonometric equations (Tao et al., 2015).
In this study, we configure the listric curvature by the follow-
ing shape function of depth:

EQ-TARGET;temp:intralink-;df6;313;375z � 2a
π
a tan

�
x
b

�
�6�

(Tao et al., 2015), in which z is the depth of the fault (always
positive); x is the horizontal distance from the surface trace;
and a and b are the geometric parameters controlling the
listric curvature. This formula was adopted to simulate the
listric rupture of the 2008 Mw 8 Sichuan earthquake, China
(Tao et al., 2015). A larger value of parameter a gives rise
to a flatter fault, whereas a larger value of parameter b in-
creases the wavelength of the curve. For simplicity, a single
buried patch conforming to the above-shaped function is
focused in accordance with the assumptions made by
Lavecchia, Castaldo, et al. (2016) and Huang et al. (2017).
Because only limited surface breaking is observed, we pre-
sume a fault locking depth Dm limiting the top of the fault
below the surface and a horizontal fault widthHx referring to
the horizontal distance between the lower fault edge and the
surface trace (Fig. 1). The listric patch is assigned a length L,
and the center of the surface trace is denoted as �xc; yc�. We
assume that the curved fault shares the same surface trace
and strike ϕ as the optimal planar fault solution, such that yc
is a linear function of xc. As a whole, the listric fault geom-
etry is constrained by a set of six parameters [a, b, Dm, Hx,
L, xc] and estimated through a nonlinear inverse analysis. We

Figure 3. FEM validation. Predicted deformation of unit-dextral and unit-thrust slip
by an FEM (homogeneous material) are validated against the analytical model in a half-
space (Okada, 1985) along a fault-perpendicular profile AA′ shown in Figure 1.
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limit the search ranges of these parameters in accordance
with the listric structures interpreted from seismic tomogra-
phy and field observations. These parameters are not
designed to recover a curvature-free planar geometry. To pre-
pare the FEMs of listric faults, the curved listric geometries
are transformed into shell objects through a Python-driven
3D graphic code, Rhino 5 (see Data and Resources). This
code creates numerical entities of 3D faults by preserving
the spatially variable fault dip and location for the assembly
of the hypothetic structural discontinuities. Each shell object
of a sampled fault configuration is then inserted into the
heterogeneous FEM domain to simulate the 3D earthquake
rupture, after which the domain is meshed and configured
with aforementioned boundary conditions accordingly.

Nonlinear Analysis by Monte Carlo Simulated
Annealing

We perform a series of nonlinear analysis to invert the
InSAR data for the best-fitting fault geometries of the AE,
assuming a uniform slip distribution. Seven fault parameters,
including fault dip δ, strike ϕ, length L, width W, and fault-
center location [xc, yc, zc], are used to designate the geom-
etry and location of a planar fault. As a result, the planar and
listric geometries are altogether configured by seven and six
parameters, respectively. The nonlinear analysis is guided in
a Bayesian manner that searches through a few thousands of
fault models to minimize the error misfit χ2 � eTC−1e, in
which e � d − dpre, d and dpre are, respectively, the observed
and predicted LoS displacements, C is the covariance matrix
(e.g., Huang et al., 2017) and n � 17;701 is the length of the
data vector. Combining simulated annealing (Jónsson et al.,

2002) and nested Monte Carlo method
(Press, 2007), the Monte Carlo Simulated
Annealing (MCSA) method searches for
the fault geometry parameters that mini-
mize χ2. The cooling schedule of the
MCSA algorithm is designed as follows:

EQ-TARGET;temp:intralink-;df7;385;661Ti � To

�
N − i
N

�
k
� Toωmin; �7�

EQ-TARGET;temp:intralink-;df8;385;615vpi �
��

Ti

To

�
kp � vpmin

�
vbounded range;

�8�
in which To and Ti are the temperature of
initial step and ith step (0; 1; 2;…; N − 1),
respectively; ωmin is the scaling factor of
minimum temperature Tmin ≈ ωminTo, N
is the number of iteration (step); Vpi is
the pth parameter’s search range in the
ith step; Vpmin and Vbounded range are the
last-step scaling factor and the bounded
parameter range of the pth parameter, re-

spectively; k and kp are, respectively, the cooling/decaying
coefficient of temperature and the search range of the pth
parameter. The cooling schedule Ti is an array of decreasing
number/temperature regulating the search of the parameter at
each step, as well as the precision of the final solution. More
abruptly changing (larger k and kp) schedules refine the
search range more rapidly and thus enable the solutions to
converge more quickly. The distinctive advantage of MCSA
over other Bayesian approaches, such as Markov chain
Monte Carlo analysis (MCMC), is its effectiveness of search-
ing for the global minimum over the local minima of the
model misfit. Its resistance to local minima is reinforced
by acceptance criteria

EQ-TARGET;temp:intralink-;df9;313;289χ2i < χ2i−1; �9�

EQ-TARGET;temp:intralink-;df10;313;255e−�χ
2
i−χ

2
i−1�τ=Ti > r; �10�

in which χ2i and χ2i−1 are the mean error misfit of the ith step
and (i − 1)th step, respectively; r is a random parameter
between 0 and 1; and τ is a normalization factor. The
criterion in equation (9) always accepts a better solution of
the subsequent step, whereas the criterion in equation (10)
accepts a worse solution at a certain probability, based on
the misfit discrepancy χ2i − χ2i−1 between the subsequent
steps. The design of the cooling schedule Ti is started with
an MCMC analysis that does not include the acceptance cri-
teria. Then, we adjust the acceptance criteria and the cooling
schedule in a retrospective manner and repeatedly execute
the algorithm until a consistent solution is achieved. As a
result, the values of Ti and τ are fixed, so that the initial

Table 1
Finite-Element Model (FEM) Configurations and Rock Material Specifications

FEM Parameters Configurations and Specifications

Dimension of FEM domain 1456 × 1456 × 300 km (width × length × depth)
Dimension of FMR domain 125 × 125 × 40 km (78 × 78 × 40 km)
Center of FEM domain [13.176° E, 42.707° N]

[350622.21 m E, 4729891.5 m N, 0 m] (UTM zone 33)
Number of nodes Planar: 28,276; listric: 78,552
Number of elements Planar: 155,230; listric: 444,785 (first-order tetrahedral)
Initial conditions Zero displacement in the entire model (equilibrium)
Listric fault geometry 14 × 40 km2; strike � 168°; 6° < dipmean � 27:8° < 56°
Planar fault geometry 20 × 36 km; strike � 168°; dip � 47°
Number of subfault patches Planar: 450; listric: 665
Dimension of a subfault
patch

1 km

Analysis types Static elastic
Top boundary conditions Stress-free surface
Far-field boundary
conditions

Zero displacements along lateral and basal surface

HET material definition Velocity models based on Bassin (2000) and Cirella et al.
(2012)

HOM material definition Westerly granite, [v, E] = [0.25, 37.5 GPa] (Wang, 2000)

FMR, fine-mesh region; HET, heterogeneous; HOM, homogeneous.
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few steps of the MCSA analysis are able to escape the local
minima and achieve a desired precision of the final solution.

In this study, the cooling schedule includes a total of
N � 10 steps that individually consist of nr � 400–800 ran-
dom realizations of the FEM-based Green’s function matrix
derived within a heterogeneous crustal domain. In other
words, each step is slightly better than a binary systematic
search (nrplanar: 800 ≈ 73:435, nrlistric: 400 ≈ 63:34) within a
parametric space of 6–7 degrees of freedom. By the end
of the analysis (the 10th step), the parameters will converge
with a resolution equivalent to ∼0:1% of their initial search
ranges. τ is set to be 107 throughout the analysis. As such, the
planar and listric geometry are optimized by selecting the
solution of the lowest data-model misfit. The detailed con-
figurations of the MCSA algorithm are described in Table 2.

Linear Inverse Analysis

After fixing the planar/listric geometry and fault location
by the nonlinear analysis, we resolve the corresponding
detailed slip distributions. The Green’s function matrix G
is constructed from numerous forward models of subfault,
unit-sinistral, and unit-normal slip. The predicted surface
displacements are then linearly interpolated from the FEM
nodal positions and projected into the corresponding LoS di-
rections of the ith InSAR image to characterize the matrix

elements of G. The coseismic slip distribution
h mdip

mstrike

i
and

the plane-shift vectors Pi are inferred by linearly inverting the
LoS displacements of the four InSAR images, namely,
dS1 ASC, dS1 DES, dALOS2 ASC, and dALOS2 DES through

EQ-TARGET;temp:intralink-;df11;55;367

mdip

mstrike

pS1 ASC

pS1 DES

pALOS2 ASC

pALOS2 DES

2
6666664

3
7777775

� �GTC−1G�−1GTC−1d; �11�

in which

EQ-TARGET;temp:intralink-;df12;55;253G�

GS1 ASC xS1 ASC yS1 ASC 1 0 0 0 0 0 0 0 0 0

GS1 DES 0 0 0 xS1 DES yS1 DES 1 0 0 0 0 0 0

GALOS2 ASC 0 0 0 0 0 0 xALOS2 ASC yALOS2 ASC 1 0 0 0

GALOS2 DES 0 0 0 0 0 0 0 0 0 xALOS2 DES yALOS2 DES 1

βL 0 0 0 0 0 0 0 0 0 0 0 0

2
66664

3
77775

�12�

and

EQ-TARGET;temp:intralink-;df13;55;151d �
dS1 ASC

dS1 DES

dALOS2 ASC

dALOS2 DES

2
664

3
775; �13�

in which C is the covariance matrix constructed according to
Huang et al. (2017); the mdip and mstrike are the dip- and

strike-slip component of the subfault nodes, respectively.
The plane-shift vectors Pi � �p1; p2; p3� contain the plane-
shift parameters to account for the mismodeled orbital effects
inherited in the interferograms (Massonnet and Feigl, 1998;
Masterlark et al., 2012); xi and yi are the pixel locations of
the data points, and 1 is a column vector of unity; β is the
smoothing coefficient; and L is the second-order regulariza-
tion smoothing matrix over the fault. For this event, Neu-
mann boundary conditions are imposed (∂2s=∂2x � 0, in
which x is orthogonal to the boundary) along all edges of
the fault. Nonnegativity constraints are applied to the dip-slip
components, whereas both right- and left-lateral strike slip-
ping are allowed on the contrary to the fixed fault rake
adopted by Lavecchia, Castaldo, et al. (2016) and Huang
et al. (2017).

Results

We implement a two-step modeling approach to com-
pare the approximation of planar fault and listric fault asso-
ciated with the earthquake source of the AE: a nonlinear
inversion to first estimate the optimal geometry parameters
of each approximation and then a linear inversion to derive
the corresponding slip distribution. The resolved slip distri-
butions and the residuals can then provide implications on

the eligibility of each geometry in simulating the AE rupture.
Furthermore, we test the solution sensitivity toward the 3D
crustal heterogeneity by implementing the analysis within
heterogeneous (HET) domains versus homogeneous (HOM)
domains. The HOM domain refers to a homogeneous iso-
tropic elastic half-space (Okada, 1985), whereas the HET
domain refers to the heterogeneous FEM domain (Fig. 2
and Table 1).

Table 2
Cooling Schedule Configurations of the Monte Carlo
Simulated Annealing (MCSA) Nonlinear Analyses

Parameters Planar Listric

N 10 10
To 106 106

K 3.5 3.5
ωmin 10−16 10−16

τ 107 107

DOF 7 6
Nr 800 400

DOF, degree of freedom.
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Source Model of a Uniformly Dipping Fault

Homogeneous Domain. The planar fault geometry is opti-
mized through an MCSA-directed nonlinear analysis against
the InSAR data. By searching through ∼8000 elastic models
in an HOM half-space, the results suggest that the coseismic
deformation is predominately favored by a low-angled
(δopt planar HOM � 34:8°) SE-trending (ϕopt planar HOM �
168:3°) rupture of normal slip centered at ∼5 km depth
and located 1694 m east and 1116 m north of 13.176° E,
42.707° N (Figs. 4 and 5). This uniformly dipping fault of
8.7 km in width and 17.6 km in length implies that the
AE may have ruptured the southern section of the VF and
the northern section of the GF (Fig. 4a,b). We extend the fault
dimension by two times and compute the slip distribution
(Fig. 6b). This configuration is comparable with what is im-
plied in Huang et al. (2017) but with a slightly larger width
and smaller length (Fig. 6c). A model of β � 10−4 near the
knee of the misfit-smoothness L curve, so that (Fig. 6a) a
mean slip of 0.14 m infers a seismic moment of
2:5 × 1018 N·m, is equivalent to Mw 6.2 (Fig. 6b). Two slip

asperities are located, respectively, along the VF and the GF
at 1–4 km depth beneath the two heavily subsiding lobes on
the surface where most of the aftershock epicenters are clus-
tered (Fig. 6c). More slip is estimated in the latter asperity
than in the former (Fig. 6b). The results indicate minor sin-
istral strike slip compiled with major normal faulting in prox-
imity to the hypocenter, which is coherent with the focal
plane mechanism (USGS, 2016). However, there are some
systematic patterns of residuals found for both the ascending
and descending InSAR data (Fig. 6d,f,h,j). For the predic-
tions of the ascending InSAR observations (Fig. 6c,g), sym-
metric uplifting and subsiding signals (up to 0.1 m) are not
recovered in the hanging block and foot block, respectively
(Fig. 6d,h), whereas similar (but reversed) features of resid-
uals (Fig. 6f,j) are found in the descending observations
(Fig. 6e,i). Because the contribution of atmospheric noise
and other orbital errors could be ruled out because of the dif-
ferent SAR observation dates, the nonrandom patterns of re-
siduals may be related to the incompatibility between the
model configuration and the actual rupture.

Figure 4. Solution convergence of resolving a planar source geometry in homogeneous (HOM) and heterogeneous (HET). The con-
figurations of a planar dislocation specified by (a) width, (b) length, (c) dip, (d) strike, and (e–g) the location of fault center �xc; yc; zc� are
optimized by minimizing (h) the model misfit χ2 between the predicted and observed LoS displacements. Solution convergence is achieved
over 10 scheduled steps/adaptions (alternating white and gray bars), each containing 800 samples. A total of 8000 planar fault geometries are
sampled. The samples over HOM and HET are denoted as gray and black dots, respectively, whereas the blue (HOM) and red (HET) lines
show the corresponding best solution at each adaption. The 1-sigma range of each parameter is bounded by the gray and black brackets for
HOM and HET, respectively. The HET solution is found more compatible with the fault model (yellow dashed line) as suggested by Huang
et al. (2017).
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Heterogeneous Domain. The analysis of planar source is
also performed in an HET domain constrained by a regional
velocity model (Cirella et al., 2012). This approach is very
similar to the work of Huang et al. (2017) who invert the
source geometry within a similar domain. A general consis-
tency is achieved between our HET solution and that by
Huang et al. (2017), confirming the validity of our modeling
approach to resolve the source geometry (Fig. 4). After ex-
tending the HET-derived geometry by a factor of 2, both sol-
utions show very similar surface-breaking fault geometries
and locations, with comparable strikes of 167°–168°, width
of 13–14 km, length of ∼38 km, and a center at ∼5 km depth
(Fig. 7b,c). The inverted location of surface traces (Fig. 7c) is
coherent with those observed in the field (Pucci et al., 2017).
However, this optimal fault geometry is distinctively different
from that resolved in HOM (Fig. 6b), especially regarding the
dip of the rupturing fault (Fig. 5a). The HET solution reveals a
high-angled (δopt planar HET � 46:7°) planar source for the AE,
which is ∼12° steeper than that of the HOM solution,
δopt planar HOM � 34:8°. This underlines the sensitivity of op-
timized source geometry toward the distribution of materials
in the modeling domain, echoing the previous geodetic analy-

ses conducted in a heterogeneous crust (compare to Hearn and
Bürgmann, 2005; Trasatti et al., 2011; Williams and Wallace,
2015). The corresponding slip distribution shows a majority of
normal slip (up to 1 m) concentrated at 3–8 km depth beneath
the subsiding regions (Fig. 7b). Contrary to the HOM solution,
more slip (up to 1 m) is distributed in the asperity along the VF
section than along the GF section (Fig. 7b). The majority of
slip is distributed ∼2–3 km deeper than that of the HOM sol-
ution (Figs. 6b and 7b). This can be explained by the steeper
fault (δopt planar HET � 46:7° vs. δopt planar HOM � 34:8°) of the
HET solution trying to recover the deformation signals
through stretching the slip horizontally and vertically
(Fig. 7c,e,g,i). Additionally, the HET planar solution clearly
maps the zones of positive LoS displacement above the foot
block (Fig. 7e,i) and near the down-dip side of the hanging
block (Fig. 7c,g), which cannot be well recovered by the
HOM solution (Fig. 6c,e,g,i). Thus, the HETmodel better pre-
dicts the long-wavelength deformation features of InSAR sig-
nals, in the sense that the large-scale residuals become less
systematic (Fig. 7d,f,h,j) than those by the HOM model
(Fig. 6d,f,h,j). This yields a smaller χ2 � 8:99 of the HET
solution than that of the HOM solution χ2 � 9:32.

Figure 5. Nonlinearly resolved planar and listric fault and documented fault locations. (a) A cross-sectional view of the resolved planar
(dashed lines) and listric (solid lines) geometries along a perpendicular profile (AA′) across the fault section (Fig. 1). The corresponding
HOM and HET solutions are denoted in blue and red, respectively. The dashed lines encapsulate the optimized listric geometries before
extension. The focal plane solution infers a fault dip of ∼47° (thick black line). The documented listric geometry of the Vettore fault (magenta
line; Boncio et al., 2004) and the nearby Campotosto fault (cyan line; Borghi et al., 2016) are also plotted for comparisons. The gray zone
denotes the depth (∼9 km) of documented decollements (Bigi et al., 2009, 2011). The yellow star represents the hypocenter residing at 8 km
depth. (b) A geological section (BB′ shown in Fig. 1) interpreted from local seismic tomographic profiles (Bigi et al., 2011).
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Source Model of a Listric Fault

Homogeneous Domain. To further explore the down-dip
curvature (if it exists) of the inverted rectangular source,
we employ the arc-tangent function to constrain the listric
geometry in depth. Another series of nonlinear analysis of

InSAR data is conducted to estimate a uniformly slipping
listric dislocation. The blind listric fault geometry is opti-
mized over 4000 listric models to obtain a set of six param-
eters [a, b, Dm, Hx, L, dL] which best describe the
earthquake-induced surface displacements (Fig. 8). Within

Figure 6. Slip distribution over a planar fault in HOM. (a) Trade-off curve between misfit and solution smoothness. (b) Map view of slip
distribution. The gray dots are the aftershock epicenters. (c,e,g,i) Modeled and (d,f,h,j) residual LoS displacements. (d,f,h,j) The small
numbers at the bottom right corner show the mean misfit of each Synthetic Aperture Radar (SAR) dataset. The black dashed line represents
the fault geometry being studied. The yellow dashed line represents the geometry resolved by Huang et al. (2017).
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the uniform crust material, a west-dipping (15° <
δlistric HOM < 54°, mean � 34:5°) listric fault of a � 11:3
and b � 4:7 best fits the LoS displacements (Figs. 5a and
8). The fault is stretched horizontally by Hx � 7:6 km from
the trace, with its center located (xc � 79:2 mwith respect to

42.732° N, 13.283° E) and shares a similar length
(L � 17:2 km in Fig. 8e) with the optimized planar fault
approximation (L � 17:6 km in Fig. 4b). Penetrating the
hypocenter of the AE (42.723° N, 13.188° E) at 8 km depth
(Fig. 5a), the buried uniform slip does not reach the surface

Figure 7. Slip distribution over a planar fault in HET. (a) Trade-off curve between misfit and solution smoothness. (b) Map view of slip
distribution. The gray dots are the aftershock epicenters. (c,e,g,i) Modeled and (d,f,h,j) residual LoS displacements. (d,f,h,j) The small
numbers at the bottom left corner show the mean misfit of each SAR dataset. The black dashed line represents the fault geometry being
studied. The yellow dashed line represents the geometry resolved by Huang et al. (2017).

Resolving Source Geometry of the 2016 Amatrice Earthquake from InSAR Data and 3D FEMs 563



but is terminated below a locking depth, Dm � 2:5 km
(Fig. 8c), comparable with those (Dmplanar HOM � 2:5 km,
Dmplanar HET � 2:2 km) of the HOM/HET planar solutions
and other published models (Lavecchia, Castaldo, et al.,
2016; Huang et al., 2017). For the estimated slip distribution,
the fault width is extended, such that its fault dip is decreased
from 61° near the surface to < 10° at 9.6 km depth (Figs. 5a
and 9b). The results show that most coseismic listric rupture
is concentrated at 2–8 km depth, which is deeper than the
planar slip (concentrated at 1–4 km depth) in HOM (Fig. 6b).
This can be explained by the generally larger depth (by
∼2 km) of the listric fault than the HOM-resolved plane
(Fig. 5a). We select a representative listric model with
β � 3:2 × 10−5 and a mean slip of 0.17 m. Two high-slip
zones are located on the VF and GF, with slightly more slip
inferred on the latter and the hypocenter residing on the for-
mer, which is very similar to the interpretation of the planar
HOM solution (Fig. 6b). However, a considerably larger mis-
fit, χ2 � 9:73, is predicted by this listric HOM solution than
that by the planar HOM solution, leaving discernable small-
wavelength residuals over the epicentral area (Fig. 9d,f,h,j).

Heterogeneous Domain Rewrite. An optimal listric fault of
a � 10:15 and b � 4:4 is obtained in the HET domain
(Figs. 8 and 10). The fault is bounded beneath 3.5 km and
spans over Hx � 5:4 km from the trace, with its center
located (xc � 224 m with respect to 42.727° N, 13.300° E)
(Fig. 8). Its length is 18.2 km (Fig. 8e), which is comparable
with those of the optimized planar sources (L � 18–19 km
in Fig. 4b). The fault dip ranges between 8° and 48° with
mean � 24:5° (Fig. 10), which is smaller than that of the lis-
tric HOM solution (Fig. 5a). On one hand, the pre-extended
listric section (encapsulated by red dashed lines in Fig. 5a) of
the HET solution does not attain much curvature and is vis-
ually compatible with the HET planar geometry in terms of
dip and depth. On the other hand, this listric geometry is
found very similar to that of the listric HOM solution, except
that the down-dip side of the fault is slightly shallower (by
∼1 km; Fig. 5a). This curved geometry is extended for
resolving a more detailed slip distribution, with its fault dip
decreasing from 56° near the surface to ∼6° at 8.5 km depth
(Fig. 5a). The representative model is selected at β � 10−4

along the L curve (Fig. 11a). A mean slip of 0.13 m indicates

Figure 8. Solution convergence for resolving a listric source geometry in HOM and HET. The configurations of a planar dislocation
specified by the arc-tangent parameter (a) a, (b) b, (c)Dm, (d) Hx, (e) L, and (f,g) the location of fault-up-dip center �xc; yc� are optimized by
minimizing (h) the data misfit χ2 between predicted and observed LoS displacements. Solution convergence is achieved over 10 scheduled
steps/adaptions (alternating white and gray bars), each with 400 samples. A total of 4000 planar fault geometries are sampled. The samples
over HOM and HET are denoted as gray and black dots, respectively, whereas the blue (HOM) and red (HET) solid lines show the cor-
responding best solution at each adaption. The 1-sigma range of each parameter is bounded by the gray and black bracket for HOM and HET,
respectively. The blue and red dashed lines represent the geometric configurations of the planar source resolved in HOM and HET, respec-
tively. (e) The HET solution is found more compatible with the fault model (yellow dashed line) suggested by Huang et al. (2017).
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a seismic moment of 2:87 × 1018 N·m, equivalent to
Mw 6.27 (Fig. 11b). Most slip (up to 0.4 m) is modeled at
5–8 km depth near the knee of the listric curvature (Figs. 11b
and 12b). A large asperity is modeled near the hypocenter,
whereas a small slipping zone is estimated near the northern

edge of the fault (Figs. 11b and 12b). This resolved slip model
does not provide a satisfactory recovery of the observed
surface deformation (Fig. 11c–f), yielding a misfit as high
as 10.19 (Fig. 11a). Those localized residuals found near
the surface fault trace suggest a fundamental incompatibility

Figure 9. Slip distribution over a listric fault in HOM. (a) Trade-off curve between misfit and solution smoothness. (b) Map view of slip
distribution. The gray dots are the aftershock epicenters. (c,e,g,i) Modeled and (d,f,h,j) residual LoS displacements. (d,f,h,j) The small
numbers at the bottom left corner show the mean misfit of each SAR dataset. The black dashed line represents the fault geometry being
studied. The yellow dashed line represents the geometry resolved by Huang et al. (2017).
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between this listric model (especially near the fault up-dip)
and the actual earthquake rupture during the AE (Fig. 11g–j).

Discussion

We investigate the earthquake source of the 2016 AE by
performing nonlinear and linear inverse analyses of the In-
SAR data. Testing the geometry against a planar fault and a
listric fault along the VF and GF, our study demonstrates an
innovational approach to constrain these fault geometries and
justify whether a rectangular source is sufficient for describ-
ing the deformation signature of the AE. In general, the sol-
utions are sensitive to the distribution of material properties
within the modeling domain (Figs. 4 and 8). Four types of
source geometry solutions, namely planar HOM, planar
HET, listric HOM, and listric HET, are obtained. The slip
distribution and predicted InSAR signals of each solution are
compared with the F-ratio described as

EQ-TARGET;temp:intralink-;df14;313;279F � χ2a
χ2b

; �14�

in which χ2a and χ2b are the mean misfit of the solutions being
compared. Both the planar HOM and planar HET solution
show a fault strike (ϕopt planar HOM=HET ∼ 168°) consistent
with the solution (ϕHuang � 167°) by Huang et al. (2017) and
that of the focal mechanism (ϕfocal ∼ 165°). However, the
fault dip inherited in the HOM solution (δopt planar HOM �
34:8°) is much smaller than that of the HET solution
(δopt planar HET � 46:7°). The latter seems much more reason-
able, as compared with the focal plane solution (δfocal ∼ 47°).
Therefore, we expect that the slip distribution over the HOM
planar fault should not be able to predict the surface defor-
mation as well as the HET planar fault. Regarding the slip
models of a comparable moment magnitude as the AE, the
HET model better predicts coseismic displacements than the
HOM solution, such that χ2planar HET � 8:99 is smaller than

Figure 10. Resolved FEM-based listric geometry in HET through Monte Carlo Simulated Annealing (MCSA) iterations. The listric
geometry is optimized with the InSAR data through the MCSA-guided nonlinear analysis. The best geometry of each iteration is updated
sequentially to achieve the final optimal geometry after all 10 iterations. In HET, the meshes over the listric faults reflect the actual on-fault
element configuration of FEMs.
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χ2planar HOM � 9:32. The value of the test statistics is
F-test � χ2planar HOM=χ

2
planar HET � 1:037. Assuming a sig-

nificance level of 5%, the corresponding critical value of
the F-ratio is Fcritical 95% � 1:031, which is smaller than
the F-test. This implies that the planar solution obtained

in HOM and HET, with 95% confidence, is statistically differ-
ent from each other in terms of InSAR-signal predictions and
highlights a large degree of solution sensitivity toward the
material domain of elastic models. The significantly worse
solution of HOM could be further accounted for by the small

Figure 11. Slip distribution over a listric fault in HET. (a) Trade-off curve between misfit and solution smoothness. (b) Map view of slip
distribution. The gray dots are the aftershock epicenters. (c,e,g,i) Modeled and (d,f,h,j) residual LoS displacements. (d,f,h,j) The small
numbers at the bottom left corner show the mean misfit of each SAR dataset. The black dashed line represents the fault geometry being
studied. The yellow dashed line represents the geometry resolved by Huang et al. (2017).
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dip (δopt planar HOM � 34:8°) of the planar fault estimated in a
uniform half-space. As a result, most inverted slip is located in
the shallower part of the crust (1–4 km depth), which does not
match the hypocenter location at 8 km depth (Fig. 5a). On the
contrary, the down-dip side of the HET planar fault is very
close to the hypocenter (Fig. 5a), supporting that this fault
configuration is a better source geometry. Meanwhile, the
HET-derived fault dip (δopt planar HET � 46:7°) is almost iden-
tical to the solution (δHuang � 46°) by Huang et al. (2017) and
that (δLavecchia � 46°) by Lavecchia, Castaldo, et al. (2016).
The elastic dislocation theory suggests that varying fault
dip influences how much fault slip is needed to reproduce
the similar amount of surface deformation, for which a shal-
lower source requires less slip than a deeper source (Okada,
1985). Both HOM and HET models can consistently image
two high-slip zones along the fault but with vastly different
slip magnitudes (Figs. 6b and 9b). The planar HET solution
(Fig. 7b) estimates a large slip magnitude (up to 1.1 m) than
the planar HOM solution (< 0:5 m; Fig. 6b). This can be ex-
plained by the smaller dip of the planar HOM fault requiring
less slip to induce the similar magnitude of ground displace-
ments. The HET model shows clearly better agreement with
the estimates (< 1:2 m) of other published models (Lavec-
chia, Castaldo, et al., 2016; Tinti et al., 2016; Cheloni et al.,

2017; Huang et al., 2017). Hence, the fault
geometry and slip magnitudes computed in
HET are significantly preferred over the
HOM estimates. Moreover, the residuals
of each solution are examined in frequency
distribution plots to investigate the degree
that the residuals are normally distributed
(Fig. 13). The results show that the pla-
nar/listric HET solutions give a more ran-
dom/symmetric distribution of residuals
spatially across the epicentral region than

the corresponding HOM solutions (Fig. 13a,b), because exces-
sive amounts of negative residuals (between −0:05 and
−0:03 m) are found in the HOM solutions (arrows in
Fig. 13a,b). The HET solutions exhibit a narrower fluctuation
of residuals (σplanar HET � 0:016 and σlistric HET � 0:021) than
the corresponding HOM solutions (σplanar HOM � 0:024 and
σlistric HOM � 0:023; Fig. 13a,b). This reaffirms that the
inclusion of crustal material distribution in deformational
models is fundamental to interpret the coseismic geodetic
observations for earthquake slip and orientation (compare
to Hearn and Bürgmann, 2005; Trasatti et al., 2011; Williams
and Wallace, 2015; Tung and Masterlark, 2016).

Furthermore, we compare the slip distributed over pla-
nar faults against listric faults to investigate if the AE has
ruptured along a detachment. It is found that the up-dip
geometry (above 6 km depth) of the HET-derived listric fault
is fairly similar to that of the planar HET solution (Fig. 5a).
The resolved listric geometry in both HOM and HET are
closely corroborated with the high-angled (up to 60°) orien-
tation of field-observed surface offsets (Fig. 1; Pucci et al.,
2017) and the low-angled (< 0:5°) orientation of a nearby
detachment fault at a depth between 8 and 10 km (Fig. 5b;
Bigi et al., 2009; Borghi et al., 2016). However, the corre-
sponding slip distributions (Figs. 9b and 11b) do not provide
a better fit to InSAR images than the planar fault models

Figure 12. 3D representation of slip distributions resolved in HET. Most slip im-
aged along (a) the planar fault and (b) the listric fault is located at or below 5 km depth.

Figure 13. Residuals of the optimal models. Frequency distribution plots for the residuals of (a) the planar fault solutions and (b) the
listric fault solutions. (c) The residuals of the planar solution and the listric solution in HET are further compared. σ refers to the standard
deviation of the residuals. The lines refer to the best-fit Gaussian distribution of each solution. (a,b) Excessive amounts (indicated by the
arrow) of overpredicted deformation (residual between −0:05 and −0:03 m) are found in the HOM solutions (blue). The HOM solutions
(blue) always have a wider range of residuals than the HET solutions (light red), as reflected by their larger values of σ. (c) In HET, the planar
solution attains a smaller σ of the residual distribution than the HET listric solution, though both share a similar degree of randomness,
implying a better solution of the former.
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(Figs. 6b and 7b), though the inverted locations of two
high-slip asperities along the VF and GF are very similar.
In HOM, the value of the test statistics is F-test�
χ2listric HOM=χ

2
planar HOM�9:72=9:32�1:043, which is larger

than Fcritical 95% � 1:031. This suggests that the planar sol-
ution is a significantly better model than the listric solution.
A similar phenomenon is also revealed in those HET
solutions. Although the residuals of both the planar HET
and listric HET models follow a Gaussian distribution
(Fig. 13c), the listric rupture gives rise to a substantially
larger χ2listric HET�10:50 than that of the planar solution
χ2planar HET�8:99, yielding χ2listric HET=χ

2
planar HET�10:19=8:99�

1:133, which is also larger than Fcritical 95% � 1:031. In par-
ticular, the listric HET model seems to merge the two asper-
ities (implied by all other models in Figs. 6, 7, and 9) along
the VF and GF into a single large slip asperity (with smaller
slip magnitudes) near the hypocenter (Figs. 11b and 12b), in
comparison with the planar HET model (Figs. 7b and 12a).
Meanwhile, a shallower dextral strike-slipping zone is mod-
eled about 10 km north of the epicenter (Figs. 11b and 12b),
which is considered as a numerical artifact of slip oscillation
due to the incompatible source geometry. Though this
spurious pattern could be removed by imposing an extra pos-
itivity constraint to limit the strike-slipping components in a
sinistral manner (compare to Hudnut et al., 1996); such an
artifact does not exist in the planar HET solution with the
absence of this constraint (Fig. 7b). Moreover, the slip mag-
nitudes derived by the planar HET solution (up to 1.1 m) are

vastly different from those (< 0:43 m) of
the listric HET solution. The former is
found significantly more consistent with
other published source models of the AE
(Lavecchia, Castaldo, et al., 2016; Tinti
et al., 2016; Cheloni et al., 2017; Huang
et al., 2017). It appears that the HET pla-
nar fault model of ∼47° dip better explains
the LoS displacements near the surface
trace of the VF and GF (Fig. 7d–j) than
the listric models (Fig. 11d–j), implying
that the near-surface fault dip should be
gentler than the listric estimates of ∼56°.
Therefore, we accept the hypothesis that
a planar approximation is able to ade-
quately describe the earthquake rupture
without introducing extra down-dip listric
characteristics, at a 95% confidence level.
This supports the validity of the existing
fault models, assuming a uniform-dipping
fault for the AE (Lavecchia, Castaldo,
et al., 2016; Tinti et al., 2016; Cheloni
et al., 2017; Huang et al., 2017).

In our study, all derived models imply
buried slip beneath 2 km depth regardless
of the adopted fault geometry (Fig. 14). In
general, major fault rupture is located

deeper in HET models than that in HOM models, as a result
of introducing spatially varying rock properties in the elastic
dislocation models. This vertical distribution of slip could be
related to the in situ lithology (Turcotte and Schubert, 2014)
and the corresponding frictional behaviors (Byerlee, 1978).
The relationship between the slip magnitude and subsurface
rock materials is estimated along a vertical profile of the
faults (Fig. 14). The majority of slip is found in a depth range
between 3 and 8 km, similar to that (4 and 7 km) suggested
by Huang et al. (2017) and that (5 and 7 km) by Lavecchia,
Castaldo, et al. (2016). For the planar HET solution, the hy-
pocenter (at 8 km depth) and maximum slip (∼1 m at 7 km
depth) are found within a rock layer of higher strength, re-
ferred to Triassic dolomites (Bigi et al., 2011). Seismic
velocity models suggest that there exists a lithological/transi-
tional boundary at ∼4 km depth (Cirella et al., 2012), where
the rock rigidity (Young’s modulus E) is suddenly enhanced
by more than 50%, from ∼55 to 85 GPa (ΔE � ∼30 GPa),
and Poisson’s ratio v drops slightly. This stronger rock sub-
layer coincides with the majority (∼97%) of aftershocks oc-
curring between 6 and 14 km at the depth (USGS, 2016)
where the active Altotiberina fault resides (Boncio et al.,
2004). In contrast, very limited coseismic rupture is esti-
mated (< 0:2 m) near the surface (Fig. 14) where the weaker
material is reflected by Young’s modulus as low as 2 GPa.
Therefore, the superposition between the high-slip asperities
and high subsurface rigidity implies a possible structural
control exerted on the seismic nucleation and propagation
of the AE. This can be partially accounted for by the fact

Figure 14. Comparison of resolved slip against rock properties at depth, (a) Vertical
distributions of maximum slip inferred by the planar HOM, planar HET, listric HOM,
and listric HET solutions are compared against that of (b) Young’s modulus E and
(c) Poisson’s ratio v at depth. A sharp increase of rock rigidity is found at ∼4 km depth,
beneath which the crust is ∼55% more rigid (E ∼ 85 GPa) than that above
(E ∼ 55 GPa). The hypocenter (depth � 8 km) and most of the earthquake slip are em-
bedded within such a layer of stronger rock (gray-shaded zone). The relation is also
found in the slip model suggested by Huang et al. (2017).
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that the enhanced rock stiffness encourages the tectonic
stress accumulation and the release of strain energy as violent
earthquakes at the incidence of frictional failure (Kaproth
and Marone, 2013). The brittle upper crust (4–10 km) of
the central Apennines may explain why shallow seismicities
(average ∼11 km) are usually detected over the past century
(since 1906; USGS, 2016). Moreover, the juxtaposition of
the underlying weak graben-fill sediments (0–4 km depth;
Bigi et al., 2003, 2009, 2011) and the shallow active fault
systems near the foreland basins can lead to severe surface
damages during earthquakes, which should be taken into
consideration when evaluating the seismic hazard in central
Italy (compare Valensise et al., 2016).

Conclusions

The AE took place within a zone of the central
Apennines where systems of detachment and decollement
faults are well documented. Incorporated with an advanced
FEM technique, our study solves for the listric fault geom-
etries that best describe the InSAR observations of coseismic
deformation, as compared with the planar fault models.
As such, we test the hypothesis whether a planar fault is
sufficient to describe the earthquake source of the AE. The
novelty of this analysis resides in its capability of using thou-
sands of different fault configurations to simulate a complex
listric geometry within a crust of distributed rock material.
FEMs of about a half-million elements are adopted to assem-
ble the heterogeneous domain for computing the elastic dis-
location. The fault geometries estimated for an HET crust are
significantly different from those estimated for an HOM half-
space, underlining the solution sensitivity of inverse analysis
toward the material definition of the elastic-modeling
domain. In particular, the HET-resolved planar slip matches
the hypocenter location at 8 km depth and attains a fault dip
of 47° (as also supported by Huang et al., 2017), almost iden-
tical to the moment tensor solution, whereas that of the HOM
solution is offset by ∼14°. This suggests that a more realistic
numerical domain is necessary to accurately image a physi-
cal fault geometry from the geodetic data, particularly in the
area of complex tectonic settings, such as the central Apen-
nines. For an HET domain, our results show that the predic-
tion of surface deformation is not improved by introducing
the geometric complexity of down-dip fault curvature. This
suggests that a rectangular source approximation is sufficient
to simulate the fault rupture of the AE, validating the current
usage of such approximation to analyze the event. Moreover,
the resolved slip distribution reveals that fault slip is gener-
ally located within a layer of stronger rock at between 4 and
8 km depth. This is beneath a lithological boundary at ∼4 km
when the shallow weaker units (E ∼ 55 GPa) are suddenly
transitioned to the stronger bedrock (E ∼ 85 GPa). Coupled
with the ongoing tectonic activities of the central Apennines,
the correlation between the slip distribution of the AE and
subsurface rock rigidity implies a possible structural control

on the earthquake nucleation and propagation, which pro-
vides insight on assessing the seismic hazard of central Italy.

Data and Resources

Finite-element models were built in Abaqus v. 6.12
(https://www.3ds.com/products‑services/simulia/products/
abaqus, last accessed August 2013) and Rhino 5 (https://
www.rhino3d.com, last accessed May 2015). Aftershock
information is retrieved from the U.S. Geological Survey
(USGS) earthquake catalog through https://earthexplorer
.usgs.gov/ and https://earthquake.usgs.gov/earthquakes/
eventpage/us10006g7d#executive (last accessed September
2016). A global crustal velocity model CRUST2.0 was re-
trieved from https://asterweb.jpl.nasa.gov/gdem.asp (last ac-
cessed September 2016). Some plots were made using the
Interactive Data Language v. 8.5.1 (www.harrisgeospatial
.com/ProductsServices/IDL.aspx, last accessed August 2013).
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