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Abstract: We investigate the My, 6.5 Norcia (Central Italy) earthquake by exploiting seismological
data, DInSAR measurements, and a numerical modelling approach. In particular, we first retrieve the
vertical component (uplift and subsidence) of the displacements affecting the hangingwall and the
footwall blocks of the seismogenic faults identified, at depth, through the hypocenters distribution
analysis. To do this, we combine the DINSAR measurements obtained from coseismic SAR data
pairs collected by the ALOS-2 sensor from ascending and descending orbits. The achieved vertical
deformation map displays three main deformation patterns: (i) a major subsidence that reaches the
maximum value of about 98 cm near the epicentral zones nearby the town of Norcia; (ii) two smaller
uplift lobes that affect both the hangingwall (reaching maximum values of about 14 cm) and the
footwall blocks (reaching maximum values of about 10 cm). Starting from this evidence, we compute
the rock volumes affected by uplift and subsidence phenomena, highlighting that those involved
by the retrieved subsidence are characterized by significantly higher deformation values than those
affected by uplift (about 14 times). In order to provide a possible interpretation of this volumetric
asymmetry, we extend our analysis by applying a 2D numerical modelling approach based on the
finite element method, implemented in a structural-mechanic framework, and exploiting the available
geological and seismological data, and the ground deformation measurements retrieved from the
multi-orbit ALOS-2 DInSAR analysis. In this case, we consider two different scenarios: the first one
based on a single SW-dipping fault, the latter on a main SW-dipping fault and an antithetic zone.
In this context, the model characterized by the occurrence of an antithetic zone presents the retrieved
best fit coseismic surface deformation pattern. This result allows us to interpret the subsidence and
uplift phenomena caused by the My, 6.5 Norcia earthquake as the result of the gravitational sliding of
the hangingwall along the main fault plane and the frictional force acting in the opposite direction,
consistently with the double couple fault plane mechanism.
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1. Introduction

The crustal seismicity along the axial part of the Apennines belt (Central Italy) is mainly dominated
by extensional faulting and is confined in the upper crust, apart from deeper events associated
with a westerly directed subducting slab; conversely, the lower crust is rather seismically silent [1].
These characteristics are consistent with a shallower brittle crust and a deeper ductile crust, which are
separated by the brittle-ductile transition (BDT) located at a depth of about 10 km, consistently with
seismological observations [2].

In the Central Italy extensional region, coseismic offsets display predominantly subsidence of
the fault hangingwall, with comparatively little uplift of both footwall and hangingwall blocks [3,4].
This observation has been recognized in other regions [5] and poses a problem in that a quantitative
symmetry between coseismic uplift and subsidence does not occur.

The 2016 Norcia earthquake (NEQ) fits the tectonic setting of the Central Apennines
fold-thrust belt and reflects extensional tectonics affecting this area since, at least, Pliocene time [6].
This extensional tectonics, associated with the opening of the Tyrrhenian back-arc basin in the
west [7], followed and replaced earlier contractional tectonics that formed the accretionary prism,
presently shifted to the east (western Adriatic Sea) [8]. These NW-SE-trending normal faults represent
the seismogenic structures that generate, over the centuries, medium-high intensity earthquakes
in the axial and western parts of the mountain belt [9]. GPS data indicate that extension in the
Apennines is not confined to the most elevated ridge, but is rather distributed all over the western
side of the Italian peninsula, at least, down to the Tyrrhenian Sea coast. Avallone et al. [10] show
lengthening at a rate of ~4 mm/year between Rieti and Ascoli Piceno, resulting in a strain-rate of
~60 nanostrain/year, consistent with available geological and seismotectonic information, and with
the preliminary coseismic deformation observed through DINSAR measurements for the Amatrice
earthquake [3]. This region has more than 600 years record of historical earthquakes and detailed
constraints on the locations and slip rates of its active normal faults [11]. The NEQ occurred in a
seismic gap located between the 1997-1998 Colfiorito sequence (My, 5.7 and My, 6.0) [12] and the 2009
L’Aquila earthquake (M., 6.3; Figure 1a) [13,14]. The whole sequence began with the My, 6.0 Amatrice
earthquake, nucleated on 24 August 2016, activating the northernmost part of the SW-dipping Mt.
Gorzano extensional fault (MGF) and the southernmost segment of the SW-dipping Mt. Vettore Fault
System (MVFS; Figure 1a) [3]. Then, on 26 October, two seismic events, with M,, 5.4 and M,, 5.9
respectively, nucleated nearby Visso [15], activating the northernmost portion of the MVFS [16]. Finally,
on 30 October the largest event of the sequence (M,, 6.5) occurred near the town of Norcia along the
MVES and hit the area included between the previous events (Figure 1b).

Until now, an extended literature exists but a univocal point of view on the role played
by the causative faults, involved in the NEQ, has not yet been reached [4,17-20]. In particular,
Cheloni et al. [4] show, in addition to the SW-dipping faults, the possible role played by: (i) a
NE-dipping normal fault antithetic to the MVFS and MGF and illuminated by the aftershocks
distribution; (ii) a preexisting compressional low-angle structure, likely related to a segment of
the Sibillini Thrust. Scognamiglio et al. [20] proposed that a secondary rupture plane is necessary
to fit their inversion of recorded ground-velocity waveforms and coseismic GPS displacements;
moreover, a multi-fault source model is consistent with the deformation pattern resulting from
DInSAR interferograms. Moreover, Scognamiglio et al. [20] provides an interpretation of the unusual
non-double couple component inferred from the moment tensor solution, which is anomalous if
compared with other moment tensor solutions in this sector of the Apennines during the present and
past seismic sequences.
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Figure 1. Seismological scenario. (a) Seismicity distribution in Central Italy recorded from 24 August to
29 November 2016 (red circles) [15], superimposed on the 1 arcsec Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) of the zone: the 1997-1998 Colfiorito and the 2009 L’ Aquila
seismic sequences are also shown (blue dots). The seismic events with My, > 5.4 are represented by
red stars and the associated focal mechanisms are also reported in the map. The black lines represent
the main faults located in this area: the Mt. Gorzano Fault (MGF) and the Mt. Vettore Fault System
(MVES); (b) Seismicity distribution as a function of magnitude (the higher the magnitude, the bigger
the circles) and day of occurrence (from green to red circles). The seismic events with My, > 5.4 are
also indicated and are represented by red stars. The black lines represent the section profiles reported
in panels (b-e), in which the relocated hypocenters of the occurred earthquakes and the main inferred
geological alignments (black lines) are projected.

In this work, we exploit seismological data and multi-orbit ALOS-2 DInSAR measurements to
investigate the main effects due to the 30 October 2016 NEQ, with particular emphasis given to the
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evaluation of the rock volumes affected by uplift and subsidence phenomena. Starting from the
retrieved geodetic evidence we propose a numerical model of the NEQ based on the finite element
method, implemented in a structural-mechanic framework and exploiting the available geological and
seismological data, and the DInSAR-based ground deformation measurements.

2. Collected Data

2.1. Seismological Data

The NEQ activated a complex SW-dipping fault system. The principal involved structures are
recognized as the MGF and the MVFS (Figure 1b), both characterized by extensional/transtensional
kinematics and dissecting the heterogeneous clayey/marly to carbonatic sedimentary succession of
the Umbria-Marche Apennines [21]. The MGF extensional fault is ~30 km long, dips ~60-70° to
SW and accommodated a maximum down-dip displacement of ~2.3 km [22]; the MVEFS is ~18 km
long and consists of a series of SW-dipping (34-75°) faults [23]. Moreover, the uplifted footwall
block is not significantly affected by seismicity, whereas the uplifted area in the hangingwall block is
bounded by a well-developed cluster of seismicity nearby the town of Norcia. In order to constrain the
geometry and location of the tectonic structures involved during the NEQ, we take into account the
relocated hypocenters [15] with 0.1 < M,, < 6.5 that occurred between 24 August and 29 November
2016 (Figure 1b), recorded by the INGV seismometric network. Specifically, once projected the
relocated hypocenters onto sections, we highlight three different geological structures (Figure 1c—f):
(i) a SW-dipping alignment parallel to the main fault system, characterized by principal faults striking
N150°-160° and dipping 45°-55°; (ii) an E-dipping low-angle normal fault cutting through the upper
crust; the relocated earthquakes highlight a flat structure that is located at most between about 8 and
10 km of depth and can also reach greater depths (down to about 12 km). This low-angle structure is the
lower boundary of the whole normal fault system, which is confined within the first 8 km of the upper
crust, and coincides also with the lower limit of seismicity, the decollement surface; (iii) ENE-dipping
structures that are antithetic to the main fault.

2.2. DInSAR Measurements

In order to compute the rock volumes involved during the nucleation processes of the NEQ,
we focus on the analysis of the vertical displacements retrieved from the DINSAR measurements
obtained through an appropriate phase unwrapping operation carried out on the generated differential
interferograms [24]. We use two interferometric pairs acquired by the ALOS-2 system: the first
one was acquired along the ascending orbits on 24 August and 2 November 2016, respectively
(Figure 2a and Table 1); the second one was acquired along the descending orbits on 31 August
and 9 November 2016 (Figure 2b and Table 1), respectively. By combining the radar line-of-sight (LOS)
displacements retrieved from the unwrapped interferograms obtained through these interferometric
pairs, we compute [25] the Vertical and the E-W displacement maps of the coseismic ground
deformations, respectively (Figure 2¢,d). In particular, the quantitative details about the retrieved
vertical displacements, reported in Figure 3, are subsequently used for our rock volumes analysis.
The map shown in Figure 2c displays four main patterns: (i) a major subsidence reaching its maximum
value of about 98 cm near the epicentral zones, nearby the town of Norcia; (ii) three smaller uplift
zones, one lobe that affects the hangingwall block (reaching maximum values of about 14 cm), a second
one that affects the footwall block (reaching maximum values of about 10 cm) and an elongated
easternmost deformation pattern (nearly parallel to the main Apennines structures; Figure 3b—e).
To better discriminate which are the actual zones affected by ground deformation, we use two other
interferometric pairs acquired by the ALOS-2 satellite. Specifically, one pair was acquired along the
ascending orbits on 24 August 2016 and 6 September 2017, respectively; the second pair was acquired
along the descending orbits on 31 August 2016 and 24 May 2017, respectively. The analysis of this
second data pair allows us to show that the elongated easternmost deformation pattern located in
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the footwall block is not clearly visible anymore (Figure S1); accordingly, we hypothesize that it is
probably generated by atmospheric phase artefacts. Therefore, we consider that the ground surface
affected by deformation phenomena are relevant to the central subsided area and the two adjacent

uplifted lobes.
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Figure 2. DInSAR analysis. (a,b) DINSAR (Line-of-sight [LOS]) displacement maps computed by using
ALOS-2 images acquired from: (a) ascending orbits on 24 August-2 November 2016 and (b) descending
orbits on 31 August-9 November 2016; (c) vertical displacement map computed by exploiting the
ascending and descending ALOS-2 measurements shown in panels (a,b), and including both the M,
5.9 Visso and the My, 6.5 Norcia earthquakes. The magenta rectangle indicates the area considered in
Figure 3a; (d) E-W displacement map computed by exploiting the ascending and descending ALOS-2
measurements shown in panels (a,b), and including both the effect of the My, 5.9 Visso and the My, 6.5
Norcia earthquakes. The white star represents the My, 6.5 Norcia mainshock. The white and black lines
represent the contour lines of the maximum deformation zones and the main faults located in this area

(i.e., MGF and MVFS), respectively.
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Figure 3. Vertical displacement analysis. (a) Vertical displacement map of Figure 2¢ with superimposed

the black lines representing the main structural alignments located in this area. Moreover, the black

lines represent the traces of the displacement profiles reported in panels (b—e), in which the subsided

and the uplifted volumes are highlighted in red and light blue, respectively.
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Table 1. Coseismic interferometric pairs exploited for the DInNSAR analysis. ALOS-2 data pairs
involving both the 26 October Visso and the 30 October Norcia events.

Sensor InSAR Pair Orbit Wavelenght Perper}dicular Track Look Angle
(cm) Baseline (m) (deg)
ALOS-2  24082016-02112016  ASC 24.2 99 197 36.6
ALOS-2  31082016-09112016  DESC 24.2 59 92 32.8
ALOS-2  24082016-06092017  ASC 24.2 99 197 36.6
ALOS-2  31082016-24052017 DESC 24.2 59 92 32.8

3. Rock Volumes Computation

We adopt three different methods to compute the uplifted and subsided volumes presented in the
previous section: (i) the Topographic method (3D Cavalieri-Simpson modified method) [26], (ii) the
Numerical approach method [27] and (iii) the Surfacing method [28]. We prefer to use three methods
in order to test the validity of the obtained volume values and, therefore, the differences among the
calculated volumes are indicative of the accuracy of volume computations.

3.1. Topographic Method (3D Cavalieri—Simpson Modified Method)

This method is useful for numerical integration by using quadratic polynomials to approximate
the integrand on a sequence of intervals [26]. This mathematical law envisages subdivision of the
integration interval into sub-intervals, in which the function is integrated through parabolic arches
(i.e., through quadrangular polynomials). Specifically, we produce a uniformed regular matrix of the
ground deformation displacement maps, considering the Nearest Neighbour geostatistical gridding
method. This method assigns the value of the nearest point to each grid node and is useful when
data are already evenly spaced. Alternatively, in cases where the data are nearly on a grid with only
a few missing values, this method is effective for filling in the holes in the data. On this vertical
displacement map, we trace 192 profiles that spatially include both the subsided and the uplifted zones
(Figure 4a—c). These profiles are spaced 250 m apart and the spacing is selected taking into account the
maximum horizontal gradient of the vertical component of deformation. We firstly calculate the areas
by considering each profile and, subsequently, we compute the subsided and the uplifted volumes by
multiplying the computed areas times the distances.

3.2. Numerical Approach Method

This method allows us to calculate automatically volumes by using the Surfer 15 tool (Golden
Software, Golden, CO, USA). This software is able to realize this computational analysis considering
solids defined by an upper surface and a lower one (we use again the Nearest Neighbour geostatistical
gridding method) and employing three classical numerical integration algorithms [27]. These three
mathematical methods can be recognized as:

1.  the Extended Trapezoidal Rule, represented by the following formula:

A
Volume ~ 7y [Ay 424y +2A3 +4A3+ ...+ 2A,c01-1 + Apcol] 1)

where Ay is the grid row spacing and A is the area.
2. the Extended Simpson’s Rule, represented by the following formula:

A
Volume ~ ?y [A1 +4As + 243 +4A3 + ...+ 2A0co—1 + Ancol @)

where Ay is the grid row spacing and A is the area.
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3.  the Extended Simpson’s 3/8 Rule, represented by the following formula:

3A
Volume =~ 73’ [A1 +3As + 345+ 2A3 + ...+ 2Anco—1 + Ancoll 3)

where Ay is the grid row spacing and A is the area.

The difference in the volume calculations by three different methods measures the accuracy of the
volume computations. We obtain very similar values and, therefore, we report in Table 2 the mean
value obtained by using the abovementioned automatic approaches.

3.3. Surfacing Method

The starting point of this method is the separation of the DINSAR measurements into negative
and positive components of the vertical displacement. The two obtained datasets are smoothed over a
regular grid by the surface routine of the software Generic Mapping Tools [28,29] by solving:

(1-T)*V(V(2)) + T+ V(z) =0 4)

where V indicates the Laplacian operator, z is the vertical displacement value and T is a tension factor
between 0 and 1. T = 0 gives the minimum curvature solution and T = 1 gives a harmonic surface
(no maxima or minima are possible). We test all values for the T tension factor with no significant
differences in obtained volumes, hence we hold T = 0.5 as suggested in Smith and Wessel [28] for steep
topography data. We use a horizontal grid resolution of 5 X 5 cm even if results are stable increasing
the grid resolution about one order. Two different surfaces, containing all positive (top smoothing
surface) and negative (bottom smoothing surface) values respectively, are than defined (Figure 4d).
Following, we select a subset of both datasets (positive/negative) by using location polygons enclosing
uplifted and subsided areas, respectively, in both the hangingwall and footwall of the main fault
(magenta and blue shaded areas in Figure 4e). Considering a reference plane located at 0 cm elevation
(Figure 4d) and measuring the volume between the reference plane and the top smoothing surface,
and between the reference plane and the bottom smoothing surface, we obtain the uplifted and the
subsided volumes, respectively.



Remote Sens. 2018, 10, 1901 90f 19

(a) (b)

(=2
3
I
f (X) < 20
A R
10
1
1 0
i <
, 10 @
1 <, s - -a‘.
f ‘Section 97 20 8
! : Section 86 5
' —
' ' £ Section 75 30 &
1 ] z 'U_
; : £ 40 §
1 ] oz 3
1 1 1 o -50 H
1 1 1 8 =
\ ' ' 2 60 2,
i : : i =
1 1 1 -70 .§.
1 1 1
H 1 —n 80
»
a m b o 90
8
=3 -100
N
=t
330000 340000 350000 360000 370000 380000
(C) East [m]
i 20 Section 75 20 Section 86 20 Section 97
= () e e TN e e
u
£ 20
g
k] -40
&
. -60
il -80
£
L -100- T T T T T T -100 T T T T T T -100- T T T 1
0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
Distance [m] Distance [m] Distance [m]

(d) (e)

j=3
Qo
=1
("}
1
[ 20
10
a
o =
wn 0
4 _ = 20
= 0 2
| UBLIFTED VOLUME = -
© =
| c -40 2
reference plane ZO 2
|
| SUBSIDED VOLUME ad E
v 60 =,
(e}
70 .E.
80
g 4 2 90
2 Selected Subsided Volume 2 g 100
y Selected Uplifted Volume §& i
330000 340000 350000 360000 370000 380000
East [m]

Figure 4. Volume retrieval methods. (a) Graphical representation of the Cavalieri-Simpson Rule;
this method approximates the integral of the requested function (in blue) with that of the parabola
that interpolates it in the nodes (in red); (b) Vertical component map in which the exploited 192
traced profiles are reported; (c) Examples of the displacement profiles (in red) used for the volumes
computation; (d) Graphic representation of the Surfacing Method. The employed routine is able to
calculate the uplifted and subsided volumes, considering a reference plane located at 0 cm elevation
and measuring the volume between the reference plane and the top smoothing surface, and between
the reference plane and the bottom smoothing surface, respectively; (e) Vertical component map in
which the polygons used for the computation of the subsided (in magenta) and uplifted (blue) volumes
are shown.
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3.4. Results

The DInSAR measurements show that during the NEQ the hangingwall block was affected by
broad subsidence with a maximum vertical amplitude of about 98 cm and by a significantly less
extended region characterized by uplift (with a maximum of about 14 cm); moreover, also the footwall
block was affected by uplift (with a maximum of about 10 cm; Figure 3b—e). The Topographic method
shows that the NEQ was characterized by a subsided volume of 0.100 km? while the uplifted volume
was 0.0070 km?®. By using the Numerical method, volumes of 0.101 km3 and 0.0074 km? were calculated
for subsidence and uplift, respectively. Finally, volumes of 0.101 km? and 0.0075 km? were obtained
with the Surfacing method for subsidence and uplift, respectively. The very similar values obtained
with these methods assess the reliability of our results. In addition, we remark that the subsided and
uplifted rock volumes are markedly different and the unbalance (i.e., the difference between subsided
and uplifted volumes) is 0.0930 km?, 0.0936 km?, and 0.0935 km? for the Topographic, Numerical and
Surfacing methods, respectively (Table 2).

Table 2. Results obtained by employing the three abovementioned methods.

Deformed Volume [km?] Topographic Method = Numerical Approach Method  Surfacing Method

Subsidence 0.100 0.101 0.101
Uplift 0.0070 0.0074 0.0075
Unbalance 0.0930 0.0936 0.0935

4. Numerical Modelling

The results presented in the previous section clearly highlight an unbalance between the subsided
and the uplifted volumes. To provide a possible interpretation of this volumetric asymmetry we
propose a 2D numerical model of the NEQ based on the finite element method and implemented in
a structural-mechanic framework (Figures 5-8); our approach is based on the linear elasticity and
on the plain strain approximation mode to minimize the differences between the modelled vertical
displacements and those retrieved through the DInSAR analysis [30,31]. In particular, in the considered
numerical environment we exploit the a priori available geological and structural information and
the seismicity distribution relevant to the investigated seismogenic area, to take into account the
mechanical heterogeneity and the active alignments that characterize the upper crust in the Apennines
chain. According to Tizzani et al. [30], we evolve our model through two stages: during the first one
(interseismic), the model compacts under the weight of the rock successions (gravity loading) until
it reached a stable equilibrium. At this level, we consider only the retrieved tensional field while
maintaining the total displacements equal to zero. At the second stage (co-seismic), where the stresses
are instantaneously released through a no uniform slip along the faults, we use an iterative procedure
based on a trial-and-error approach [32]. Starting from the geometry of the ground deformation pattern
(see Figure 2) and to ensure the most representative section of this seismogenic area, we choose as
reference profile the section BB’ (see Figures 1d and 4c) reported in the maps of Figures 1b and 4a.
In this context, we build up a simplified geometry of the study region, which extends for about 100 km,
with a depth of 26 km; such a large zone, with respect to the coseismic epicentral region, allows us
to assume the edge effects as negligible (Figures 5a and 7a). Concerning the lithological setting,
we develop a heterogeneous model by considering two geological units having isotropic mechanical
properties: (A) the Umbria-Marche carbonate sedimentary succession, (B) the evaporitic layer and
basement unit (Figures 5a and 7a) and a carbonate fractured unit (C in Figure 7a). The considered
elastic parameters values are reported in Table 3 [33].
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Figure 5. Single fault model setup. (a) Simplified geological cross-section (BB’ reported in Figures 1d and
4c) exploited in the considered FE environment; (b) Discretized numerical domains with highlighted the
boundary conditions; note that the red line represent the segments along which the forces are applied.

Table 3. Parameters for each layer defined in the model: Density (kg/m?), Young’s Modulus (GPa) and
Poisson’s Ratio.

Parameters Unit A Unit B Unit C
Density 2600 2700 2300
Young’s Modulus 30 30 9
Poisson’s Ratio 0.33 0.32 0.27

To simulate the possible structural frameworks of the investigated area, we defined two possible
scenarios: (1) a single SW-dipping fault; (2) a single SW-dipping fault with an antithetic zone.

4.1. Single Fault

This scenario consists of a single SW-dipping fault and of a low-angle E-dipping fault (Figure 5a).
As boundary conditions, we adopt a free boundary at the Earth surface, whose geometry is constrained
by the topography of the considered area. A roller condition at the two sides and at the bottom
boundary of the numerical domain is applied [30]. In addition, we assume specific internal boundary
settings for the main structural alignments pattern in order to simulate the tectonic contacts among
the achieved structural domains. Gravity is applied as a body force to all the elements and a constant
density of 2600 kg-m 3 is assigned to all the elements of the Unit A, whereas a density of 2700 kg-m 3
is assigned to the Unit B (Table 3). The behavior of the SW-dipping fault is modelled as a contact
body with frictional forces, while the low-angle E-dipping seismogenic layer is modelled as a roller
constraint. Moreover, we apply a couple of forces to the two sides of the main SW-dipping fault (the
considered fault segment is 8 km long); the forces applied to the internal and external sides of the fault
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surfaces are equal to 3.4 MPa and 2.3 MPa, respectively. The entire numerical domain is discretized in
17,226 tetrahedral elements with a higher refinement along the two main faults (Figure 5b). In order to
reproduce the coseismic displacement along the fault, we assume the stationarity and linear elasticity
of the involved materials by considering the solution of the equilibrium mechanical equations [34].

The retrieved best fit model, evaluated by considering the achieved minimum RMS value of the
residuals (i.e., the difference between measured and modelled displacements), is reported in Figure 6a
for the vertical deformation component. The performed solution, accounting also for the topography
of the considered area, does not show a good spatial fit with the observed ground deformations, both
in terms of shape and amplitude of the residual signal. In particular, the performed misfit analysis
revealed rather high RMS values for the achieved residuals of the ALOS-2 DINSAR measurements
(RMS = 12.42 cm).
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Figure 6. Results of the single fault model. (a) Comparison between the vertical component of the
deformations retrieved through the DINSAR analysis and the FE modelling; (b) Crustal distribution of
the modelled vertical components of the retrieved displacements; the red arrows indicate the modelled
displacement vectors.

4.2. Antithetic Zone

This scenario consists of a single SW-dipping fault, of an antithetic fractured zone and of a
low-angle E-dipping fault (Figure 7a). As boundary conditions, we adopt a free boundary at the Earth
surface, whose geometry is constrained by the topography of the considered area. A roller condition
at the two sides and at the bottom boundary of the numerical domain is applied [30]. In addition,
we assume specific internal boundary settings for the main structural alignments pattern in order to
simulate the tectonic contacts among the achieved structural domains. Also in this case, gravity is
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applied as a body force to all the elements. A constant density of 2600 kg-m 3 is assigned to all the
elements of the Unit A, whereas density values of 2700 kg-m 3 and 2300 kg-m 3 are assigned to the
Units B and C, respectively (Table 3). The behavior of the SW-dipping fault and of the antithetic zone is
modelled as a contact body with frictional forces, while the low-angle E-dipping seismogenic layer as
roller constraints. Moreover, we apply a couple of forces to the two sides of the main SW-dipping fault
(the considered fault segment is 8 km long); the forces applied to the internal and external sides of the
fault surfaces are equal to 3.4 MPa and 2.3 MPa, respectively. The entire numerical domain is discretized
in 17,768 tetrahedral elements with a higher refinement along the three main structures (Figure 7b).
In order to reproduce the coseismic displacement along the fault, we assume the stationarity and
linear elasticity of the involved materials by considering the solution of the equilibrium mechanical
equations [34].
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Figure 7. SW-dipping fault and antithetic zone model setup. (a) Simplified geological cross-section (BB’
reported in Figures 1d and 4c) exploited in the considered FE environment; (b) Discretized numerical
domains with highlighted the boundary conditions; note that the red line represents the segments
along which the forces are applied.

Our best fit model, relevant to the minimum RMS value, is reported in Figure 8a for the vertical
deformation component. The achieved solution, accounting also for the topography of the considered
area, shows a very good fit with the observed ground deformations, both in terms of shape and
amplitude of the residual signal. In particular, the performed misfit analysis revealed rather small
RMS values for the achieved residuals of the ALOS-2 DInNSAR measurements (RMS = 3.48 cm).
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5. Discussion

We have extensively exploited seismological data and multi-orbit ALOS-2 DINSAR measurements
relevant to the 30 October 2016 NEQ), to investigate the earthquake main surface deformation effects
and the characteristics of the seismogenic source. The starting point of our study is the analysis of
a set of ALOS-2 coseismic DINSAR maps, which reveals three distinct surface deformation patterns:
(i) a major subsidence that reaches a maximum value of about 98 cm near the epicentral zones, nearby
the town of Norcia; (ii) two smaller uplift lobes that affect both the hangingwall (reaching maximum
values of about 14 cm) and the footwall blocks (reaching maximum values of about 10 cm; Figure 3b—e).
Subsequently, we compute, by employing three different methods, the rock volumes affected by the
retrieved uplift and subsidence effects during the NEQ. For all the methods, the coseismic uplift in the
hangingwall block is about 1/14 of subsidence (Table 2), thus highlighting a significant volumetric
asymmetry within the seismogenic crust. Following this analysis, we implement a numerical model of
the NEQ which allows us to exploit the available geological and seismological data, and the ground
deformation measurements retrieved from the multi-orbit DINSAR data. In particular, we investigate
two different model scenarios obtained through the progressive integration of the a priori available
information. First, we consider a more simplified scenario taking into account only the role of a
single SW-dipping fault along which the M, 6.5 NEQ nucleated. Subsequently, we implement a
more realistic and complex scenario, characterized by a SW-dipping fault and an antithetic zone.
We find that for the first scenario we cannot achieve a good fit with the observed ground deformations
(RMS = 12.42 cm; Figure 7a,b); conversely, the second scenario furnishes a rather good fit with the
coseismic surface deformation pattern (RMS = 3.48 cm; Figure 8a,b). Note that our modelling approach
allows us to properly reproduce the retrieved ground deformation patterns through the combination
of two different effects: (i) the gravitational sliding of the hangingwall along the main fault plane
and (ii) the frictional force acting in the opposite direction, consistently with the double couple fault
plane mechanism. These two effects are considered in both scenarios and, as already said, the second
one, which consist of a SW-dipping fault and an antithetic zone, presents a rather good fit with the
coseismic surface deformation pattern (Figure 8a,b). Therefore, we suggest that this second scenario
represents a reliable one. In this case, two further elements are discussed in the following, which are
relevant to the available seismological information and the retrieved rock volumes unbalance. For what
concerns the signature of the antithetic zone, we remark that it is clearly visible through the hypocentral
distribution of the earthquakes occurred between 24 August and 29 October 2016, showing an evident
antithetic alignment; the seismicity data analysis suggests that the formation of this antithetic zone has
already occurred before the NEQ nucleation (Figure 1c—f). Moreover, Porreca et al. [35] provided a
novel reconstruction of the subsurface geology of the considered seismogenic area by using seismic
reflection profiles. In particular, we take into account one of the interpreted sections in which the
presence of an antithetic zone is clearly visible. Consequently, we analyze the temporal evolution
of the occurred seismic events by combining and comparing their hypocentral locations with the
abovementioned seismic profile, obtaining a good fitting. Finally, the distribution of the overall events
of the seismic crisis and of those recorded since January 2015 also highlight the spatial position of the
decollement layer.
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Figure 8. Results of the SW-dipping fault and antithetic zone model. (a) Comparison between the
vertical component of the deformations retrieved through the DInSAR analysis and the FE modelling;
(b) Crustal distribution of the modelled vertical components of the retrieved displacements; the red
arrows indicate the modelled displacement vectors.

As regards the retrieved volume unbalance, we underline that the processes that could promote
such a permanent deformation within a rock mass are the diffusion mass transfer (i.e., pressure
solution) and/or the plastic deformation (i.e., mineral recrystallization, grain boundary sliding).
These processes are related to low strain rates phenomena occurring during interseismic phases, as also
shown by field evidences [36] and laboratory simulations [37]. However, during the Norcia earthquake
nucleation, we have retrieved a volume deficit in response to a high strain rate event. A possible
explanation of this finding is based on the presence, at depth, of an interseismically dilated volume
able to accommodate the collapse of a wedge bounded by the main fault, the antithetic one and a
decollement layer. As proposed in Doglioni et al. [38], the hangingwall collapse can be allowed by the
presence of a dilated zone, located antithetically to the main fault, generated from the decollement
upward and that can absorb the volume settlement. When the strength of the fractured antithetic fault
is not any able to sustain the weight of the rock wedge, the collapse of the hangingwall occurs in favor
of gravity and the slip along the main fault allows the closure of the fractures generating the expulsion
of the fluids [38]. In fact, we can interpret this volume as provided by microfractures filled by fluids
circulating within the seismogenic crust; furthermore, their expulsion has been observed during the
late pre-seismic and coseismic stage of the NEQ and could be related to the closure of this multitude
of microfractures and by the consequent decrease during the earthquake of diffuse permeability [39].
We further remark that fluids expulsion phenomena are typical of extensional earthquakes such as the
1997 M,y 6.0 Colfiorito [40,41] and the 2009 M,, 6.3 L’Aquila earthquakes [42-45].



Remote Sens. 2018, 10, 1901 16 of 19

6. Conclusions

We have applied a multidisciplinary approach to study the 30 October 2016 M,y 6.5 Norcia (Central
Italy) earthquake by exploiting the information derived from the hypocentral distribution of the
occurred seismic events, the DINSAR measurements obtained from the ALOS-2 sensor, and numerical
modelling. Our main findings can be summarized as follows:

e the analysis of the relocated hypocenters allows us to highlight three main structures: (i) a
SW-dipping alignment parallel to the main fault system; (ii) an E-dipping low-angle normal
fault cutting through the upper crust; and (iii) ENE-dipping structures that are antithetic to the
main fault;

e the DInSAR measurements show that the considered seismogenic area was interested by
significant coseismic ground deformations. The vertical displacement map shows three main
deformation patterns: (i) a major subsidence that reaches a maximum value of about 98 cm near
the epicentral zones, nearby the town of Norcia; (ii) two smaller uplift lobes that affect both
the hangingwall (reaching maximum values of about 14 cm) and the footwall blocks (reaching
maximum values of about 10 cm);

e the coseismic uplift in the hangingwall block is about 1/14 of subsidence, suggesting an unbalance
between the subsided and the uplifted volumes within the seismogenic crust;

e the results of our 2D modelling highlight that the presence of an antithetic zone is necessary
to reach the best fit between measured and simulated coseismic surface deformations
(RMS = 3.48 cm). This result allows us to interpret the subsidence and uplift phenomena caused
by the My, 6.5 Norcia earthquake as the result of the gravitational sliding of the hangingwall
along the main fault plane and the frictional force acting in the opposite direction, consistently
with the double couple fault plane mechanism.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/10/12/1901/
s1, Figure S1: Comparison of vertical displacement maps. (a) Vertical displacement map shown in Figure 2
obtained through the combination of two DInSAR pairs: the first one was acquired by the ALOS-2 system
along the ascending orbits on 24 August and 2 November 2016, respectively; the second was acquired along
the descending orbits on 31 August and 9 November 2016; (b) Vertical displacement map obtained through the
combination two DINSAR pairs: the first one was acquired by the ALOS-2 system along the ascending orbits on
24 August 2016 and 6 September 2017, respectively; the second was acquired along the descending orbits on 31
August 2016 and 24 May 2017. Both vertical displacement maps include the My, 5.9 Visso and the My, 6.5 Norcia
earthquakes. The white star represents the My, 6.5 Norcia mainshock. Note that, by comparing the maps in panels
a and b, it is evident that the elongated easternmost deformation pattern (nearly parallel to the main Apennines
structures) highlighted by the white dashed oval in panel a is not visible in panel b.
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