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Abstract
We investigate the rupture process of the 2016, M,,6.1 Amatrice earthquake, the first shock
of a seismic sequence characterized by three damaging earthquakes occurred in Central Italy
between August and October. We jointly invert strong motion, High-Rate GPS data, GPS
and DINSAR displacements and we adopt ad-hoc velocity profiles of the crust below each
station. The retrieved source model reveals a high degree of complexity, characterized by a
prominent bi-lateral rupture with low slip at the hypocentre, two well-separated slip patches
and a rupture front accelerating when breaking the largest patch. The rupture of the main
asperity features a slip-velocity pulse that is impeded ahead of its current direction and splits
into two pulses. In this fault section we find clues of structural and rheological control of the

rupture propagation due to the fault system segmentation.

1. Introduction
The 2016 Amatrice earthquake (M,, 6.1) occurred in the Central Apennines (Italy) on August
24™ at 01:36 UTC, causing about 300 fatalities, and heavily damaging the economy of the
region. The hypocentre has been located at 13.238°E, 42.704°N, at a depth of 8.0 km

(http://cnt.rm.ingv.it/event/7073641); it is the first shock of a seismic sequence characterized

by three damaging earthquakes occurred in Central Italy between August and October. One
hour later a M,, 5.3 aftershock had been located at 13.15°E, 42.79°N, at a depth of 8km
(http://cnt.rm.ingv.it/event/7076161). On October 26™ (19:18 UTC) a My 5.9 earthquake
occurred 25km to the NW, 3km West of Visso; and few days later, on October 30" (06:40
UTC), a third major earthquake (M, 6.5) nucleated 6km North of Norcia. The three main

events show normal focal mechanisms striking NNW-SSE, in agreement with the extensional
tectonic regime of the central Apennines [D’Agostino et al., 2009].

The entire 2016 Central Italy sequence extends about 60km, it involves a region bordered by
the 1997 Umbria-Marche sequence to the North, and the 2009 L’Aquila earthquake to the
South [Chiaraluce et al., 2017], both showing normal focal mechanisms. The epicentral area
experienced: i) a Jurassic extension forming large normal faults [Butler et al., 2006; Ciarapica
& Passeri, 2002]; ii) a late Miocene-early Pliocene compression creating the thrust-and-fold

systems [Barchi et al., 1998a; Vezzani et al., 2010] and iii) a late Pliocene-Quaternary
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extension forming the current intramountain basins [Barchi et al., 1998b; Cavinato & De
Celles, 1999; Lavecchia et al., 1994]. The 24™ August mainshock originated along the Mt.
Gorzano Fault System (GFS) and involved the Mt. Bove - Mt. Vettore Fault System (BVFS)
separated by the Sibillini Thrust Front (STF) [Centamore et al., 2009; Lavecchia, 1985],
representing an evident lithological and structural discontinuity crossing the epicentral area.

In this work we achieve the following goals:

= Build-up a new fault geometry consistent with both geodetic and seismological data.

» Image the full kinematic rupture process of the 2016, M,,6.1 Amatrice earthquake by
jointly inverting the most comprehensive dataset to date formed by Strong Motion
data, High-Rate sampling Global Positioning System (HRcGPS) data, coseismic
offsets derived from continuous and survey GPS networks and Synthetic Aperture
Radar Interferometry data (DINSAR) from distinct satellites.

= Study the complexity of the rupture history by means of rupture velocity and rupture
mode propagation analyses.

= Investigate the role played by pre-existing tectonic structures in controlling the

rupture propagation.

The key idea of our study is that the rupture process of the 2016 Amatrice earthquake has
been characterized by a strong geometrical and rheological control due to the fault system

segmentation in the central Apennines.

2. Data Sources

2.1 Seismological Data

We have selected 20 strong motion data from stations (Figurel) belonging to the DPC Rete
Accelerometrica Nazionale (RAN, http://ran.protezionecivile.it) and to the Rete Sismica
Nazionale, Istituto Nazionale di Geofisica e Vulcanologia (RSN, INGV Seismological Data
Centre, 1997) accelerometric networks. We also incorporate coseismic dynamic
displacements retrieved from High-Rate sampling (from 1 to 0.05 s) continuous Global
Positioning System (HRcGPS) data from 6 permanent stations [Avallone et al., 2016]
operated by Rete Integrata Nazionale GPS (RING INGV Working Group, 2016;
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http://ring.am.ingv.it). The epicentral distances of the recording sites are less than 70 km, the

azimuthal coverage is good and several seismic and GPS stations lie on the hanging wall of
the causative fault (Figurel). Original acceleration and displacement recordings are integrated
and derived, respectively, to obtain ground velocity time histories. The resulting velocity
waveforms are band-pass filtered between 0.02 and 0.5 Hz using a two-pole and two-pass
Butterworth filter. We invert 40 seconds of each waveform. In order to efficiently model the
wave propagation, the Green’s functions are computed, with a discrete wave-number
technique [Spudich and Xu, 2003], by considering four different crustal structures, obtained
by subdividing the epicentral region in four group stations depending on the azimuth and on
the epicentral distance (FigureSla). For each group we draw mean Vp and Vs 1D profiles
(FigureS1b), Sic), respectively), by averaging 8 station-to-epicenter sampling tracks,
extracted from the 3D crustal IMAGINE_IT model [Casarotti et al., 2016]. All the P arrivals

are corrected with the topography at each site.

2.2 Geodetic Data

We consider a comprehensive geodetic dataset of GPS and Synthetic Aperture Radar
Interferometry (DINSAR) displacements. In particular we select 30 coseismic offsets derived
from continuous and survey GPS networks operated by INGV, CaGeoNet and Istituto
Geografico Militare [Cheloni et al., 2017].

DINnSAR data, processed using SARscape® software, consists of two L-band ALOS-2
interferometric pairs from Japan Aerospace Exploration Agency (JAXA), acquired in
ascending and descending geometries, and one descending X-band COSMO-SkyMed (CSK)
pair, from Italian Space Agency (ASI). Two C-band Sentinel-1 pairs, from European Space
Agency (ESA), in ascending and descending geometries are also available. ALOS-2 and
Sentinel-1 are in good agreement, but Sentinel-1 maps show lower data coverage due to the
sensor wavelength [Bignami et al., 2016; Cheloni et al., 2017]. Thus, we use the two ALOS-2
and the CSK datasets. ALOS-2 dataset highlights fringe patterns characterized by two main
lobes (every fringe corresponds to 12 cm of displacement), and with a maximum
displacement of -28 cm in Line of Sight (LoS), where negative values are moving away from

the satellite (FigureS2). CSK fringes show similar patterns with maximum values of -25 cm;
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due to the relatively shorter (3.1 cm) wavelength, CSK is more sensitive to the vegetation,
causing loss of coherence of the signal. For an exhaustive description of all datasets, see
previous SAR based works [Bignami et al., 2016; Lavecchia et al., 2016; Cheloni et al., 2017,
Huang et al., 2017]. Displacement maps are subsampled at 500 m spacing in the maximum
deforming areas and 1000 m around them, obtaining about 1400 points for each ALOS-2
dataset and 900 points for CSK.

We compute the Green's functions on the fault plane by adopting a stratified velocity model

obtained by averaging the four Vp and Vs 1D profiles (FigureS1b)-c)).

2.3 The fault model set up
Separate geodetic and joint inversions have been performed by adopting TDMT focal

mechanism solution (http://cnt.rm.ingv.it/event/7073641/?tab=MeccanismoFocale-

TDMTinfo). In all cases, we retrieve models not consistent with the observed interferometric
data, i.e. the inverted deformation field largely underfits the observed one, especially at the
outbreak of the fault. In order to fit both geodetic and seismological observations, we build-up
a fault plane striking N164°E (consistent with the strike angle well constrained by geodetic
data [Cheloni et al., 2017], magenta planes in FigureS3) and dipping 50° to the SW. The
adopted hypocentre, located at 13.238°E, 42.704°N, at a depth of 6.3 km (red star in
FigureS3) is in full agreement with the hypocentre relocated by Chiarabba et al. [2018] (blue
star in FigureS3).

3. The Rupture Process of the 2016 Amatrice Earthquake

We consider a fault plane 30.8 km long and 15.4 km wide, divided into squared subfaults
(1.925 km length). The model parameters (peak slip velocity, slip direction, rupture time and
rise time) are assigned at the corners of each subfault and their values bilinearly interpolated
inside of it. Each point on the fault can slip only once, starting at the time of the rupture onset
and stopping after the rise time duration, following a prescribed source time function: here we
use a dynamically consistent regularized Yoffe function [Tinti et al., 2005], characterized by

Tacc (the time duration from the rupture onset to the peak slip velocity) equal to 0.225s.
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All kinematic parameters are simultaneously inverted by adopting the following ranges: peak
slip velocity between 0 and 3.5 m/s at 0.25 m/s interval; rise time between 0.75 and 3 sec at
0.25 sec interval and rake angle, with which we represent the slip direction, between -115°
and -55° at 5° interval. The rupture time at each grid node is constrained by the arrival time of
a rupture front from the hypocentre having a speed comprised between 1.4 and 4 km/s.

We use a nonlinear inversion method, based on the heat-bath simulated annealing algorithm,
which is able to jointly invert strong ground motions records and geodetic data [Piatanesi et
al., 2007; Cirella et al., 2012].

Figure2 shows our preferred rupture model in terms of total slip, slip direction, rise time and
rupture onset time. We obtain this model by averaging all models belonging to a subset of the
model ensemble produced during the search for the best. This subset is populated by those
models having a cost function not higher than 5% of the minimum value of the cost function
of the best model (about 17000 out of 1.6 millions of models). The averaged model is
smoother and more blurred than the best: nevertheless, similar to previous papers [Piatanesi et
al., 2007; Cirella et al., 2008], and as reported in Supporting Information (FigureS4, TableS1,
TableS2), the stable features of the rupture process are robustly retained by the average
model. The preferred model of Figure2 is also able to predict well the observations: Figure3
shows the fit to DINSAR data for ascending, descending ALOS-2 and CSK satellites (panels
a)-b)-c), respectively); Figuredb) displays the fit to GPS horizontal and vertical
displacements; Figureda) displays the fit to filtered ground velocity time histories. The joint
inversion yields a rupture model containing all the key features of the models retrieved from
separate geodetic and seismic inversions (FigureS6).

The main outcome emerging from our modelling is the evident complexity of the rupture
process, which is particularly intriguing with respect to the moderate magnitude of the
earthquake. To the first order, the earthquake is characterized by a prominent bilateral rupture,
with two distinct patches of slip located SE and NW of the hypocentre. The SE patch has 0.7
m of maximum slip and consists in a region of about 8km? slipping more than 0.5 m; the NW
patch, quite larger than the previous one, reaches 1.3 m of maximum slip with a fault region
of about 35km? slipping more than 0.5 m. The obtained seismic moment is My=1.89 x 10'®
Nm, corresponding to a My6.1; roughly, the SE and NW patches release 35% (0.66x10'® Nm)
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and 65% (1.23x10"® Nm) of the total seismic moment, respectively. The hypocentral area,
where the rupture nucleates, features very low slip (less than 0.1m).

The slip direction reveals a dominant normal mechanism with a very small left-lateral strike
slip component, the rake angle being quite uniform along the fault plane and ranging between
-80° and -85°.

The rise time distribution roughly correlates with the slip pattern, but we observe that the
largest rise time (2.2 s) occurs in the shallowest part of the SE patch and does not coincide
with the largest slip: this means that the NW patch ruptured at higher slip velocity than the SE
patch (Figure2c).

The position of the rupture front on the fault plane (robustly retrieved from the kinematic
inversion (FigureS5)) allows us to calculate the rupture velocity vectors at each node [Cirella
et al., 2012]. Figure2c) shows the distribution of the rupture velocity amplitude and vector
(black arrows) on the fault plane, overlapped by the slip distribution (black contour lines); the
rupture velocity is very heterogeneous, reaching 3.2 km/sec along the strike direction in a
region between 4km and 8km NW from the hypocentre, corresponding to the main slip patch.
The slip patch located to SE from the nucleation, affecting the epicentral region between
Accumoli and Amatrice, shows a lower and mostly homogeneous rupture velocity
(~2.3km/sec). The rupture velocity vectors feature a rupture front rotation associated with the
rupture front acceleration in the focusing region on the path labelled from point R to R’
(Figure2a)-c)). This result is supported by the analysis of the relationship between the rupture
mode and the rupture velocity, based on the computation of the rupture mode index (RMI)
that, as defined by Pulido & Dalguer [2009], is proportional to the angle between the slip
direction and the rupture propagation direction. In Figure2d) we plot the values of RMI across
the 2016 Amatrice fault plane; values close to 1 and O correspond to a pure mode Il (in-plane)
rupture and to a pure mode |11 (anti-plane) rupture, respectively. We observe that the rupture
propagates in mode Il along a narrow downdip area around the hypocentre, in mode Il in
regions of the fault plane adjacent to the nucleation slipping more than 0.5 m and where the
fault ruptures bilaterally along the strike direction; while a transition from mode 111 to mode Il
occurs along the path from point R to R’, where the rupture front rotates. In order to better

illustrate this interesting feature of the rupture propagation, we show in Figure2e) some
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snapshots of the slip velocity taken at 0.5 s interval (MovieS1). The first 3 seconds are
characterized by bilateral rupture propagation, with no slip at nucleation; then, the rupture
starts breaking the higher slip concentration, propagating with a relatively high rupture
velocity (~3.0-3.2 km/s) in the NW direction (lasting nearly 1 second). At nearly 4s, the
rupture of the northern asperity shows a very peculiar behaviour: the propagation of the pulse
seems to be impeded ahead of the current direction and splits into two pulses; along the updip

direction and along nearly 32° in the downdip direction.

4. Discussion and Conclusive Remarks

The main contribution of our work is to provide a robust and detailed source model of the first
shock of the 2016 Central Italy seismic sequence, well constrained by the use of the available
data collected around 2 years after the event. Our analysis confirms previous findings, such as
the prominent bi-lateral rupture [Tinti et al., 2016; Lavecchia et al., 2016; Cheloni et al., 2017;
Huang et al., 2017; Chen et al., 2018], with low to no slip at the hypocentre and two well
separated slip patches, with maximum slip (nearly 1.3m) on the NW patch; and the largely
variable rupture velocity, between 2.2 — 3.2km/s, in agreement with Liu et al. [2017]. The
northern asperity features very shallow slip, indicating a coseismic activation of the fault
along the western flank of the Mount Vettore, as suggested by Cheloni et al. [2017].
However, our model reveals additional peculiar behaviour, such as the acceleration of the
rupture front up to 3.2 km/s and the relatively short rise time when breaking the main slip
patch, thus indicating an impulsive rupture process there. Furthermore, our model unveils an
intriguing behaviour in the northern fault zone, just after the breakage of the main NW slip
patch, when the rupture abruptly split in two pulses, towards updip and nearly 32° along the
downdip direction.

This feature seems to be in agreement with the presence of a structural and stress barrier
controlling the entire seismic sequence evolution, as proposed by previous studies [Pizzi et
al., 2017; Mildon et al., 2017; Chiaraluce et al., 2017]. In order to characterize the geometry
of this barrier, we compare our fault model with the aftershock hypocentres relocated by
Chiaraluce et al. [2017], the mapped fault traces [Civico et al., 2018; Villani et al., 2018] and
Vp and Poisson ratio tomographic model obtained by Chiarabba et al. [2018]. The aftershocks
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alignment identifies a 190° striking and 32° dipping plane emerging in correspondence to the
STF (Figure5a-5h, FigureS7). This plane intersects our fault in correspondence of the splitting
zone identified by the rupture evolution (Figure2e). Comparing the imaged slip distribution
with the Vp values along the fault plane (Figure5c), we observe that Vp’ values increase
moving from the high slip zone to north crossing the identified plane (dashed line in
Figure5c), highlighting the presence of a bulge/up-warp geometry compatible with a thrust-
and-fold structure [Chiarabba et al., 2018]. Moreover, we observe that the zone of transition
with enhanced Poisson ratio values (see blue mapped colour in Figure5d) coincides with the
fault area where the along-strike rupture propagation has been impeded and split. As
suggested by Cirella et al. [2012], this feature involves the role of heterogeneity of material
properties, which might result in heterogeneous rheological properties driving the rupture
history. It is worth noting the low Poisson ratio value associated with the southern slip patch,
where our model shows a low and mainly homogeneous rupture velocity. This feature is
coherent with the observation that stations located in the NW region of the source show
relatively larger ground accelerations than those located to the SE, with PGA values ranging
from 0.45¢g to 0.02g [Spagnuolo et al., 2016].

All these evidences corroborate the hypothesis that the rupture evolution of the 2016 Amatrice
earthquake has been strongly controlled by the presence of a tectonic structure, acting as a
geometrical and rheological barrier; its location, trace, strike and dip could be associated with
the lateral ramp of the STF. This interpretation is in agreement with the results obtained by
Pizzi et al. [2017]. Scognamiglio et al. [2018], propose a kinematic model for the October
events, in which a complex rupture is distributed along two faults: the BVFS and a secondary
one, identified as the STF. Thus, the same structure acting as barrier during the August 24™
shock has been likely activated in the subsequent evolution of the sequence. As those authors
suggested, a detailed description of the rupture velocity features, as done in our study, is a key
issue to evaluate the role of the fault segmentation.

Cross structures may act as barriers to rupture and limit earthquake length [Manighetti et al.,
2015; Benedetti, 2013], with critical consequences to seismic hazard assessment [DuRoss et
al., 2016].
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Our results provide a complete description of the rupture propagation and inhibition due to
spatial distribution of rheological heterogeneities and to the presence of inherited tectonic
structures. Their role in the seismic sequence evolution depends on their orientation with
respect to the current stress field. In this context, the interaction between new and/or inherited
faults, derived from either the Mesozoic extension or the Miocene compression, strongly
influences the fault segmentation and fault lengths, determining the maximum magnitude of
individual earthquakes [e.g. Wells and Coppersmith, 1994] and consequently the seismic

hazard.
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Figurel. Fault geometry of the 2016 Amatrice, central Italy, earthquake. Red and green
triangles represent the strong motions and the HRcGPS stations. Blue circles are the GPS
sites. The red star indicates the epicenter. Black box represent the surface projection of the

fault plane. Purple and cyan lines are the GFS-BVFS and the STF, respectively.
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sec

Figure2. Inverted rupture model. Panels a)-b) show the total slip and the rise time,
respectively. Rupture time shown by black contour lines (in seconds); black arrows displayed

in upper plot represent the slip vector. ¢) Rupture velocity amplitude and vectors across the
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fault plane; d) rupture index across the fault plane; e) time snapshots of slip velocity on the
fault plane, imaged every 0.5 sec. Black contours in c) and d) and white contours in e) both
show the regions that slipped more than 0.1 m, 0.5 m and 1.0 m. White and red star displays

the hypocentre.

a) b)

observed

modeled

residual

13 00' 1312 13 24'
Figure3. Observed, synthetic DINSAR displacements and their residuals (upper, middle and
bottom panels, respectively), observed from ascending track ALOS-2 (panel a); descending
track ALOS-2 (panel b); and CSK (panel c) satellites. Dashed black box represents the surface
projection of the fault plane. Black contour lines display the slip distribution. Black star
displays the hypocentre.
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Figure4. a) Comparison of recorded strong motion and HRcGPS (blue lines) with synthetic
waveforms (red lines); b) comparison of measured (blue and cyan arrows) with synthetic (red
and violet arrows) horizontal and vertical (respectively) coseismic displacements.
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Figure5. a) and b) 3D views of the modelled fault with the STF(cyan plane) and seismicity.
The thrust and normal fault traces (in blue and red, respectively). ¢) Vp and d) Poisson ratio
projected along the fault plane, with 20 cm spacing contours of the modelled slip (in red); the
thrust and fault intersection (dashed black line); and My, > 5.0 shocks; the resolved zone
within grey contour. Purple and cyan lines are the GFS-BVFS and the STF, respectively.
Elevation data from Jarvis et al. [2008].
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