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Abstract

We perform the finite-extent fault inversion of the three main events of the 2016
Central Italy seismic sequence using near-source strong-motion records. We demonstrate that
both earthquakes nucleation and rupture propagation were controlled by segmentation of the
(N)NW—(S)SE-trending Quaternary normal faults. The first shock of the sequence (August
24™ 'Mw 6.0) ruptured at the relay zone between the Laga Mts (LF) and the Cordone del
Vettore (CVF) normal faults. The second shock (October 26™, Mw 5.9) nucleated at a minor
relay zone within the Mt. Vettore-Mt. Bove fault (VBF), while the third and largest one
(October 30", Mw 6.5) initiated at the relay zone between the VBF and CVF, triggering the
multiple rupture of the VBF, CVF and probably LF. We show that this latter relay zone
corresponds to the deeper, high-angle, fault-zone of the Sibillini Mts cross-structure, a thrust-
ramp inherited from the Miocene-Pliocene contractional phase of the Apennines. This
structure acted as a barrier to rupture propagation of the first two events thus defining an area
of | large stress concentration until it acted as the initiator of the rupture originating the largest
Mw 6.5 event that crossed the barrier itself. We suggest that the “young” CVF have started to
cut through the barrier acting as a soft-linkage between the two long-lived LF and VBF. The
evidence that coseismic cumulative slip shows a maximum at the CVF, provided by both slip
inversion and original surface rupture data, suggests that the CVF is growing faster than the
adjacent faults.

1. Introduction

Tectonically active areas are commonly characterized by fault alignments hundreds to
thousands kilometers long. However, the ability to subdivide faults into individual
seismogenic segments is crucial for seismic hazard assessments because it might permit to
constrain the location of rupture initiation and termination, the length and the maximum
expected magnitude of the seismogenic fault that will likely break during a single earthquake
[e.g., Wells and Coppersmith, 1994]. Several authors suggested that fault segment boundaries
may correspond to peculiar geologic features such as major relay zones at faults step-over,
pronounced bends or branch faults and large cross-faults [e.g., King and Nabelek, 1985;
Crone et al., 1991; DePolo et al., 1991]. Many of these geologic features have therefore been
interpreted as able to stop the propagation of coseismic ruptures and referred to as geometric
and structural barriers [Aki, 1979]. From a mechanical point of view, barriers have been
interpreted as zones of high fault strength, i.e., more resistant to earthquake rupturing [Aki,
1979]; although experimental studies have suggested that also creeping weak seismic areas
and compliant areas appear to be resistant to dynamic rupture [Boatwright and Cocco, 1996].

On the other hand, both theory and field observation show that the same geometric and
structural barriers can act as points of rupture nucleation, also producing multisegment
earthquakes, probably because they are zones of stress concentration [Aki, 1979; King and
Nabelek, 1985; Sibson, 1986; Boatwright and Cocco, 1996; Manighetti et al., 2015; Perrin et
al.;~2016]. This dual behavior of the barrier, however, is not yet fully understood, although
there are well-documented examples such as the 1983 Borah Peak earthquake [Crone et al.,
1987; Aki, 1989; Susong et al., 1990].
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This issue is also closely linked to another debated relevant question: could a large
structural barrier, separating two approaching fault systems, remain persistent through time,
at most only occasionally breaking during its history for particular conditions of dynamic
stress and strain accumulation [e.g., Schwartz and Coppersmith, 1984; King and Nabelek,
1985; Schwartz, 1989; Wesnousky, 2008]? Or the barrier will eventually be by-passed by a
newly formed fault that allows the progressive hard-linkage of the two approaching fault
systems until a continuous throughgoing major structure forms [e.g., Scholz and Gupta, 2000;
Manighetti et al., 2015; DuRoss et al., 2016; Peacock et al., 2017]?

In this study, we examine the large geological and seismological dataset observed after
the three.main shocks of the 2016 Central Italy seismic sequence to address the above
questions about the relation between earthquakes, fault segmentation and structural barriers.

Since August 2016, Central Italy was struck by one of the most important seismic
sequences that ever took place in the country. The sequence is characterized by the
occurrence of a series of shocks with increasing magnitude (Table 1; the reference Mw of this
and other sequences after 2005 in central Italy are taken from the http://cnt.rm.ingv.it,
whereas the Mw of the 1997-98 Umbria Marche sequence is from Pondrelli et al. [2002]):
the first. shock (Mw 6.0), which is identified as “Amatrice”, occurred on August 24™M at
01:32:36 UTC, a second large shock (Mw 5.9), identified as “Ussita”, occurred on October
26" at 19:18:06 UTC and the third and largest (Mw 6.5), identified as “Norcia”, occurred
four days later, on October 30" 2016 at 06:40:18 UTC. The fault mechanism of the three
shocks features pure normal faulting, with a NE-SW extension, in agreement with the
predominant regime characterizing the Central Apennines. About 55,000 aftershocks have
been recorded in five months following August 24™, 62 of them with moment magnitude in
the range of 4-5.5.

The three main shocks of the sequence occurred in the axial zone of the Central—
Northern Apennines affected by (N)NW—(S)SE active normal fault systems. Surface ruptures,
seismicity distribution and satellite data (e.g., Livio et al. [2016] and references therein)
largely agree upon the attribution of these events to the activation of at least two normal fault
systems: the Mt. Vettore—Mt. Bove [Calamita et al., 1992] and the Laga Mts [e.g., Galadini
and Galli, 2000]. Each of these two fault systems extends for a length of ca. 25-30 km,
occupying a sector of the chain characterized by the absence of historical seismicity so that
they were considered as “silent” faults [e.g., Galadini and Galli, 2003]. On the other hand
they show evidence of Late Pleistocene—Holocene activity [e.g., Calamita et al., 1992;
Coltorti and Farabollini, 1995; Cello et al., 1997; Galadini and Galli, 2000; Pizzi and
Scisciani, 2000] and Boncio et al. [2004] associated the 1639 AD earthquake to the Laga Mts
fault system. The area struck by this sequence lies to the southeast of the 1997 Colfiorito
(Mw 6.0) fault zone and extends as far as to the area struck by the 2009 L’Aquila (Mw 6.1)
sequence to the south (Figure 1).
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The study area is characterized by a complex structural framework deriving from the
interaction between pre-existing (Miocene-Pliocene) contractional structures (e.g., folds and
thrusts due to the emplacement of the Apennine chain) and Quaternary extensional faults
(due to-post-orogenic collapse) [e.g., Calamita and Pizzi, 1994; Tavarnelli et al., 2004]. In
particular, . Figure 1 shows (N)NW—(S)SE-trending Quaternary normal faults oblique to
NNE-SSW-trending thrust ramps. Some authors evidence how the evolution of
Quaternary/active seismogenic faults may be controlled by the interaction with pre-existing
structures. Already in the work of Calamita and Pizzi [1994] some Quaternary faults were
considered detaching on the Sibillini Mts thrust, differing from others faults that displace it
and which were interpreted by the authors as the active and seismogenic
structures.Chiaraluce et al. [2005] examined the 1997 Colfiorito (Mw 6.0) sequence,
attributing the nucleation of the main shock of the sequence to the intersection of normal
faults and pre-existing compressional-transpressional structures. In this case the authors
interpreted the crosscutting structures as lateral barriers to rupture propagation, which had
constrained the normal fault size. Subsequently, Pizzi and Galadini [2009] discussed the role
of pre-existing cross-structures (inherited from pre-Quaternary tectonic phases) on the
propagation and segmentation of active Quaternary seismogenic extensional faults in the
Central Apennines. They conclude that regional basement/crustal oblique pre-existing cross-
structures, with lengths ranging from several tens of kilometers to hundreds kilometers (such
as the NNE-striking Sibillini Mts thrust ramp), may act as “persistent structural barriers” that
halt fault systems propagation, thus determining their terminations and maximum sizes.
Regarding the 2016 Central Italy earthquakes, Chiaraluce et al. [2017] recognized the
presence of barriers and asperities controlling the development of the seismic sequence. On
the other hand, other authors disagree about pre-existing structures having an effect on
earthquakes distribution and fault segmentation in central Italy [e.g., Roberts and Michetti,
2004].

Therefore, it is important to further investigate the role of pre-existing structures
because many studies outlined that the relationship between pre-existing thrusts and normal
faults is of major importance for seismic hazard assessment. These relationships, indeed, may
control rupture propagation in time and space, hence the rupture size and the related
maximum earthquake magnitude as neighbour faults may rupture together generating
earthquakes greater than those expected from the activation of a single fault segment [e.g.,
Pizzi and Galadini, 2009 and references therein]. Most of these recent ideas have not yet
been.confirmed, and the 2016 seismic sequence represents a good choice to shed light on the
relationships between active normal faults and pre-existing structural barriers.

In this work we invert the strong-motion records of the three main shocks of the
sequence in order to obtain the slip distribution of each event, using the LinSlipInv method
[Gallovic et al., 2015]. We reconstruct the rupture episodes and relate the fault slip and
aftershocks distribution to the main tectonic and stratigraphic features of the area, in order to
explore whether the segmentation of normal faults and pre-existing compressional-
transpressional structures may have conditioned the evolution of the sequence.
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2. Geological setting

The Apennine chain is an Oligocene-Quaternary fold-and-thrust belt that developed
following the convergence of the African and European continental margins [e.g., Boccaletti
et al., 1990; Carmignani and Kligfield, 1990; Doglioni, 1991]. Its present-day structural
framework derives from the succession of multiple extensional and contractional deformation
events [e.g., Elter et al., 1975; Castellarin et al., 1982; Scisciani et al., 2002; Tavarnelli et
al., 2004; Butler et al., 2006; Calamita et al., 2011; Di Domenica et al., 2012, 2014a, 2014b].
During the Neogene, the orogenesis affected Triassic-to-Miocene sedimentary successions
related to different basin and platform domains of the Adria Mesozoic paleomargin [e.g.,
Ciarapica and Passeri, 2002; Patacca and Scandone, 2007]. Successively, a Quaternary
post-orogenic extension affected the axial sector of the Apennines developing (N)NW-
(S)SE-trending normal fault systems, 15 to 35 km long, associated to intramontane basins and
present-day seismicity [e.g., Calamita and Pizzi, 1994; Lavecchia et al., 1994; Ghisetti and
Vezzani, 1999; Galadini and Galli, 2000]. Normal fault kinematics is fully consistent with the
focal mechanism solution of the events located in the Central Apennines by instrumental
seismicity [Pondrelli et al., 2011].

The area struck by the Mw 6.5 Central Italy seismic sequence has an overall structural
architecture dominated by a curve-shaped fold-and-thrust system, delimited to the east by the
Miocene-Pliocene Sibillini Mts thrust (MST; Figure 1). The MST juxtaposes the Triassic—
Miocene Umbria—Marche carbonate succession on to the Messinian siliciclastic turbidites of
the Laga Formation. Parallel to the MST, the Mt. Cavallo thrust (MCT; Figure 1) changes its
alignment in correspondence of Mt. Fema, within the Umbria—Marche succession. Along
their NNE-SSW-trending arms, these features behaved as oblique thrust ramps and were
characterized by transpressional kinematics [e.g., Calamita et al., 1987; Calamita and
Deiana, 1988; Tavarnelli et al., 2004]. Often they correspond with important lateral facies
changes in the pre-orogenic stratigraphy, constituting long-lived fault zones reactivated as
crustal-scale regional thrust ramps in Miocene-Pliocene time (e.g., ancient Ancona—Anzio
line separating the Umbria—Marche pelagic domain from the Lazio—Abruzzi platform
domain, reactivated as the MST; Castellarin et al. [1982]). As already mentioned above, they
are oblique to the Quaternary normal fault systems and may represent pre-existing structural
barriers that compartmentalize active and seismogenic normal faults at depth, controlling
their growth, development and associated seismicity [e.g., Pizzi and Galadini, 2009; Di
Domenica et al., 2012]. Understanding the role of such geological-structural barriers is of
primary importance to better define normal fault segmentation, with implication on the
maximum expected magnitude and seismic hazard assessment.

In the area struck by the 2016 Central Italy seismic sequence two neighbouring normal
fault systems are present: the Mt. Vettore—Mt. Bove [Calamita et al., 1992] and the Laga Mts
[e.g., Galadini and Galli, 2000], respectively located in the hanging-wall and footwall of the
MST (Figure 1). Although the August 24™ and October 30™ coseismic ruptures indicated the
reactivation of both systems and crossed the MST trace [e.g., Livio et al., 2016] (Fig. 2), the
MST “may well have behaved as a structural barrier at depth, controlling the rupture
termination of the August 24" event [Chiaraluce et al., 2017] and the initiation of the third M
6.5 stronger event, as later discussed in the text. Moreover, individual fault segments within
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the Laga Mts and Mt. Vettore-Mt. Bove systems, with different lengths (5 to 15 km) and
geologic throws (up to ca. one thousand of meters), can be still separated by rock volumes
(maore or less evident) referred to relay zones [e.g., Peacock and Sanderson, 1994; Childs et
al.,; 1995] (Figure 2).

The Mt. Vettore—Mt. Bove structure was studied in detail for the first time by Calamita
et al. [1992] and Calamita and Pizzi [1994] and was defined as an active normal fault system
characterized by a total length of about 30 km limited, toward the north, by a progressive
reduction of throws near the Ussita and Cupi villages area, while throws sharply decrease
toward the south, approaching the oblique structural barrier of the Miocene-Pliocene MST
whose trace could have been downthrown of about 100-200 m by the easternmost normal
fault segment (Figures 1 and 2). The system is constituted of several NNW-SSE-trending
kilometers long sub-parallel primary and secondary faults, both synthetic and antithetic, with
oblique transfer fault segments, en-échelon patterns and relay zones. In the present work we
will distinguish the Mt. Vettore-Mt. Bove fault system (VBF) from the south-easternmost
segment, i.e., the Cordone del Vettore fault, which is characterized by a very clear and
continuous fault scarp (CVF; Figures 1 and 2). Within the VBF we further distinguish the
northernmost Cupi segment (CF; Figure 2), activated during the October 26" event, based on
coseismic ruptures mapped in the field, from the central-southern sector (Mt. Bove segment:
BF; Figure 2). The CVF runs at ca. 2000 m of altitude along the Mt. Vettore western slope
and was considered active by Calamita et al. [1992], while Galadini and Galli [2003]
emphasized the recent activity of a normal fault affecting an alluvial fan in the Castelluccio
basin. Here they recognized three paleoearthquakes, the youngest constrained between 4155-
3965 years BP and the 6™-7" century A.D. This latter fault is probably a minor western splay
of .the major Mt. Vettore—Castelluccio basin boundary fault which shows a maximum
cumulative geologic throws >1000 meters [Pizzi et al., 2002] and represents the southernmost
sector of the VBF.

In the MST footwall, the Laga Mts fault system (LF) extends from Accumoli to
Campotosto with a NNE-SSW trend and with lengths comparable to the Mt. Vettore—Mt.
Bove system (Figure 1). This system has been considered active by various authors [Calamita
and Pizzi, 1994; Cello et al., 1997; Galadini and Galli, 2000] and Boncio et al. [2004]
associated the 1639 AD earthquake to this fault system. On the other hand, some studies
stated that Late Pleistocene-Holocene activity can only be related to the southern portion of
the system [Galadini and Messina, 2001] and Galadini and Galli [2003] recognized two
displacement events after 8320-8150 years BP in this sector. The southern portion of the
system has been probably partially activated during the 2009 L’Aquila seismic crisis
[Chiaraluce et al., 2017 and references therein]. The system shows cumulative geologic
throws exceeding 2000 m and it is confined to the south by the Gran Sasso thrust and to the
north by the MST (Figure 1), defining a stepover zone with the Mt. Vettore—Mt. Bove fault
system [Boncio et al., 2004].
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3. Finite fault inversion
3.1 Data

A finite fault inversion for the three largest events of the 2016 Central Italy seismic
sequence ‘has been performed on the strong-motion data recorded by the Rete
Accelerometrica Nazionale (RAN) and the Rete Sismometrica Nazionale (RSN), the former
operated by the Italian Department of Civil Protection and the latter by the Istituto Nazionale
di Geofisica e Vulcanologia. The records have been extracted from the Engineering Strong-
Motion database [Luzi et al., 2016a, 2016b], where about 10,000 strong-motion records are
available for this sequence, all of them quality checked and manually processed. For the
inversion of each event we have used all three-component strong-motion waveforms recorded
by stations with a distance up to about 50 km from the fault. The number of stations ranges
between 20 and 30 due to the fact that the Ussita and Norcia events were recorded by
additional temporal stations deployed after the Amatrice earthquake. For the three major
earthquakes there are several stations lying just above the Mt. Vettore—Mt. Bove and Laga
Mts normal fault systems, providing exceptionally good resolution of the rupture process
(Figure 3).

3.2 Method

Fault slip inversions were performed using the LinSlipinv method [Gallovi¢ et al.,
2015; https://github.com/fgallovic/LinSlipInv]. Fixing fault geometry and rake angle, the
fault is discretized to a relatively fine grid of sub-faults of approximately 1x1 km. Each sub-
fault is associated with sought general slip rate function, discretized in time, covering the
whole duration of the rupture process. The spatial-temporal samples of the slip rates represent
the model parameters of the inverse problem. To regularize the solution, we consider a k-
squared prior covariance function and constrain the event seismic moment [Gallovic et al.,
2015]. Furthermore, we seek for positive values of the slip rates (no back-slip) by means of
using the non-negative least-squares approach by Lawson and Hanson [1974]. This way, the
method considers a general rupture parameterization, with no a priori constraints on the
position -of the nucleation point, rupture speed, and shape of slip-rate functions. Thus, it is
able to retrieve even a complex style of rupture propagation. However, as in any
multiparameter inversion, the rupture model is sensitive to artifacts and biases imposed by the
smoothing constraint and imperfect modeling of the general 3D velocity structure, as
analyzed in detail by Gallovic¢ et al. [2015]. They found that i) the slip rate functions are
smeared “in time and space due to the smoothing constraint, ii) the time of the slip-rate
maximum is the least biased source parameter, iii) imprecise Green’s functions can introduce
artificial slip-rate multiples, especially at shallow depths, which appear as “ghost” features in
the rupture propagation (slip rate snapshots). Therefore, care must be taken when interpreting
the inferred rupture images.

In all the cases the data and synthetics are filtered by a 4™ order causal Butterworth
filter between 0.05 and 0.50 Hz (with one exception of station RQT in case of the Amatrice
event where range of 0.1-0.5Hz was used). The waveforms were downsampled to the time
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step of 0.4 s. In order to strengthen the role of stations located further away from the fault, we
increase their weight by a factor of 2 with respect to stations located above the fault.
Synthetic Green’s functions were calculated by the discrete wave number and matrix methods
[Bouchon, 1981; Coutant, 1989; Kennett and Kerry, 1979] for a 1-D velocity model adopted
from Gallovi¢ and Zahradnik [2012] and Ameri et al. [2012], for the low-frequency and
broad-band modeling of the 2009 L’Aquila earthquake, respectively. We fix the parameter
controlling the smoothing strength [Gallovic et al., 2015] at a value providing a good balance
between rupture complexity (minimum “ghost” features) and data fit and adopt this value for
the three events. Furthermore, for each event we have performed a grid search over fault
plane location, fault geometry (strike and dip), and slip direction (rake): the finite-faults slip
inversion was repeated for each set of the grid-searched parameters. Model with the best
(optimized) waveform fit has been selected as the preferred one.

3.3 Results

The fault geometries and location of the centroids are shown in Table 2. The seismic
moments resulting from the inversion of the first two events are larger than the ones
calculated by INGV, and used as reference in this paper (Table 1), but are in agreement with
the values provided by Harvard Global CMT (http://www.globalcmt.org/). The waveform
comparison between the observed and synthetic data for the final rupture models are shown
in the electronic supplement (Figure 1S). In space the inferred (planar) faults of the three
events align well in the along-strike direction, resembling a geometrically relatively simple
normal fault (Figure 3). However, the inferred source models differ substantially in the style
of rupture propagation and slip distribution.

In particular, the Amatrice event exhibits bilateral rupture propagation (Figure 4a),
where the final slip consists of two overlapping circular-like slip patches (Figures 3a and 7a).
A similar bilateral rupture was obtained by Tinti et al. [2016], but with well separated and
smaller slip patches. This difference can be attributed to the regularization constraints applied
by the two methods.

The Ussita earthquake is characterized by relatively simple unilateral rupture
propagation towards NW (Figure 4b). These two events have maximum slip of 0.5 m and
peak slip rates of approximately 0.3 m/s with rupture speed roughly 3 km/s.

The largest Norcia event has remarkably different style of rupture evolution (Figure 4c).
Initially rupture propagates mainly updip and continues developing for 5-6 seconds. Due to
the smoothing constraint we cannot decide whether this is due to very long rise time and/or
very slow rupture propagation, or both. The peak slip rate reaches 1.2 m/s whereas the final
slip is ~3 m. The rupture seems to continue SE from the nucleation, at shallow depth along
strike, at a rupture speed of ~3 km/s. As the smoothing constraint generally makes the
maximum amplitudes of slip and slip rates smaller than the true values, one can still compare
the maxima of the three events, because the smoothing strength is the same in all the cases.

The obtained slip models are superimposed on the aftershocks distribution (from
Chiaraluce et al. [2017]) and the main tectonic features of the area, in order to explain the
relationship between the pre-existing geological structures and the rupture processes of the
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three events. In particular, the Sibillini Mts thrust ramp has been projected on the slip model
providing fundamental key-points in the interpretation of the temporal and spatial evolution
of .the sequence (thick dashed line in Figure 4). The MST geometry has been defined
following geological-structural constraints (see the discussion section) and seems to coincide
with the zone where seismicity concentrated after the August 24™ earthquake. The Amatrice
event involved the footwall block of the MST and the rupture was stopped against the MST
fault zone (Figure 4a). Similarly, the Ussita event occurred and propagated entirely in the
hanging-wall block of the MST (Figure 4b). The Norcia event nucleated in correspondence of
the fault intersection with the MST. Starting from this point, rupture propagated first upward
and northward, e.g., in the MST hanging-wall in a zone remained almost unruptured after the
first two main shocks. Successively, the rupture by-passed the MST fault zone affecting the
area in its footwall already involved during the Amatrice event (Figure 4c). These
observations highlight that the MST acted as a barrier from the very beginning, determining
the activation of single fault segments, delimiting the rupture length of the first two main
shocks and localizing the stress in the MST fault zone itself.

4. Towards a 2D+ visualization of the geological volume involved in the sequence

The ‘results of our inversion analysis provides a good tool to observe ruptures
propagation in space and time and their geometric relations with the MST pre-existing
mechanical barrier. Although for the slip inversions very simplified (planar) rupture planes
are sufficient to fit the low-frequency observed data in spite of the high geological-structural
complexities characterizing the study area, we tried to construct a more realistic 2D+ model
based on a set of geological cross-sections. Because the fault systems are composed of sets of
subparallel synthetic, antithetic, en-échelon Quaternary/active normal faults, oblique to pre-
existing thrust faults, we have drawn five cross-sections, both perpendicular and parallel to
the mean normal faults strike, all of them intersecting the epicenters of the five events with
magnitudes larger than 5 (Figures 1, 5, 6 and 7).

The cross-sections have been constructed integrating the available surface and
subsurface data in order to investigate possible relationships at depth among the geological-
structural features, the ruptures evolution and the seismicity distribution. In particular,
shallow geological boundaries and the pattern of Quaternary/active normal faults have been
traced following the available geological and structural maps of the area [e.g., Servizio
Geologico d’ltalia, 1941; Calamita et al., 1992; Pierantoni et al., 2013]. Considering the
regional scale of the cross-sections, they have been simplified (e.g., secondary thrusts and
folds and pre-Quaternary faults have not been represented) highlighting the relationships
between the active normal faults involved in the 2016 seismic sequence and the MST.
Regarding subsurface  stratigraphy, the “Varoni 001”7 well (available at
http://unmig.sviluppoeconomico.gov.it/videpi/videpi.asp), which was drilled throughout the
sedimentary succession for 5766 m, reaching the Triassic evaporites and dolostones, allowed
us to better constrain the geological model in the MST footwall block. The geometry at depth
of the MST has been defined, for the first 2-3 km, by field data which clearly show the low-
angle dip of the thrust plane. At major depth this feature represents a high-angle oblique
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thrust ramp that reactivated a pre-existing normal fault (e.g., Ancona-Anzio line; Castellarin
et al. [1982]). The high-angle geometry of the thrust ramp is supported by geologic and
seismic reflection data [e.g., Tavarnelli et al., 2004; Finetti et al., 2005] and has been drawn
also considering the aftershocks distribution and the interpolation between all the sections. At
6-8 km of depth, the aftershocks distribution evidences a band characterized by scarce
seismicity that we interpreted as a mechanically weak horizon (“detachment level” in Figure
7)..This ~1.5 km thick band falls between the overlying drilled Triassic rocks, characterized
by a relatively high seismicity, and an underlying zone with very high seismicity. According
to the deep stratigraphy imaged by seismic reflection data available for areas more to the
north [Scisciani et al., 2014], this horizon can be referred to as a “detachment layer”,
attributed to the (?Upper) Paleozoic—(?Lower) Triassic sequence. In this view we assume that
the zone underlying this layer, where seismicity concentrates, corresponds to a stronger
rheological level (e.g., the crystalline basement) where the Amatrice Mw 6.0 event seems to
be nucleated. The other 5<Mw<6.5 events are located above the weak horizon, nucleating
within the relative stronger Triassic sequence. At greater depths seismicity stops around 10-
12 km, suggesting this level to be the upper boundary of the brittle-ductile transition that
deepens towards the east (Figure 6). Such depth is in agreement with the rheological model of
Boncio et al. [2004] proposed for the Norcia—Mt. Vettore area.

The comparison between fault patterns (including the 2016 coseismic ruptures and long-
term geologic fault traces) and slip distribution (obtained by the inversion of the strong-
motion data) has been used to reconstruct an “enhanced 2D” evolution of the main events.
Clearly, this method suffers from limitations and assumptions: if on one hand the coseismic
surface ruptures indicate a very complex pattern with primary and secondary rupture planes,
the slip model, that we transposed on vertical cross-sections, indicates that the rupture
apparently does not reach the topographic surface, as it is simplified to a single fault plane
and constraints on the geometry of faults at depth are lacking. Nevertheless, the obtained
results seem to be sufficiently robust as they have been obtained comparing independent data
and methods.

Concerning the Amatrice Mw 6.0 event, slip inversion analysis shows that almost the
whole slip occurred in the footwall block of the MST with a maximum value of 40-50 cm at a
depth of 1 to 5 km (with respect to sea level) and a rupture length of 25-30 km (Figures 7a
and 8). The hypocenter location and slip distribution also indicate that the rupture began in
the footwall of LF, along the probable southern prosecution of the CVF, in correspondence to
the overlapping area between the LF northernmost sector and the CVF southernmost sector
(Figure 2 and section 1 of Figure 6). As already shown in Figure 4a, the slip model indicates
that the rupture firstly proceeded toward the southeast and, after ca. 2-3 seconds, propagated
toward the northwest. This pattern, therefore, may suggest different scenarios: i) the rupture
could be started directly on the CVF or ii) the rupture started at the relay zone between two
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faults (Figure 2), activating first the LF and then the CVF. The latter case implies a complex
rupture, suggesting that the two faults currently kinematically interact (soft-linkage) or are
already linked (as also suggested by Lavecchia et al. [2016]). It is noteworthy that the
northward propagation of the slip along the CVF was (almost completely) halted at the high-
angle deeper part of the MST (Figure 7a and b; see also Figure 4a), which hence acted as a
mechanical structural barrier [sensu Pizzi and Galadini, 2009; Di Domenica et al., 2012],
although the very shallow low-angle part of the MST was clearly displaced by the CVF
(section 2 of Figure 6 and Figure 9). These geometric relationships are strongly supported by
the surface rupture pattern following the August 24™ earthquake, which showed the
reactivation of the CVF, through the MST trace, for a surface length of about 5-6 km, starting
ca. 2 km north of the Arquata del Tronto village up to the northernmost sector of the Mt.
Vettore, with a maximum throw of ca. 20 cm (Figure 10). Conversely, the master fault
segments of the VBF did not show evidence for reactivation, at least by surface rupture data.
Surface rupture data therefore have a good accordance with those of the slip model,
especially about rupture location and sites where the slip has reached the maximum values
(Figure 7a), except in Accumoli-Amatrice southern area where the evidence for surface
rupture is discontinuous and throw is not comparable with that observed along the CVF. We
suggest_that this latter inconsistency can be due to the different style of deformation
associated with highly porous Messinian sandstones (Laga Formation) at the MST footwall,
which usually develop wide cataclastic zone and are also decoupled from the underlying
Tertiary-Mesozoic carbonate sequence by an interposed marly detachment level of Miocene
age.

From August 24™ to October 25", the aftershocks distribution delineates minor breaks to
the east of the Cordone del Vettore normal fault and a NE-dipping structure that may be
interpreted as the antithetic fault of the Mt. Vettore (section 2 of Figure 6). Moreover,
seismicity concentrated in proximity of the MST fault zone (Figures 4 and 7) as also visible
in map view where aftershocks define a NNE-SSW-trending cluster parallel to the MST,
likely corresponding to the structural barrier (i.e., MST fault zone) at depth (see aftershocks
distribution of the August 24™-October 25™ period in Figure 5).

The slip inversion analysis of the Ussita Mw 5.9 event indicates that the whole slip
occurred in the hanging-wall block of the MST with a maximum rupture length of ~25-28
km, at a depth of about 2-4 km with respect to sea level (Figures 7b and 8). Surface rupture
mapping carried out soon after the Ussita event and before the Norcia event showed the
reactivation at surface of the northernmost segment of the VBF (Cupi fault segment: CF, see
Figure 2), with a maximum measured throw of 15-20 cm observed in the central sector of the
CF (Figure 11) which corresponds with the area of maximum slip expected at surface by the
inversion model (Figure 7b). This second relevant shock nucleated at a minor relay zone
within the VBF (between the Mt. Bove and Cupi fault segments; Figure 2) and ruptured
toward the northwest (Figures 4 and 7). It is to note that the overall seismicity related to this
event (the northernmost of the 2016 sequence) is limited to the north by the Mt. Cavallo
thrust (MCT in Figure 7), which hence assumes the role of a preexisting structural barrier
similar to the parallel, and more to the south, MST. The fact that the 1997 Umbria-Marche
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seismic sequence was, similarly, limited to the south by the same structure (see Figure 1) also
support this hypothesis.

Slip distribution of the first two main events highlights a slip gap in the central-southern
sector of the VBF (Figures 7b and 8), where seismicity concentrated after August 24"
(Figures 6 and 7). The gap was “filled” by the zone of maximum slip during the Norcia event,
when the hypocenter localized just in correspondence of the MST structural barrier, in an
area that remained almost unruptured after the August 24™ and October 26™ events, as clearly
visible looking at the evolution of the slip distribution in time along section 3 (Figure 6) and
section 5 (Figure 7). The area where the October 30" event nucleated, moreover, corresponds
to the relay zone between VBF and CVF (Figure 2). The comparison among the slip
propagation, already mapped geological structures and coseismic surface ruptures suggests
that the first rupture occurred in the central-southern portion of the VBF (Mt. Bove fault
segment, in correspondence of the Mt. Porche area; Figure 2) affecting the hanging-wall of
the MST structural barrier. Slip seems propagating firstly toward the northwest (Figures 4c
and 7), probably overlapping to the October 26™ rupture zone, then toward the southeast, up
to the Castelluccio basin, where surface rupture data indicate the reactivation of already
mapped several minor synthetic and antithetic planes. The slip is subsequently transferred to
the south (overstep) reactivating the Cordone del Vettore fault, where the maximum surface
rupture of the entire area (1 to 2 meters) has been observed (Figure 10). In this way
deformation overcame the MST barrier and propagated also in its footwall for many
kilometers, probably activating part of the Laga Mts fault, as likely happened on August 24™.
This suggests that not all the elastic deformation accumulated by the Cordone del Vettore
fault was released on August 24™ as the fault was still locked to the north by the MST barrier.
On October 30" all the deformation has been accommodated. In this context, therefore, the
Cordone del Vettore fault constitutes a by-pass that works as a zone of linkage between the
Mt. Bove-Mt. Vettore, to the north, and the Laga Mts, to the south, fault systems (Figures 9
and 12).

Comparison between field observations and inversion results showed that much of the
maximum rupture length and a percentage of at least 50% of the maximum slip evaluated by
the inversion model for very shallow depth (2-4 km) have been “transferred” up to the
surface. For the Amatrice and Ussita events, indeed, the sites of maximum slip at depth (i.e.,
30-50 cm) correspond, with good approximation, to the sites of maximum throw at surface
(i.e., 15—20 cm), whereas a slip =2 3 m at 2 km of depth produced 1-2 m
of throw at surface. Moreover, these values highlight that there
was a difference of about one order of magnitude between the slip
produced by the two near M 6.0 earthquakes (i.e., Amatrice and Ussita) with
respect to that of M 6.5, both at depth and at surface. The fact that the slip obtained from the
model usually does not reach the topographic surface (Figure 7), can be attributed to a
limitation of the theoretical model or to the possibility that a considerable increasing of throw
occurred at surface due to post-seismic afterslip. Field observation of fault ruptures, also
within the 24 hours from the event and in some instances repeated in time, however, suggests
that negligible afterslip occurred at least after one day from the quake and during the next 1-2
weeks along the CF and CVF. The strong match resulting between the ruptures location at
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depth and at surface, as well as between the maximum slip at depth and at surface (Figure 7),
for lengths of kilometers to tens of kilometers and along highly variable topography, clearly
indicates that most of the ruptures observed at surface are coseismic slip and not shaking-
induced landslides.

5. Discussion and conclusions

The peculiar location, size and evolution of the ruptures related to the three main shocks of
the 2016 Central Italy seismic sequence and the great quantity of geologic, geodetic and
seismological data provides a unique opportunity to better understand the relation between
earthquakes, fault segmentation and structural barriers. Here in particular we focused on the
first-order structural barrier represented by the MST cross structure interposed between the
VBF and LF nearby fault systems, as well as secondary barriers here defined as the
intersegment zones along the same fault system. In general, our results seem to confirm the
dual role exerted by barriers that act not only as obstacle to the rupture propagation, but can
also concentrate stress and localize the rupture causing twin earthquakes [Aki, 1979]. While
according to Mildon et al. [2017] strike-variable fault geometries are able to generate stress
heterogeneities that control the distribution and limits of the ruptures, we observe that the
August 24™ and October 26" events demonstrate that the MST first acted as a barrier
delimiting the two ruptures and subsequently begun to act as a stress concentrator. Following
the high stress concentration in correspondence of the barrier itself, this latter then acted as an
initiator of the rupture allowing the contemporaneous multiple rupture of the VBF, CVF and
probably of the LF northernmost portion during the October 30" M6.5 event. This
reconstruction is supported by the complex evolution of the sequence that showed an
increasing seismicity with time. It is to note that such energy vs time pattern of the sequence
— i.es; events of magnitude from about 6 up to 7, close in time (e.g., days-months) — is not a
unique case in the Central Italy seismic history. It is sufficient to consider the 1997 Umbria-
Marche sequence, where a M 5.7 event triggered 9 h later an adjacent M 6.0 event, which
ruptured the same fault system farther to the north and the 1703 Norcia-L’Aquila sequences
with two ca. M 6.7 events occurred on 19 January and 2 February [Blumetti et al., 1995;
Chiaraluce et al., 2005; Rovida et al., 2011]. Also paleoseismological studies based on 36Cl
concentration indicate that the Holocene activity of the Fucino fault system, located just to
the south with respect to the analysed fault systems (Lazio-Abruzzo region), experienced
periods of multiple, clustered earthquakes [Benedetti et al., 2013; Cowie et al., 2017].
Furthermore, the increasing cases worldwide that document clustering of strong events
suggest that earthquake synchronization can be a common behaviour for seismogenic fault
systems [e.g., Scholz, 2010; Sokos et al., 2016]. This evidence clearly implies that faults can
“communicate” to each other [see discussion in Benedetti et al., 2013]. We suggest that one
of the possible mechanisms that allow faults to communicate and interact is exactly the
presence of barriers. This is not really a contradiction because, as discussed before, a
transversal structural barrier can constitute, since the beginning, a zone of rapid stress and
strain accumulation due to the dynamic stress transferred by the activated nearby parallel
fault system (e.g., the VBF and the LF for the 2016 sequence?) up to reach the strain
threshold triggering another large earthquake. Alternatively, it may be that the inherited MST
fault zone endure as a persistent barrier to rupture over many earthquake cycles as the
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structural maturity of the fault increases, as suggested by the DuRoss et al. [2016] for the Tre
Monti fault (Fucino fault system), and only later became a zone of rupture nucleation with the
development of a new bypass fault. Based on the long term geological and morphotectonic
evidence we take more for this last hypothesis.

The evolution of the study area can be schematized considering two growing normal fault
systems (e.g., the LF and VBF), which have started to kinematically interact, separated by a
pre=existing oblique structural barrier (e.g., the MST fault zone; Figures 9 and 12). In this
maodel the two adjacent faults have grown separately during the Quaternary (Figures 12a and
b), accumulating lengths of ca. 30 km and geologic throws larger than 1000 meters, with
Late-Quaternary slip rates in the order of 0.5-0.6 mm/yr [e.g., Barchi et al., 2000; Pizzi et al.,
2002]. Successively, the stress and strain fields surrounding the two fault systems have
probably started to interfere. According to Duffy et al. [2015] and Peacock et al. [2017 and
references therein] such fault interaction produces areas of local stress concentration and
perturbation that can cause the formation of secondary structures — e.g., the CVF (Figure
12b). In this view, the “young” CVF cannot be really considered as an eastern splay of the
VBFEF, as it would appear from the plan view (Figure 2), but rather an “independent” fault
which has started in the footwall of the MST [Calamita and Pizzi, 1994] as an attempt of
linkage between the LF and VBF. In particular, we suggest that the CVF is growing toward
the north developing a soft-linkage with the VBF. This hypothesis seems to be supported by
the fact that the highest throws during the two major events, both at depth (slip inversion
model; Figures 6, 7 and 8) and surface (coseismic ruptures; Figure 10), have been recorded
on the CVF, according to the fault linkage model which illustrates that the zone of linkage
between two master faults is that where the major slip is accumulated and therefore is
growing faster than the adjacent faults [e.g., Peacock and Sanderson, 1994; Childs et al.,
1995]. This would also explain why the CVF is characterized by greater morphotectonic
evidence,. i.e., well-exposed and continuous fault plane, despite its cumulative geological
downthrown being about an order of magnitude less than that of LF and VBF. In our model,
slip data indicate that the LF probably activated together with the CVF both on August 24"
and October 30", suggesting that also these two normal faults are probably soft-linked at
present. The January 18", 2017 sequence, with the four Mw > 5 events, not considered in this
paper, also supports the activation of the central-northernmost sector of the LF.

In addition, the fact that the slip of the first two main shocks (August 24™ and October
26”‘) has been essentially confined by the MST and that even the major event (October 30™)
localized exactly on the deep MST fault zone, means that this latter still represents a
structural barrier with respect to the VBF and CVF which are not yet in direct physical
contact (e.g., soft-linkage).

Probably in the future the CVF is likely to breach out the sector of the barrier that will
remain as an irregularity on the new through-going continuous fault surface (e.g., hard-link
between VBF and CVF and, possibly, LF), and both the asperity and the continuous fault
may be by-passed at a later stage (Figure 12c). This evolution model has implication on the
seismic hazard of the area as single faults 10-15 km long might be capable of generating M
5.5-6.0 earthquakes, while the breaching of the barrier might be associated to M 6.5 events or
larger, as occurred during the 2016 seismic sequence. We believe, however, that our
understanding of fault interaction at relay zones and across structural barriers must be
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improved through multidisciplinary studies regarding field geology, paleoseismology,
geophysics, stress transfer modeling, etc. also considering the implications for seismic hazard
assessment in Italy and worldwide.
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Table 1. Magnitude and location of the three main events of the 2016 Central Italy
sequence (* from http://cnt.rm.ingv.it; § from Chiaraluce et al. [2017]).

Lon® Lat® Depth® Mw’ Date and time

(km)
13.251 42.704 7.93 6.0 2016-08-24 01:36:32
13.088 42.904 4.45 59 2016-10-26 19:18:05
13.121 42.835 7.32 6.5 2016-10-30 06:40:17

Table 2. Results of the finite fault inversion (*refers to location of the centroid
calculated from the inverted slip distribution).

Rake | Dip | Strike | Lon* | Lat* Depth* | Mw Date and time

-85 45 155 13.24 | 42.73 4.7 6.2 2016-08-24 01:36:32
-80 40 160 13.12 | 42.94 4.2 6.1 2016-10-26 19:18:05
-90 40 160 13.19 | 42.80 3.8 6.5 2016-10-30 06:40:17
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Figure 1. a) Location map of Figure 1b with the three main arcs of the Apennine chain. b)
Seismotectonic sketch of the study area with the main thrusts (black lines) and
Quaternary/active normal fault systems (red lines). Thick red lines indicate the normal faults
involved in the 2016 seismic sequence. Focal mechanisms of the 2016 (in red) and other main
recent seismic sequences are reported. The Mt. Cavallo (MCT), Sibillini Mts (MST) and
Gran Sasso (GS) thrust ramps are oblique to the main (N)NW—(S)SE trend of the normal
fault systems. In green: traces of the cross-sections shown in Figures 6 and 7.
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Figure 2. a) Simplified structural map of the area struck by the 2016 Central Italy seismic
sequence (see Figure 1 for the location) in which the Quaternary/active normal faults (from
Calamita et al. [1992], except the west-dipping fault affecting the Castelluccio basin, that is
from Galadini and Galli [2003]), the main Miocene-Pliocene thrust planes (MST: Sibillini
Mts thrust) and the extent of observed coseismic surface ruptures are reported. The
projections of the fault planes considered in the slip inversion for the three main events and
showed in Figures 3 and 4 are reported (grey thick lines: 1 - Amatrice event; 2 - Ussita event;
3 - Norcia event). The Mt. Vettore—-Mt. Bove normal fault system (VBF) is composed of
several normal fault segments among which we distinguish the northernmost Cupi segment
(CF), probably activated during the October 26™ Ussita event, from the central-southern
sector (BF: Mt. Bove segment) (b). The Cordone del Vettore fault (CVF) runs along the Mt.
Vettore western slope and displaces the MST at surface. The Laga Mts fault system (LF)
affects the MST footwall block. Polygons with green oblique lines indicate relay zones
between adjacent normal faults where the three main shocks probably nucleated. Dotted
ellipses represent the extent of observed ground ruptures along the VBF and CVF fault
systems (this study) and LF (after Pucci et al., [2016]) for each of the three major events.
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Figure 3. a) Slip distribution of the Amatrice event projected on the surface with
corresponding fault (blue rectangle), epicenter (stars) and stations used in the inversion
(circles). On-fault aftershocks of the whole sequence [Chiaraluce et al., 2017] are plotted by
grey dots. Grey rectangles correspond to the other faults shown for easier visual comparison.
b) Same as (a) but for the Ussita earthquake. ¢) Same as (a) but for the Norcia earthquake
(note the saturated color scale; the maximum slip reached is 3 m). d) Combined plot of the
contour of 0.3 m slip (thin lines) for all the three events and of 1.5 m for the Norcia event
(thick dashed line). For the location of the fault top edges see also Figure 2.
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Figure 4. Slip rate snapshots showing rupture evolution in time for the three analyzed events.
The points represent on-fault aftershocks of the whole sequence. Color scales are different to
highlight individual slips on faults (i.e., events located within 0.5 km from the model fault
plane). We have omitted the snapshot at Os for the Norcia event as the slip rate was negligible
along the fault. The black dashed line sketches the fault intersection with MST. See Figure 2
for the location of the fault top traces.
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Figure 5. Location of the five events with magnitude larger than 5 (red stars) and aftershocks
distribution from Chiaraluce et al. [2017] (dots are colored according to different time
periods).-Black lines are the cross-sections shown in Figures 6 and 7.
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Figure 6. Cross-sections 1-4 (traces in Figures 1 and 5) showing the main events, the
aftershocks and the fault slip (transposed on the cross-section vertical plane) for each period.
Geometric relationships between the MST (black line) and the normal faults involved during
the 2016 seismic sequence (red line or red dashed line if the prosecution of the fault is
supposed at depth) are displayed. Grey dots are aftershocks in the period 24/08-25/10, purple
dots are aftershocks in the period 26/10-29/10 and black dots are aftershocks in the period
30/10-30/11. Looking at the evolution of the sequence both in time (from August 24™ to
October 30™) and space (from section 4, to the north, to section 1, to the south) the activated
normal faults and their relationships with the MST barrier are visible. In column “c” the
misfit between the projection of the slip and fault geometry may be due to the simplification
of the slip model and/or to the uncertain geometry of faults at depth.
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Figure 7. Cross-section parallel to the faults strike (trace 5 in Figures 1 and 5) comparing
rupture length and slip amount from inversion method with field observations: thick lines
above each profile and thick dashed lines, where uncertain, indicate rupture length observed
at surface; arrow indicates the site where the maximum surface throw was observed (surface
rupture length along the Laga Fault are from Pucci et al. [2016]). Note the good
correspondence between the two dataset regarding ruptures extent and zones of maximum
slip. On the cross-section the locations of the main events, fault slips from inversion analysis
(transposed on the cross-section vertical plane), aftershocks distribution (grey dots are
aftershocks in the period 24/08-25/10, purple dots are aftershocks in the period 26/10-29/10
and dark gray dots are aftershocks in the period 30/10-30/11), the main geological
boundaries and the MST are represented. The MST controlled the propagation and
distribution of slip and seismicity, confining the ruptures of August 24™ and October 30".
The October 30" nucleated in correspondence of the MST and the associated slip involved
the area remained almost unruptured after the first two main shocks. See text for further
explanations.
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Figure 8. Slip distribution along section 5, at a reference depth of 2 km. After the first two
events the central sector of the area is characterized by a slip gap, that corresponds to the
largest slip of the strong-motion inversion (October 30™ event).
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Figure 9. Schematic 3D model of the 2016 Central Italy earthquakes rupture zones, not to
scale. Red stars are the three main shocks; ellipses represent the active normal faults (LF:
Laga Mts normal fault; CVF: Cordone del Vettore normal fault; VBF: Mt. Vettore—Mt. Bove
normal fault system with the BF: Mt. Bove and CF: Cupi fault segments); MST: Sibillini Mts
pre-existing oblique thrust ramp acting as a structural barrier. Only the shallower low-angle
part of the MST is displaced by the CVF, which ruptured up to surface. The MST high-angle
fault zone, instead, still likely represents a structural barrier at depth, limiting the rupture of
August 24™ and, probably, October 26" and concentrating the local stress until the rupture of
October 30™ nucleated on it. The fact that the Mw 6.5 event activated both the VBF and
CVF, however, suggests that, at least, there is a kinematic soft-linkage at the relay zone
between these two faults and even that the CVF has probably started to breach through the
fault zone of the MST barrier. The August 24™ and October 26" ruptures initiated at the relay
zones between LF and CVF and between BF and CF, respectively.
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Figure 10. Coseismic surface ruptures occurred along the Cordone del Vettore fault (see
Figure 2-for the location). This fault has been activated by both the Amatrice event, recording
ca. 20 cm of coseismic slip, and the Norcia one, after which the fault showed the maximum
surface rupture (1 to 2 meters) of the entire area. The two ruptures are recognizable as they
are represented by two lighter bands of unweathered (e.g., not previously exposed) limestone
at the base of the fault plane. The August 24™ throw appears as the brightest band because it
was cleaned by the September-October rains, while the October 30" is still smeared by the
faulted soil dragged along the fault plane (picture taken on December 3", 2016).
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Figure 11, Coseismic surface ruptures occurred along the Casali fault (see Figure 2 for the
location). This fault has been activated during the Ussita event, recording a maximum
coseismic slip of about 20 cm (picture taken on October 27", 2016).
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Figure 12. Schematic evolution of the normal fault systems affecting the study area. Fault
segments have grown independently, separated by MST (a) VBF (CF+BF) and LF become
kilometers-long fault systems and CVF starts developing as a distinct fault displacing the
MST (b). This stage may represent the present-day setting where CVF is working as a soft-
linkage structure between VBF and CVF and has to recover the displacement gap growing
faster than the adjacent faults. Probably in the future, MST could be by-pass through the
hard-linkage of VBF, CVF and LF (c).
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