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Coseismic Rupture

F. Villani' (&), S. Pucci' (2}, R. Civico (), P. M. De Martini' (), F. R. Cinti' (), and D. Pantosti’

Ystituto Nazionale di Geofisica e Vulcanologia, Rome, Italy

Abstract The study of coseismic surface ruptures provides insights into earthquakes dynamics and fault
growth processes. We analyze the surface faulting related to the seismic sequence that hit central Italy in
2016-2017, focusing on the ruptures caused by 30 October 2016 M,, 6.5 Norcia earthquake. They are located
on the NW trending normal fault splays of the Mount Vettore-Mount Bove fault system (VBFS), forming a
fracture network made of hundreds of strands striking N135-160°. The surface rupture length for this event is
~22 km, with average surface slip of ~0.44 m and peak of ~2.10 m. The collected coseismic slip vectors yield
an average N233° trending extension, consistent with the local structural setting and seismological data.
Surface slip displays cumulative frequency-size distributions of rupture length and offset that follow power
law and exponential scaling over 2 orders of magnitude, respectively. We observe strain localization on a few
major fault splays of the VBFS, causing a markedly asymmetric along-strike slip profile, with a high gradient to
the southeast. The ~5-km-long Cordone del Vettore fault accounts for 40% of the overall coseismic surface
slip. We infer that the heterogeneous slip at depth, coupled with the highly segmented nature of the VBFS
and its interference with thrusts and adjacent active normal faults, has control over the pattern of surface
faulting. For the Norcia earthquake, a robust scaling of surface slip area with rupture length accounts for
extreme slip peaks over relatively short ruptures, which we envisage may be typical of the VBFS long-

term growth.

1. Introduction

Surface-rupturing earthquakes represent a unique opportunity to investigate the impact of coseismic faulting
on landscape evolution and to refine models of brittle deformation affecting the upper crust (Burbank &
Anderson, 2011; Bull, 2009; Wallace, 1977; Yeats et al., 1997).

Faults grow through the accumulation of seismic slip (Cowie & Scholz, 1992a, 1992b; King et al., 1988; Walsh &
Watterson, 1987). The amount and spatial distribution of fault slip depends on several factors, such as fault geo-
metric complexity and segmentation, heterogeneity of stress conditions and rock stiffness, and interaction with
adjacent faults (Bruhn & Schultz, 1996; Birgmann et al., 1994; Scholz, 2002). Repeated earthquakes over several
seismic cycles (10°- to 10°-year timescales) guide the evolution of fault systems. Incremental fault growth and
lateral tip propagation resulting from cumulative single-slip episodes, coupled with stress-induced interactions
between nearby faults, promote linkage of smaller segments into larger ones. Many theoretical and field studies
suggest that the evolution of complex fault systems entails a progressive hierarchical organization, provided
boundary conditions remain stationary during fault nucleation. This results in the development of a few main
large faults that accumulate most of the deformation (strain localization), while other faults are eventually deac-
tivated (Ackermann & Schlische, 1997; Cowie, 1998; Cowie et al., 1995; Cowie & Shipton, 1998; Dawers & Anders,
1995; Gupta & Scholz, 2000; Meyer et al., 2002; Nixon et al., 2014; Peacock & Sanderson, 1991). Whether strain
localization is achieved at the very beginning of fault network growth or in a more mature stage is matter of
debate (Childs et al.,, 2017; Nicol et al., 2017). However, compelling experimental and outcrop evidence shows
that this fundamental process takes place over a wide range of spatial wavelengths, from the structural pattern
of kilometer-scale fault systems down to the internal architecture of fault zones (Ben-Zion & Sammis, 2003;
Shipton et al., 2006; Wibberley et al., 2008; Yamashita, 2009).

A critical step in seismic hazard assessments is the recognition of structural and geometric complexities
within fault systems that hamper rupture propagation (barriers) or, conversely, may favor interaction of adja-
cent faults on different timescales (D'Alessio & Martel, 2004; Manighetti et al., 2009; Sibson, 1988; Wibberley
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et al,, 2008). Ultimately, such knowledge yields the basis for establishing the segmented and interacting
framework of seismogenic fault systems, with the chance to identify possible recurrent styles of coseismic
faulting, potential rupture length, and organization (e.g., DuRoss et al, 2016; Machette et al., 1991).
Therefore, the detailed analysis of coseismic surface ruptures may provide precious hints on active faults
segmentation and the way they accumulate displacement and grow through time (Lin, 2009).

The trace of coseismic ruptures and the morphology of fault scarps caused by moderate to large earthquakes
typically displays geometrical complexity (Anderson, 1951; Choi et al., 2012; Segall & Pollard, 1980; Sibson,
1988; Tchalenko & Berberian, 1975; Vedder & Wallace, 1973) that may attain an extreme degree, as documen-
ted in some cases of multifault ruptures involving a very large number of segments (Hamling et al.,, 2017;
Litchfield et al.,, 2018).

Surface ruptures along normal faults usually appear in map quite irregular: one main reason is that the sur-
face trace develops perpendicularly to the mean slip vector, that is, a direction where fault plane roughness
is generally higher (Sagy et al., 2007; Scholz, 2002). Furthermore, normal fault ruptures are complex since they
often involve several adjacent segments with large steps (Biasi & Wesnousky, 2016) and multiple splays that
concentrate in the hanging wall of the principal deformation zone: this results in an asymmetric across-fault
rupture distribution, mostly due to the different stress conditions acting in the footwall and hanging wall
blocks during fault propagation (Berg & Skar, 2005).

Seismological and geological analysis of surface-rupturing normal-faulting earthquakes in continental envir-
onments shows that they may occur as multiple shocks on different fault segments, resulting in compound
surface ruptures. lllustrative case studies are the 1959 M7.5 Hebgen Lake earthquake in Montana (Doser,
1985; Wallace, 1980; Witkind et al., 1962), the 1981 Mg 6.7 Corinth earthquake in Greece (Collier et al., 1998;
Jackson et al,, 1982; King et al., 1985; Roberts, 1996), and the 1983 M, 7.3 Borah Peak earthquake in Idaho
(Bruhn et al.,, 1987; Crone et al., 1987; Wallace, 1984). Those ruptures display slip partitioning on different
strands with variable geometry, and asymmetric along-strike throw distribution, pointing out a link between
earthquake source complexity and pattern of surface faulting (Manighetti et al., 2005).

Although several normal-faulting earthquakes ruptured the surface in the last century (see a review in Boncio
etal,, 2012), detailed quantitative data on the geometric and structural properties of those surface breaks are
available only for the most recent events and are relatively few with respect to strike-slip and reverse-type
cases (e.g., Stirling et al., 2013; Wesnousky, 2008).

The Apennines (Italy) represent one of the regions with the highest seismogenic potential in the
Mediterranean area, mostly due to shallow crustal normal-faulting earthquakes (Amato et al., 1997;
Anderson & Jackson, 1987; Chiarabba et al., 2005). In this area, the largest seismic events occur with centen-
nial to millennial recurrence times, so that only a few cases of surface faulting have been studied with a
modern scientific approach. Among these, the surface ruptures produced by the 1915 M,, 6.8 Avezzano
earthquake in central Italy were reconstructed based on historical reports and subsequent investigations
(Galadini & Galli, 1999; Michetti et al., 1996; Oddone, 1915). However, the first well-documented surface
rupture dates back to the 23 November 1980 M,, 6.9 Irpinia earthquake in southern Italy. It was a complex
earthquake characterized by multiple shocks on different fault segments (Bernard & Zollo, 1989; Cocco
et al.,, 1999; Westaway & Jackson, 1987). Westaway and Jackson (1984) and Pantosti and Valensise (1990)
mapped in detail the surface rupture, and subsequent trench investigation by Pantosti et al. (1993) led to
the recognition of recurrent Holocene surface faulting along the 1980 earthquake fault, initiating paleoseis-
mology in Italy (Galli et al., 2008).

More recently, detailed studies revealed the occurrence of surface ruptures also in the case of moderate-sized
normal-faulting earthquakes in the central Apennines. This was the case of the M,, 6.0, 1997 Colfiorito
earthquake (Cello et al., 1997; Cinti et al., 1999; Mildon et al., 2016; Pantosti et al., 1999) and of the M,, 6.1,
2009 L'Aquila earthquake (among the others Boncio et al., 2010; Cinti et al, 2011; EMERGEO Working
Group, 2010; Vittori et al,, 2011).

The latest event, the 30 October 2016 M,, 6.5 Norcia earthquake (Figure 1), is of paramount importance in the
list of recent Italian surface-rupturing earthquakes, because it was the strongest Italian earthquake since the
1980 Irpinia event and produced an impressive complex system of surface ruptures, affecting a > 400 km?-
wide mountainous area. The seismological and geodetic data point out a remarkable complexity of the
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Figure 1. Simplified structural map of the area struck by the 2016-2017 seismic sequence (compiled from 1:10,000-scale
cartography of Regione Umbria and Marche, Centamore et al.,, 1992, and Pierantoni et al., 2013). The labels VBFS and
LMFS indicate the Mount Vettore-Mount Bove and Laga Mountains fault systems, respectively. MST indicates the Sibillini
Mountains thrust. The pink open squares indicate the main historical seismic events (Rovida et al., 2016). The time-domain
moment tensor solutions for the three mainshocks of 24 August, 26 October, and 30 October 2016 are from Tinti et al.
(2016), Chiaraluce et al. (2017), and Scognamiglio et al. (2018), respectively. The simplified trace of the coseismic surface
ruptures produced by the three mainshocks (in red) is from Civico et al., 2018. A-A’ is the trace of the baseline used for the
projection of coseismic surface offset data.

coseismic rupture process (details in section 2), which clearly reflect on the pattern of surface faulting. All this
motivates the development of our detailed study on the coseismic ruptures produced by the Norcia
earthquake and their relations with the local geology and geomorphology, as they represent a unique
opportunity to understand and how to decipher segmentation and potential surface faulting scenarios in
these regions.

In this paper, we report a quantitative analysis of the surface ruptures based on the calculation of surface slip
distribution, and the description of its geometrical and statistical properties. We take into account the
detailed documentation provided by Civico et al. (2018) and Villani et al. (2018) and expand those two works,
by focusing on the following: (1) the geometric arrangement of the surface ruptures, (2) the associated sur-
face slip and kinematics, (3) the overall length of the activated fault traces, (4) the rupture segmentation in
relation to the known active structures and those produced by past deformation events, and (5) the possible
relationships between the surface slip pattern and the complexity of the rupture process at depth. Finally, we
elaborate some conceptual understandings regarding normal fault growth, segmentation, and the scaling
relationships between seismic moment and surface ruptures in the framework of global empirical scaling
laws for dip-slip earthquakes.
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2. Geological Background and Seismotectonic Framework

The axial zone of the central Apennines (Italy) is made of Meso-Cenozoic carbonate and siliciclastic rocks
that experienced NE thrusting during Miocene-Pliocene times (Vai & Martini, 2001). The Sibillini
Mountains thrust (MST; Figure 1) is one of the main resulting compressional structures in this region
(Calamita et al., 2012). Since the Late Pliocene-Early Pleistocene, postorogenic extension started affecting
the chain (Cavinato & De Celles, 1999; D’Agostino et al.,, 2001) with the present NE directed extension
(Montone et al., 2012) reaching regional rates of 1-2.5 mm/year (D'Agostino et al., 2008, 2011; Devoti et al.,
2011). The current extension promotes the release of moderate-sized (5 < M < 6) to large (up to M ~7)
normal-faulting earthquakes, typically nucleating down to depths of ~15 km (Chiarabba & Chiodini, 2013;
Chiarabba et al., 2005; Pondrelli et al., 2006). The catalog of historical earthquakes (complete for M > 5
events since ~1300 CE; Rovida et al., 2016) further testifies a high seismogenic potential (Figure 1), since
the study area was repeatedly affected by M~6 earthquakes.

The long-term extension originated a compound network of normal fault systems up to ~25-30 km in length,
partially coaxial with the Neogene thrusts, mostly NW trending and SW dipping (Figure 1; Barchi et al., 2000;
Boncio & Lavecchia, 2000; Cowie & Roberts, 2001; Lavecchia et al., 1994; Roberts et al., 2004). Most of these faults
show clear hints of late Pleistocene to recent tectonic activity (offset postglacial deposits and landforms, com-
pound fault scarps affecting both continental deposits and pre-Quaternary bedrock), while geologic and paleo-
seismic data provide values of individual fault slip rates in the 0.2-1.3 mm/year range (Barchi et al., 2000;
Benedetti et al,, 2013; Cinti et al., 2018; Cowie et al.,, 2017; Galadini & Galli, 2000; Galli et al., 2008; Giraudi, 1995).

The study area (Figure 1) encloses two of the easternmost active fault systems in this part of the central
Apennines: (1) the Mt. Vettore - Mt. Bove fault-system (VBFS for short; Calamita & Pizzi, 1992, 1994;
Calamita et al,, 1992; Cello et al.,, 1997; Pizzi et al., 2002), running ~25 km within the Sibillini Mts. Range; 2)
the ~30 km-long Laga Mountains fault-system (hereinafter LMFS; Figure 1; Boncio et al., 2004; Galadini &
Galli, 2003). They display a right-stepping relationship with a complex relay zone of distributed deformation
crossed by the MST. This region was considered a seismic gap, being bordered by the epicentral areas of
recent earthquakes to the west (1979, M,, 5.9 earthquake; Deschamps et al., 1984), to the northwest (1997,
Colfiorito sequence; Amato et al., 1998), and to the southeast (2009 L'Aquila seismic sequence; Chiaraluce,
2012). Previous studies pointed out the seismogenic potential of the VBFS and the LMFS (Galadini & Galli,
2003; Boncio et al.,, 2004), because they are characterized by an apparent lack of significant seismicity (with
the exception of the 1639 M 6.3 earthquake that severely affected Amatrice) and by concurrent geomorphic
(Calamita et al., 1992; Calamita & Pizzi, 1994; Galadini & Galli, 2000; Lavecchia et al., 1994) and paleoseismic
(Galadini & Galli, 2003) evidence of recent activity.

The VBFS and LMFS ruptured in 2016 giving rise to a long seismic sequence (Chiaraluce et al., 2017; Mildon
etal,, 2017), which began on 24 August 2016 with a M,, 6.1 earthquake located to the NW of Amatrice (close
to Accumoli, at 8-km depth), causing 299 fatalities and widespread damage (Figure 1). This earthquake
showed a remarkable complexity of the rupture process, which involved the northernmost part of the
LMFS and the southernmost part of the VBFS, giving rise to two distinct main slip patches (Tinti et al.,
2016). Later on, two shocks occurred in the northernmost part of the VBFS on 26 October close to Visso
(M, 5.6 and M, 5.9). The M,, 5.9 event (hereinafter Visso earthquake) showed seismological evidence of rup-
ture complexity as well (Chiaraluce et al., 2017). Finally, the largest shock occurred on 30 October close to
Norcia (M,, 6.5). The latter, with peak slip values up to ~3 m retrieved from strong motion (Chiaraluce et al.,
2017) and Global Positioning System (GPS) data inversion (Cheloni et al., 2017), broke an asperity that had
already slipped on 24 August. According to Scognamiglio et al. (2018), the time-domain moment tensor solu-
tion for this earthquake has nodal planes trending N151° and N330° with almost pure dip slip, respectively
(providing a T axis trending N241°); moreover, the rupture process is highly complex, and it involved most
of the VBFS together with a small portion of the MST (further details in section 5.2). Walters et al. (2018) using
geodetic data propose an even more complex multifault rupture, involving a larger number of segments,
including antithetic and transverse structures.

The Amatrice earthquake produced surface faulting for a minimal length of ~5-6 km along the southernmost
part of the VBFS, with average vertical offset of ~0.10-0.15 m and local peaks >0.30 m (EMERGEO Working
Group, 2016; Lavecchia et al., 2016; Livio et al,, 2016; Pucci et al., 2017). The Visso earthquake caused surface
faulting in the northernmost part of the VBFS (EMERGEO Working Group, 2017; Pizzi et al., 2017). However, data
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on this event are less abundant, due to the very short time available for surveys before the occurrence of the M,,
6.5 Norcia earthquake. Surface faulting caused by this last event involved almost the entire length of the VBFS
overprinting the ruptures of the Amatrice earthquake and part of the Visso earthquake ruptures. Several geo-
logic surveys resulted in (1) a surface rupture map, drawn by inspecting a selection of ~11,000 oblique-view
photos from helicopter flights, verified and integrated with field data (Civico et al,, 2018), and (2) an open-access
database of surface coseismic effects (Villani et al., 2018). Ferrario and Livio (2018) focus on the role of lithology
and structural setting in the pattern of surface faulting. Wilkinson et al. (2017), by using low-cost GPS units
located in the footwall and in the hanging wall of some splays of the VBFS, demonstrate that the surface rupture
process completed within 6-8 s from the origin time of the mainshock, before the onset of the peak ground
acceleration: therefore, they infer that the coseismic surface breaks developed at a rate comparable to the rup-
ture propagation speed, as direct expression of primary surface faulting.

3. Data and Methods
3.1. Surface Rupture Mapping and Field Data Collection

The main data we use in this work are the surface rupture map by Civico et al. (2018) and the database of
coseismic effects by Villani et al. (2018): these two papers report full technical details about remote mapping
and field data collection. For the purpose of this work, we integrated the database (containing records col-
lected between November 2016 and July 2017), with new unpublished data acquired during field surveys
that we carried out on August and September 2017 (Table S1 in the supporting information). In total, we ana-
lyze ~5,200 surface offset data points.

Overall, those data provide a pattern of the near-field coseismic displacement and geometric arrangement of
the rupture that is adequate at nearly 1:5,000 scale. They include some intrinsic uncertainty in the location,
due to the use of hand-held GPS and to inaccuracies in georeferencing and rectifying the oblique-view
images (details in Villani et al., 2018).

3.2. Surface Offset Measurements and Analysis

The clear tectonic origin of almost all of the coseismic ruptures is testified by the following features: (1) strict
relation with preexisting faults; (2) significant linear extent (tens to hundreds of meters), which is indepen-
dent of local morphology and bedrock lithology; (3) coherent extensional structural arrangement given by
kinematic compatibility of step overs and relays at different scales; (4) consistent kinematics provided by
coseismic slip vectors, in accordance with long-term fault striae; and (5) tapering of surface offset at rupture
ends and smooth summed throws of overstepping strands. We rejected some measurements that after a
careful analysis resulted on shallow slide scars triggered by the earthquake and affecting the scree cover:
most of those slides were already mapped by Civico et al. (2018) and display a wide azimuthal dispersion.

Some outcrops show the link of the surface ruptures affecting loose deposits with the underlying causative
bedrock fault planes, so their inspection allows us to relate the measurement of some geometric features of
the coseismic ruptures to the fault throw and heave, respectively, as vertical and horizontal components of
the true slip along the fault plane (Figure 2).

It is known that when the slip on the main fault (dipping ~55-70°) approaches very shallow depths (~1-2 m), it
may propagate upward as a high-angle fracture into the loose deposits in the hanging wall. In fact, the dilatant
stress conditions close to the free surface favor mode-I (tensile) cracking and hybrid failure (also known as dila-
tional faulting, Ferrill & Morris, 2003). Therefore, the free face height is a proxy for fault throw. Accordingly, the
horizontal displacement (i.e., opening) equals heave at depth, bearing in mind that the gravitational collapse of
the free face may occur, thus causing a small overestimation of the true heave (Figure 2a). This configuration is
similar to the gravity graben model (Gilbert, 1890), widely adopted by Slemmons (1957) for describing the sur-
face ruptures following the 1954 Dixie Valley earthquake. Sometimes, in presence of thin cover of loose depos-
its in the hanging wall block, almost all of the slip localizes onto the bedrock fault plane, with a very small
amount of opening. In such conditions, the measurement of coseismic net slip is straightforward (Figure 2b).
We also observe that, across some overstepping fractures, the relay zone appears breached by a single discrete
shear zone, whose net slip equates the summed slip of the overstepping surface ruptures.

The collected measurements are different depending on the type of free face. Along free faces affecting loose
soils and debris cover, we measure the maximum local height (vertical offset, Vo) and opening (0O), and,
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Figure 2. Modified version of the gravity graben model (after Slemmons, 1957) applied to the coseismic ruptures analyzed
in this paper. (a, bottom) Picture of a coseismic free face on unconsolidated soils covering the bedrock plane and main
geometric parameters measured in the field (trekking stick and smartphone for scale). (a, top): Sketch of the tensional field
that promotes shear and hybrid failure. (b, bottom left) Picture of coseismic free face on bedrock fault, with the coseismic
slip vector defined by clearly recognizable piercing points. (b, upper left) Sketch of the tensional field that promotes shear failure.

whenever possible, the net slip (S) using recognizable structural and/or geomorphic piercing points
(Figure 2b). Along free faces on bedrock fault planes, we measure the maximum height (vertical offset) of
the coseismic ribbon at the base of the scarp and the opening of additional fractures on scree/debris in
the hanging wall. We tried to set in the field a nearly constant ~10-m spacing of measurement points;
however, in some cases the points are more widely spaced, due to unfavorable local conditions.

The large amount of data collected required a preliminary statistical analysis to cope with the intrinsic hetero-
geneity of surface faulting and to provide spatially averaged surface slip values so that we can make compar-
isons with the coseismic slip at depth (inferred from seismological and geodetic data modeling). This first
step of analysis is mainly thought to (1) account for the positioning error of data points and uneven spacing,
(2) mitigate the dispersion in the distribution of the slip measurements (due to decoupling of the surface
loose deposits from the rupturing fault plane), and (3) eliminate possible outliers (due to measurement errors
or local nontectonic effects like shallow slide scars).

Following the first analysis, we can describe the magnitude and the statistical properties of surface faulting
using frequency histograms of vertical offset and opening, and calculating parameters such as median value,
skewness (skew), and excess kurtosis (kurt). After that, we construct the along-strike median vertical offset and
median opening curves for each rupture splay (Vo-x and O-x curves). To do this, we split the smooth envelope
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of the splays into 100-m long fixed windows, in order to include a sufficient number of data points and
encompass the average rupture length (see section 4). We use the median instead of the mean and the
median absolute deviation (MAD) instead of the standard deviation: they are more appropriate statistical
descriptors of our data (section 4.3), because surface slip does not follow a normal distribution (see also
Pucci et al.,, 2017).

In order to explore possible relations between surface offset and local morphology, we compare Vo-x and O-x
curves with absolute elevation and local slope (extracted from a 10-m Digital Elevation Model (DEM), Tarquini
etal,, 2012; see also Figures S7 to S11 in the supporting information). Then, we combine Vo-x and O-x curves
to obtain throw and heave curves (T-x and H-x, respectively). Note that T-x curves represent net throw: in fact,
within each window we subtract the contribution of antithetic splays from the summed throws of SW dipping
synthetic splays, because in conjugated normal fault sets the antithetic throws are not additive. Finally, we
derive the aggregate dip-slip profile of the overall surface rupture (S-x curve; see section 5).

The scaling properties of the overall surface rupture are described by comparing average surface slip S,,g and
rupture length L. We also compare the total surface faulting area (SA,s) and L, following a similar approach
by Scholz et al. (1993). The surface faulting area is a measure of the amount of exposed fault surface due to
coseismic slip, thus defining the overall quantity of coseismic fault slip occurred at the surface, and is equal to
the integral of the aggregate slip curve S-x:

SAquf = JéSS(X)dX
A good proxy for SA is the product S,yq X Ls.

3.3. Kinematic Data Analysis

The kinematic data collected in the field comprise the measurement of rake, trend, and plunge of coseismic
slip vectors, mostly consisting of fresh mud smears and subtle striations recording relative motion on bedrock
fault planes. In some cases, we can directly measure the attitude and magnitude of slip vectors using footwall
and hanging wall piercing points (displaced soil fragments and roots, or bedrock slices; Figure 2b).

To obtain the local extension direction for each subsegment of the rupture, we display a selection of the most
representative collected coseismic kinematic indicators. We calculate the trend and plunge of the strain ten-
sor’s principal axes, obtained by linked Bingham analysis of coseismic slip vectors (Marrett & Allmendinger,
1990), a statistical procedure based on a geometric method, where the plane containing the slip vector
and the normal vector to the fault plane also contains the respective extension and shortening axes, making
an angle of 45° with each of the vectors. From a given slip vectors population, all the kinematically consistent
extension-shortening pairs are contoured as axial data, and the retrieved directional maxima represent the
shortening and extension axes of the incremental strain tensor (S7 and S3, corresponding to the P and T
axes, respectively).

We complement the large-scale deformation map with a plot of averaged slip vectors. For some particular
cases, we show how slip rake varies along the strike of the most important activated fault segments, in order
to explore the consistency of the retrieved extensional strain field.

4, Results
4.1. Morphology, Geometry, and Structural Pattern of Coseismic Ruptures

Considering the surface ruptures following the Amatrice, Visso, and Norcia earthquakes from the northwes-
ternmost to the southeasternmost tip, they attain a minimum length of ~28 km, parallel to the Sibillini
Mountains range (Figures 1 and 3). The ruptures form a complex pattern resulting from the activation of sev-
eral distinct SW dipping (synthetic) and NE dipping (antithetic) fault splays of the VBFS that for the most part
were previously mapped (Calamita & Pizzi, 1992, 1994; Pizzi et al., 2002). For some of these faults, geo-
morphic, structural, and paleoseismic studies documented evidence of recent activity (among the others
Cello et al., 1997; Galadini & Galli, 2003; Lavecchia et al., 1994).

Most of the coseismic ruptures run along VBFS splays that are associated with long-term cumulative fault
scarps, tens to hundreds of meters high, and forming prominent NW trending ridges (reaching an absolute
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Figure 3. Simplified geological maps of the study area (modified from 1:10,000-scale cartography of Regione Umbria and
Marche and Pierantoni et al., 2013), showing the coseismic surface ruptures (in red) subdivided into 5 subsegments com-
prising 17 main fault splays from NW (top left) to SE (lower right).

elevation of ~2,100-2,400 m a.s.l.). The most important alignment is represented by the Mount Bove-Mount
Porche-Mount Argentella-Mount Vettore-Mount Rendentore-Mount Vettoretto ridges, about 12 km in length,
with topographic relief locally exceeding 1,100 m. It is bounded almost exclusively by SW dipping normal
fault splays (labeled BOV2, BOV3, POR1, POR2, VET1, VET2, VET4, and VET5 in Figure 3). Pizzi and Scisciani
(2000) evaluate peak summed geologic throws as large as ~1,200 m for the BOV fault splays, and ~1,350 m
for the VET fault splays. Ruptures also affect the base of important E facing cumulative fault scarps related
to E dipping normal faults in the Mount Prata area (PRA1 and PRA2 splays in Figure 3), and they run within
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the Pian Grande di Castelluccio, the main Quaternary extensional tectonic depression in the Sibillini
Mountains (Calamita et al., 1992; Calamita & Pizzi, 1992, 1994; Coltorti & Farabollini, 1995).

In summary, the large-scale pattern of the coseismic surface slip well matches the locus of the long-term
cumulative deformation related to the activity of the VBFS, denoting kinematic consistency and suggesting
strain localization during the Quaternary.

In order to simplify the description and the analysis of the surface ruptures, in this paper we classify them
using the terms rupture strand, rupture splay, and rupture subsegment according to their increasing hier-
archical degree. More in detail (1) a strand is the shortest identifiable rupture element (typically ~1-50 m
in length) mapped in the field and/or recognized through the analysis of oblique-view pictures from helicop-
ter; (2) a splay is the envelope of one or more adjacent and/or overlapping strands defining a single normal
fault structure at a broader scale (lengths of ~0.5-1 km); (3) a subsegment results from the envelope of one or
more kinematically coherent splays defining an independent fault structure over lengths of ~3-7 km and that
is clearly separated by adjacent subsegments (due to the occurrence of large underlap or relay zones). We
based this classification on (1) the general structural pattern displayed by the rupture, (2) the occurrence
of abrupt steps and terminations of the main traces, and (3) the presence of surface offsets and their tapering
toward the rupture tips. We group all the recognized strands (> 800) into a subset of 17 fault splays belong-
ing to 5 main subsegments. Such subdivision fairly matches the fault splays of the VBFS that accrued most of
the long-term displacement (particularly, splays BOV, POR, and VET).

From the northwest to the southeast, the five main subsegments are (1) Cupi-Banditella (Figure 3a), (2) Bove
(Figure 3b), (3) Porche-Argentella (Figure 3c), (4) Prata (Figure 3c), and (5) Vettore (Figure 3d). As a whole, the
coseismic ruptures define a complex extensional deformation zone (between the easternmost and the wes-
ternmost surface breaks) of variable size, and being on average < 0.5-km wide to the north, ~2.5- to 3.2-km
wide in the central part, and ~1-km wide in the southernmost part (see also Figure 14b).

The Cupi-Banditella subsegment (comprising splays CUP1, BAN1, and BAN2 in Figure 3a), is ~7-km long, with
average trend of N143°. Our field observations, performed on 28 and 29 October 2016, suggest that this sub-
segment ruptured during the two 26 October 2016 Visso quakes (M,, 5.6 and M,, 5.9). However, a possible
overprinting exerted by the subsequent and larger Norcia earthquake is still a matter of debate, and it cannot
be definitely solved due to the insufficient amount of data. Ground breaks are highly discontinuous, and they
are organized into three main parallel sets, from NW to SE, being 570-, 1,100-, and 2,500-m long, respectively.
The intervening underlap regions are as long as ~800 m. The surface vertical offset displays a median value of
0.15 £ 0.05 m, and a maximum of 0.40 m. The collected kinematic data indicate a pure dip-slip normal
motion (the mean rake is —89°) with a local extension direction of N231° (Table 2 and Figure S1 in the
supporting information).

The Bove subsegment (comprising splays BOV1, BOV2, and BOV3, in Figure 3b), is ~6-km long and has an
average trend of N141°. We did not thoroughly investigate this area as compared to the adjacent sectors,
due to safety reasons (area exposed to high landslide hazard). Coseismic surface breaks mapping from heli-
copter was very useful in this area, although landsliding was hampering a clear inspection of some parts. Our
detailed data fully cover only ~2 km of this rupture. An underlap zone of ~1 km separates this subsegment
from the SW tip of the Cupi-Banditella one (see Figure 3a for the southern part and Figure 3b for the northern
sector). Details of surface offset are in Figure S2 of the supporting information.

The Porche-Argentella and Prata subsegments (respectively, comprising splays POR1, POR2, PRA1, and PRA2
in Figure 3c) represent the central part of the fault system activated during the Norcia earthquake. They
include two conjugated faults forming a graben structure. To the east, fault splays POR1 and POR2, are orga-
nized in distinct subparallel strands, standing up to 2,100 m a.s.l. along the Sibillini Mountains, with average
trends of N155-160° and for a length of ~6 km. The southern termination of the Porche-Argentella subseg-
ment corresponds to a ~600-m long underlap zone that separates it from the adjacent Vettore subsegment.
To the west, the ~5-km-long Prata subsegment (comprising the left-stepping fault splays PRAT and PRA2) is
the antithetic counterpart of the Mount Porche faults, characterized by NE dipping splays with average trends
of N314-N324°. The Vo-x and O-x curves (Figure 4b) are quite symmetrical: vertical offset and opening peaks
reach ~0.75 and 0.35 m, respectively, at the center (with local maxima of 1 m). Here the envelope of local
slope (Figure 4a) is highly heterogeneous and does not evidence any clear relation between surface offset
and morphology. Possibly, one exception occurs in the central part, where a relative maximum of local
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Figure 4. Porche-Argentella subsegment (splays POR1 and POR2). (a) Absolute elevation and local slope along the trace of
the coseismic rupture. (b) Vo-x and O-x curves (error bars = £1 MAD). (c) Frequency histogram of coseismic ruptures (green:
opening; blue: vertical offset), red bars indicate median values. (d) Stereoplot of coseismic slip vectors on bedrock fault
planes (N = 48). The three kinematic axes are indicated with numbered red squares. See details in the text. MAD = median
absolute deviation.

slope (> 30°) roughly matches the region of highest median vertical offset. A ~1.9-km long additional,
subparallel alignment of ruptures runs at an average elevation of ~1,900 m a.s.l. on the southwestern slope
of Mount Palazzo Borghese (splay POR1). The collected kinematic data (Figure 4d) provide a local
extension direction of N236° (Table 2).

VILLANI ET AL.

3387



'AND SPACE SCIENCE

Tectonics 10.1029/2018TC005175

On the western part of the graben system, the NE dipping splays PRA1 and PRA2 have a left-stepping rela-
tionship and a compound length of ~4,250 m (the overlap is ~600 m and the width of the relay zone is
~400 m). One of the most interesting features observed soon after the Norcia earthquake was a localized
ponding related to the coseismic damming of a seasonal stream across the Mount Abuzzago ridge toward
the Pian Perduto (indicated with X in Figure 3c, EMERGEO Working Group, 2017). The ~3,260-m-long splay
PRA1 consists of several smaller strands generally preserving the left-stepping arrangement. It exhibits a
markedly asymmetric throw profile, with values increasing to the SE (up to 0.80 m). To the south, the splay
PRA2 is ~1,610-m long: there ruptures are discontinuous and a > 450-m-long gap is observed in the central
part (Figure 3c). The median vertical offset is 0.11 + 0.09 m, with a local peak value of 0.51 m that is visible
500 m to the southeast of the northernmost rupture tip. For both splays, surface offset data appear unrelated
to local slope and morphology (Figures 5a and 5b). Coseismic slickenlines on bedrock fault planes (Figure 5d
and Table 2) show dominant normal dip slip, with a small left-lateral component, on NE dipping planes (aver-
age rake: —76°). Data on the few SW dipping ruptures indicate a normal dip-slip motion with a minor right-
lateral component. The retrieved extensional axis trends N49°.

The complex Vettore subsegment includes faults of different orientation and dip (corresponding to fault
splays VET1, VET2, VET3, VET4, and VET5 in Figure 3d) plus a number of minor related structures (fault splays
VET6 and VET7 in Figure 3d). Their average trends range from N150° to N180°. This subsegment is ~9-km long,
and, together with the adjacent Bove, Porche-Argentella, and Prata subsegments, it defines a broad exten-
sional zone, up to 2- to 2.5-km wide (Figure 3d). The ruptures affecting the southwestern slope of Mount
Redentore-Mount Vettore ridge are by far the most striking, due to the impressive coseismic throw peaks that
attracted the scientific community since the early hours of 30 October 2016. The so called Cordone del Vettore
fault splay (VET4 in Figure 3d), corresponds to a ~5.2-km long, ~20-25-m high, and steep fault scarp cutting
through Early Jurassic limestones. Here the rupture runs high on the slope, at an average elevation of
2,080 m a.s.l. (up to 2,224 m a.s.l.; Figure 6a), and it is quite discontinuous in its northernmost 2 km, whereas
the southernmost 3 km represent an almost uninterrupted alignment of SW dipping strands. A ~950-m long
portion of this splay shows local coseismic slip peaks >2 m (Villani et al., 2018): we locally measured up to
2.35-m vertical offset and 2.46-m net slip. Here a bedrock fault scarp with a fresh ribbon is exposed
(Figure 7), having average dip of 77° £ 7° and average strike of N144° + 31° (N = 243).

The median coseismic vertical offset of VET4 is 0.97 + 0.49 m. The Vo-x curve (Figure 6b) is markedly skewed,
displaying values >1.25 m between 4,000 and 4,750 m along-strike distance and a very sharp gradient, par-
ticularly toward the southernmost section tip. The median opening is 0.26 + 0.14 m, with localized maxima of
1.3 m, which closely follow the regions of highest vertical offset, indicating a positive correlation. Apart from
an isolated peak of local slope (65°) matching high median vertical offset (~1.50 m) at ~4,000 m along-strike
distance, there seems to be a poor correlation between local slope and coseismic surface offset, highlighting
the tectonic origin of ruptures (Figures 6a and S7-S11 in the supporting information). The main reason for
this is that the slope along the whole section is very steep (>38° on average, higher than along the other
investigated splays), due to the long-term cumulative effect of previous surface-rupturing events that created
a prominent footwall topography alongside this fault scarp.

Whereas almost all of the other fault splays display right-skewed frequency distributions of vertical offset
(Table 1), the Cordone del Vettore splay is characterized by a platykurtic and nearly left-skewed distribution
(kurt — 0.74), with a modal peak (1.40 m) higher than the median value (Figure 6c).

The analysis of slip vectors (Figure 6d and Table 2) provides a local extension trending N234° (further details
in section 4.3).

Another SW facing rupture parallels the Cordone del Vettore fault downslope (splay VET2 in Figure 3d; see
also pictures in Figures 7b and 7¢), for a total length of ~ 2,900 m. It displays a curved map pattern (diagonal
splay, Table 1), transversal to the southwestern slope of Mount Redentore. This rupture follows a subtle fault
trace mapped by Calamita et al. (1992, further details in Figure S4 of the supporting information).

A further splay (VET3 in Figure 3d), which was not reported in the official geological maps, ruptured for ~1 km,
with NE side down and a counter-slope free face, characterized by local maximum vertical offset of 0.50 m
(Figure S3 of the supporting information). The rupture is associated with a subtle topographic break along
the southwestern slope of Mount Redentore, suggesting that previous surface-breaking paleo-earthquakes
involved also VET3.
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Figure 5. Prata subsegment (splays PRA1 and PRA2). a) Absolute elevation and local slope along the trace of the coseismic
rupture (note the overlap of the two sections). b) Vo-x and O-x curves (error bars = £1 MAD) of the different sections. ¢)
Frequency histogram of coseismic ruptures (green: Opening; blue: Vertical offset). Red bars indicate median values. d)
Stereoplot of coseismic slip vectors on bedrock fault planes (N = 36). The three kinematic axes are indicated with numbered
red squares. See details in the text.

The SW dipping normal fault of Mount Vettoretto represents the southernmost splay of the Vettore subseg-
ment (VET5 in Figure 3d). Here the coseismic surface ruptures (consisting of >80 small strands) are ~2,900-m
long, with maximum vertical offset of 0.81 m (details are in Figure S5 of the supporting information). A ~300-m
long underlap zone separates this splay from the ruptures close to Arquata del Tronto (Figure 3d; fault
splay VET7), which represent the southern tip of the Norcia earthquake surface rupture.

Surface faulting within the Pian Grande di Castelluccio basin affects the topmost alluvial fan and lacustrine
infill deposits (splay VET1 in Figure 3d), at an average elevation of 1,300 m a.s.l. Such rupture is of utmost
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Figure 6. Vettore subsegment: Cordone del Vettore splay (VET4). (a) Absolute elevation and local slope along the trace of
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absolute deviation.

importance, since it occurs exactly where Galadini and Galli (2003) dug three paleoseismic trenches that
revealed surface-rupturing Holocene paleo-earthquakes. The VET1 rupture comprises two principal right-
stepping strands, with an overall length of ~1,800 m (Figure 3d), a ~450-m long underlap in the northern
sector, prevalent western side down (a ~40-m-long NE dipping strand occurs in the central part), and is
located at the base of a 1.4- to 2.8-m high cumulative fault scarp. In the basin (Figure S6 in the supporting
information), the median coseismic vertical offset is 0.05 + 0.02 m. The Vo-x curve shows three localized

VILLANI ET AL.

3390



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2018TC005175

Figure 7. Selection of oblique-view photographs from helicopter, showing some details of the complex geometry and
structural pattern of coseismic surface ruptures (Cordone del Vettore fault, VET4 in Figure 3). The small blind strand in
Figure 7a has a very shallow upper termination that did not affect the thick debris cover. Note the two persons for scale in
Figure 7c. Figure 7d shows one of the zones with the largest coseismic surface slip (> 2 m). See details in the text.
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Table 2

Summary of the Retrieved Kinematic Axes Retrieved From Inversion of Coseismic Slip Vectors for the Main Rupture Splays
Subsegment Splays N data s1 (trend/plunge) S2 (trend/plunge) S3 (trend/plunge)
Cupi-Banditella CUP1-BAN1-BAN2 9 43°/60° 139°/4° 231°/30°
Bove BOV3 19 51°/81° 150°/1° 240°/9°
Porche-Argentella POR1-POR2 48 50°/78° 146°/1° 236°/12°
Prata PRA1-PRA2 36 271°/76° 141°/9° 49°/11°
Vettore VET4 105 50°/60° 143°/2° 234°/30°
Vettore VET5 24 34°/79° 138°/3° 229°/10°

Note. S1 is the shortening axis, S2 is the intermediate axis, and S3 is the extension axis. See details in the text.

maxima, occurring at 800, 1,400, and 1,800-m along-strike distance, with local maximum vertical offset values
of 0.09, 0.14, and 0.08 m, respectively (details in Villani & Sapia, 2017).

Among tens of field examples, we select some representative oblique-view photographs from helicopter
(Figures 7 and 8) to describe the arrangement and complexity of the coseismic surface ruptures of the
Norcia earthquake.

Ruptures segmentation is visible at a wide range of scales. They are composed of several subparallel, often
overlapping, strands and include underlap areas of variable size (ranging from a few meters up to >500 m
in length). Tens of relay zones contribute to transfer brittle deformation between adjacent ruptures.
Usually, rupture terminations are characterized by relatively narrow relays (from a few decimeters to a few
tens of meters wide), or they exhibit marked bends (Figure 7a). At the outcrop scale, in several locations
we observe ramps at overstepping strands, and the summed throws within the relay zones indicate a preser-
vation of slip along adjacent strands.

From a general point of view, ruptures with southwestern downthrown side often display a right-stepping
arrangement, and accordingly we observe a prevalent left-stepping relationship between overlapping rup-
tures with northeastern downthrown side. However, more detailed field observations reveal local exceptions,
since the morphology may influence the geometric and stepping relationships between adjacent fault
strands. Further geometric complexity is due to the occurrence of bends. Some ruptures clearly follow the
trend of preexisting faults (Figures 7a and 7d) or are locally controlled by the structural anisotropy of the
underlying bedrock (such as bedding planes in Figure 7b). In other cases, their curvilinear shape is apparent,
due to the intersection of the subplanar faults with a bumpy surface topography. Figure 8a depicts a typical
example, where the rupture appears curvilinear due to its intersection with the convex western slope of
Mount Porche (fault splay POR1).

Normal-faulting ruptures are mode-lll shear cracks; however, depending on their intersection with topogra-
phy they may appear as mode-Il shear cracks with structural features resembling those of strike-slip faults. In
this regard, Figures 8b and 8c show details of a highly fragmented and curvilinear rupture with SW side down
(fault splay VET2 in Figure 3d). There the principal displacement zone results from the envelope of differently
orientated strands, giving rise to geometrical complexity and segmentation with a pronounced right bend in
the middle part. The collected coseismic kinematic indicators at this site (small blue arrows in Figures 8b and 8c)
show a constant ~N250° hanging wall slip direction, independent of the strike changes of the rupture.
Therefore, a pronounced left-oblique component develops in the right beds (thin double arrows in
Figures 8b and 8c), promoting P shear extensional splays organized in a left-stepping relationship (Figure 8c).

4.2, Directional and Length Properties of Coseismic Ruptures

We show the rose diagrams of the azimuth of all the coseismic ruptures measured in the field in two main
separate classes: (1) ruptures on bedrock (coseismic ribbons; Figure 9a) and (2) ruptures in loose sediments
(Figure 9b). The modal strikes fall, for both classes, in the range N135-160° (SW dipping system). However,
they also exhibit an important subordinate modal class in the range N320-345° (NE dipping system).
Ruptures on bedrock have less azimuthal dispersion with respect to those affecting loose soils. Local
variations in trend strictly follow the structural framework of the mapped VBFS splays (rose diagram in
Figure 9¢).
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Figure 8. Selection of oblique-view photographs from helicopter, showing some details of the complex pattern of surface
ruptures. (a) Rupture along the western slope of Mount Porche (indicated by thin red arrows). (b) Complex rupture on
the western flank of Mount Vettore-Redentore (diagonal, fault splay VET2 in Figure 2): The small blue arrows indicate
coseismic hanging wall slip direction, the big red arrows the general extension direction, and the thin double arrows the
local oblique-slip motion. (c) Detail of the complex rupture shown in Figure 8b (note the rotated north arrow), with inset
rose diagram of local slip vector directions (shown in percent frequency).

According to the map by Civico et al. (2018), the overall surface rupture (excluding ~2.7 km of ruptures that
the authors indicate as due to shallow landsliding) is composed of >800 individual strands. They range in
length between ~1 and 1195 m (with an average value of ~60 m), for a summed length of ~44.1-
46.8 km (Figure 9d).

The cumulative frequency-length distribution of the surface ruptures (Figures 9e and 9f) indicates the occur-
rence of a power law scaling of the form

N(L)xL™®
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Figure 9. Rose diagrams showing the azimuthal distribution of ruptures in (a) bedrock (red) and (b) unconsolidated depos-
its (blue; modified after Villani et al., 2018). (c) Rose diagram of the azimuthal distribution of the previously mapped
surface ruptures. (d) Bar plot of the compound length of the main splays composing the coseismic ruptures. (e) Frequency
histogram of the length of the mapped individual rupture strands and (f) cumulative frequency plot of their length. See
details in the text.
(where N is the number of ruptures with length equal or greater than L, and a is the scaling exponent), which
we observe only within the limited spatial bandwidth of ~20-1200 m.
Eight main splays are >500 m long (along Mount Argentella, Mount Bove, Mount Prata, and Mount Vettore),
and only two of them are >1,000 m in length (along Mount Vettore and Mount Bove), whereas ~95% of the
VILLANI ET AL. 3395
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rupture strands are <250-m long. In our case, the scaling exponent a ~1 (consistent with results from some
normal fault populations: Knott et al., 1996; Nicol, Walsh et al., 1996; Scholz et al., 1993 for a review) suggests
that the overall strain is accommodated by a few large fault strands. Similar frequency-size distributions are
observed in many studies of fault surface topography and fault length patterns (Candela et al, 2011;
Sanderson & Nixon, 2015; Scholz, 2002), confirming the general power law scaling of the geometric and
textural properties of fault zones (Ben-Zion & Sammis, 2003; Cowie et al., 1995).

4.3. Spatial Distribution and Kinematics of Coseismic Surface Slip

We use ~5,200 measurements of vertical offset and opening (Figures 10a and 10b) to derive the Vo-x and O-x
curves of the coseismic ruptures. The frequency histograms (Figures 10c and 10d) point out the occurrence of
complex distributions, as a consequence of the fact that slip on natural faults is spatially heterogeneous at a
wide range of scales (Scholz, 2002).

Within a limited bandwidth (about 2 orders of magnitude), these data follow an exponential distribution
(Figures 10e and 10f) of the general form:

N(S) = No exp(—f5)

The equation indicates that the cumulative number of data N with slip > S decays from the total N, cumula-
tive value according to the scaling exponent f5. The average of the exponential distribution of a random vari-
able is equal to 1/8: in our case, the result is ~0.39 and ~0.17 m for vertical offset and opening, respectively,
very close to the arithmetic means (Figures 10c to 10f). The two distributions are truncated for values of ver-
tical offset and opening >2.30 and > 1.30 m, respectively, evidencing the approaching to a physical upper
limit for those quantities in this tectonic context.

Kinematic plots for specific rupture splays are in Figures 4-6. The average local direction of extension along
the five subsegments (Table 2) is also shown in Figure 11.

By using 241 coseismic kinematic data from bedrock fault planes of the five subsegments, we obtain an exten-
sion axis trending N233° (Figure 11, inset). The results are consistent with seismological data (section 2) and
show that, notwithstanding some changes in strike of the VBFS, the retrieved local direction of extension
throughout the investigated splays is nearly constant.

However, a marked short-wavelength variability of kinematics is found at local scale. An example is in
Figure 12a that shows slip rake and net slip values from a ~2.2-km-long portion of fault splay VET4. The mean
slip rake is —92°, a value very close to pure dip slip, and the retrieved local extensional axis trends N234°
(Table 2). However, slip rake is quite variable, with deviations from the mean value that are locally >25°.
The fault slip rake and slip vector trend change in order to preserve the local N234° trending local extension:
therefore, the fault kinematics changes from left oblique to right oblique accordingly (Figure 12b).

4.4. Aggregate Slip of the Coseismic Surface Ruptures

Assuming that vertical offset and opening of surface ruptures are reliable proxies for fault net throw and
heave, respectively, we sum the Vo-x and O-x curves of the 17 main rupture splays (Table 1) to obtain two
separate cumulative T-x (throw) and H-x (heave) curves (Figure 13), projected onto a common baseline par-
allel to the VBFS (A-A’, in Figure 1). The projected rupture length is ~27.9 km, which is obviously a minimum
estimate of the true overall surface rupture length, due to its geometric complexity.

We combine throw and heave values to obtain the aggregate coseismic surface slip curve (S-x) projected
onto baseline A-A’, which takes into account the contribution of the entire surface ruptures produced by
the three major shocks of the seismic sequence (Figure 14a). Since the kinematic data indicate a dominant
dip-slip motion on the investigated faults (section 4.3), we can assume that the retrieved dip slip is nearly
equal to the net surface slip.

In the S-x curve, we distinguish the contribution of the three events, although this is not an easy task and
some uncertainties exist. For the Amatrice earthquake, we take advantage of the detailed data by Pucci
et al. (2017). As discussed earlier our field surveys for the Visso earthquake are incomplete; thus, we infer it
likely involved only the northernmost part of the VBFS (faults splays CUP1, BAN1, and BAN2 in Figure 3a).

VILLANI ET AL.

3396



Tectonics

10.1029/2018TC005175

P U
. e 1 %
A f T4
¥, I : d
glwiluc io di No?j:!_a d :
i 3 %-‘E & k i
~ a8\ 2 s >
e L
X

C mode: 0.01 m d modp: 0.01m
1000 median: 0.21 m 1000 median: 0.12 m
average: 0.35 m average: 0.18 m
90 max: 2.35 m 900 max: 1.30 m
80 800
4 20 = =
"g’ 60 ‘g‘ 600
g % g %0
400 400
00 00
0 20
100 100
0 0
0 20 40 60 80 100120140160 180200220 240 0 20 40 60 80 100120 140 160 180200 220240
vertical offset (cm) opening (cm)
e . f
1000 — 1000 —
z 3 z =
[ il .
2 é .
E = 510
5 3 N=5867exp(-0.0258) b A N=5889exp(-0.0592)
& 2
5 8
F] al 2 10 -
E " E T3
il % i
1 L L I IO L B I 1 I|L|I|I|I[\|\-|
0 25 50 75 100 125 150 175 200 225 250 0 20 40 60 80 100 120 140

vertical offset (cm)

opening (cm)

Figure 10. Coseismic vertical offset and opening following the Norcia earthquake. Map view of the collected data points
([a] vertical offset; [b] opening). Frequency histogram plots (bin size 5 cm) of vertical offset (c) and opening (d).
Cumulative frequency plots (with exponential best fit curve) of vertical offset (e) and opening (f). See details in the text.
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Figure 11. Map view plot of average slip vectors calculated for the main rupture subsegments from the individual slip data
(we show separate average slip vectors for splays VET4 and VET5 of the Vettore subsegment). The inset picture (upper right)
shows an example of kinematic indicators: Mud smears and fresh striations on the fault plane (splay VET4, date: 22
November 2016) that record coseismic motion with almost pure dip slip (black dashed arrow). The inset stereoplot shows
the results of linked Bingham analysis of 241 slip vectors (blue for compression and red for extension axes; contour inter-
val = 20) from which we obtain S1 45°/72°, S2 142°/0°, and S3 233°/18°.

The incomplete survey of splay BOV2 also affects the correct estimation of total slip of the Norcia earthquake
in this sector.

The S-x curve of the Norcia earthquake shows a striking asymmetry, with maxima concentrated in a relatively
short section located in the southernmost part of the activated VBFS (fault splays VET2, VET4, and VET5 in
Figure 3d), at x = 23.5-26 km along the baseline A-A’. The high slip peaks (>1.5 m) along the Cordone del
Vettore fault splay occur on a relatively small (~2.5-km long) portion of a ~22-km long surface rupture. The
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Figure 12. (a) Net coseismic surface slip (red squares) and coseismic slip rake (green triangles) versus along-strike distance
of the Cordone del Vettore fault (splay VET4). (b) Angular deviation of rake from average rake value versus angular
deviation of slip vector trend from average local extension direction (N234°): Blue squares indicate dominantly left-oblique
motion, green squares indicate dominantly right-oblique motion, and white squares indicate nearly pure dip slip. See
details in the text.

Cordone del Vettore splay (VET4) contributes to a large proportion (~40%) of the total surface slip. The
complex pattern of the surface slip is evidenced by at least three large-scale secondary slip maxima (at
x =10, 13, and 18 km, respectively). The complexity of surface slip in the central part of the rupture is
partly due also to important antithetic throws along fault splays PRAT and PRA2.

In Figure 14b, we show the width of the surface deformation zone following the Norcia earthquake measured
as the maximum horizontal distance between the westernmost and easternmost rupture splays orthogonal
to baseline A-A’. In general, such width increases in the central and southern part of the surface rupture,
where the overall amount of slip increases significantly as well.

5. Discussion
5.1. Surface Slip of the Norcia, Visso, and Amatrice Earthquakes
Based on the results described in the previous sections, we discuss the general properties of the coseismic

surface ruptures and their relations with the deep seismogenic source. Table 3 summarizes the slip character-
istics of the three main earthquakes of the seismic sequence.

The coseismic ruptures of the Amatrice earthquake are due to the activation at the surface of fault splays
VET4 and VET5, with an average surface slip S,yg ~0.13 m and a peak of 0.35 m (Pucci et al., 2017). The surface
slip area (SAq) for this earthquake is ~630 m2. The peak of the S-x curve is located along the Cordone del
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Figure 13. Summed throws (red and orange curves) and heave (dark and light blue) for the synthetic and antithetic coseis-
mic ruptures produced by the three major earthquakes (Amatrice, Visso, and Norcia) projected onto the common baseline
A-A’ shown in Figure 1. Antithetic throws are negative.
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Figure 14. (a) Aggregate surface slip for the 24 August 2016 M,, 6.1 Amatrice earthquake (green curve), the 26 October
2016 M,y 5.9 Visso earthquake (blue curve), and the 30 October 2016 M,, 6.5 Norcia earthquake (red curve), projected
onto the common baseline A-A’; (b) width of the surface deformation zone following the Norcia earthquake measured
orthogonally to baseline A-A’. See details in the text. MST = Sibillini Mountains thrust.

Vettore fault (splay VET4). A secondary maximum is observed along the Vettoretto splay (VET5), and no
surface slip occurred beyond its southern splay.

The average surface slip due to the Visso earthquake is S,,q ~0.11 m with a peak of 0.40 m, and the resulting
surface slip area is SAqus ~750 m2. The shape of the S-x curve and the average slip value are likely affected by
incomplete field sampling due to the occurrence of the 30 October event that drove attention and possibly
overprinted those ruptures. Therefore, in this case S,,4 represents a minimum estimate.

The Norcia earthquake involved almost all of the VBFS splays previously described, except CUP1, BAN1, and
possibly BAN2. The resulting average surface slip is S,,q ~0.44 m with a peak Spax of ~2.10 m, and the result-
ing surface slip area is SAqu s ~8,470 m2. Such surface slip peak is a rounded estimate we derived by subtract-
ing the surface slip maximum of the Amatrice earthquake from the maximum slip measured along the
Cordone del Vettore fault (section 4.1). In fact, both quakes produced the largest surface slip on the same
splay VET4, and the overprinting and magnification of the Amatrice earthquake ruptures by the subsequent
Norcia earthquake has been widely documented (EMERGEO Working Group, 2017; Pizzi et al., 2017; Villani
et al., 2018; Walters et al.,, 2018). From those values, it follows that the amount of surface slip produced by

Summary of Average Surface Slip (Sqyg), Median Surface Slip (Smea), Maximum Slip (Smay), Surface Slip Area (SAsyf), and Surface Rupture Length (L) for the Three
Mainshocks of the Seismic Sequence (This Study)

Earthquake Savg (M) Smed (M) Smax (M) SAsurs (M) Ls (m) Mo (N x m)
Amatrice (24 August 2016) 0.13 0.11 0.35 630 6250 1.60 x 1018
Visso (26 October 2016) 0.11 0.12 0.40 750 7000 1.13 x 1018
Norcia (30 October 2016) 0.44 0.30 2.10 8470 21900 8.8 X 1018

Note. The scalar seismic moment M for the Amatrice earthquake is from Tinti et al. (2016), for the Visso earthquake is from Chiaraluce et al. (2017), and for the
Norcia earthquake is from Scognamiglio et al. (2018).
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the Norcia earthquake is 1 order of magnitude larger than the previous
sliefem)  two quakes, and we observe a comparable scaling also for their respective
2;: scalar seismic moments (Table 3).

92 5.2. Relations Between Coseismic Surface and Deep Slip of the 2016

2% Norcia Earthquake
z?: The coseismic surface slip of the Norcia earthquake (projected onto
baseline A-A’) is compared with the overall slip at depth as inferred from

the recent source model by Scognamiglio et al. (2018, Figure 15).

*Oorrrepar

The multifault rupture involves the VBFS and the N210° striking low-angle
normal fault in the hanging wall block (possibly due to kinematic inversion
5 of a limited part of the southern MST), which contributes to a significant
release of seismic moment. Moreover, slip on the VBFS propagates south-
eastward beyond the MST. Such heterogeneous deep slip distribution
reflects on the surface slip; thus, the joint analysis of geological and seis-

Figure 15. Perspective view (looking toward the SE: note the rotated north ~ Mological data is crucial to understand the complexity of the surface slip
arrow) of the complex source model of the Norcia earthquake obtained pattern. We observe that the surface rupture tips match the outline of

through joint inversion of strong-motion waveforms and GPS displacements,  the seismogenic fault area that experienced >0.6-m slip in the uppermost

involving the N155° trending VBFS and the N210° trending low-angle normal
fault (after Scognamiglio et al., 2018). The red star indicates the hypocenter
of the mainshock; the S-x curve is also shown on the top of the VBFS.

2 km (some isolated patches are too deep to have caused significant
effects at the surface). As regards the high peak slip along the Cordone

VBFS = Mount Vettore-Mount Bove fault system; GPS = Global Positioning del Vettore fault and the coseismic exhumation of this spectacular bedrock

System.

fault scarp (splay VET4), we note a broad correspondence with the two

main slip patches developed onto the VBFS and the ramp portion of the

MST (with peak slip of 2.8 and 3.1 m, respectively). In particular, splay
VET4 exhibits a negative skewness in the frequency distribution of surface vertical offset (Table 1 and
Figure 6), which stems from the great slip concentration along a very short portion of the whole rupture con-
trolled by the main slip patch. Hence, a link between shallow slip patches and high surface slip is evident.
Moreover, the whole pattern of surface faulting is consistent with the structural architecture of the normal
fault array composing the VBFS. All this points out the primary tectonic origin of surface faulting. As pre-
viously discussed, results from Wilkinson et al. (2017) also clearly support primary surface faulting during
the Norcia earthquake, since the near-field coseismic displacement took place at a rate comparable to the
rupture propagation speed.

From Figure 14, the northernmost termination of the rupture appears very clear (at x ~9,500 m along the
baseline A-A’). The trace of the Cupi-Banditella subsegment, consequently, lies to the north, outside the
modeled rupture area of the Norcia earthquake source (Figure 15), and matches the extent of the main slip
patch of the Visso earthquake (peak value of ~0.8 m; Chiaraluce et al.,, 2017). All this corroborates our hypoth-
esis that the Cupi-Banditella subsegment slipped mostly during the Visso earthquake, and it likely did not
contribute to surface slip during the Norcia event. For the same reason, we consider some discontinuous rup-
tures observed along fault BOV2 after the Visso earthquake as secondary features later overprinted by the
primary ruptures of the Norcia earthquake.

As regards the southernmost termination of the Norcia earthquake surface rupture, we note that it comple-
tely overprints the Amatrice earthquake surface breaks and extends well beyond to the southeast (Figure 14),
affecting a poorly known structure to the south of Forca di Presta and to the west of Arquata del Tronto (splay
VET6 in Figure 3d). In this area there are only slight hints of surface-rupturing events predating the Norcia
earthquake: in fact, the coseismic ruptures are spread and discontinuous, and they locally follow some subtle
morphologies (small scarps and break in slope, aligned dolines) suggesting the presence of a normal fault
dipping to the west (not reported in any geological map). Therefore, we interpret this setting as the expres-
sion of a young splay of the Vettore subsegment experiencing active growth in recent times. Scognamiglio
et al. (2018) indicate the occurrence of coseismic slip during the 30 October event along the same fault area
affected by the 24 August rupture, which further supports the rerupturing of the Amatrice earthquake breaks.

The southeasternmost ruptures of the Norcia earthquake cross the uppermost termination of the regional
MST (splay VET7; Figures 3d and 14). This area, in the overstep zone between the VBFS and the LMFS, is
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characterized by high local structural complexity, widespread debris cover, and landsliding, which hamper
detailed observation of the fault pattern. The earthquake source model in Figure 15 indicates a very shallow
slip patch of ~1 m, about 2 km to the southeast of the surface rupture southern tip. In this regard, Chiaraluce
et al. (2017) describe the Amatrice event shallow slip patches not associated with any evidence of surface
breakages along the LMFS. This suggests that the different frictional properties of the uppermost portion
of the LMFS may have hindered upward rupture propagation, probably due to the shallow ~2-km thick
Laga flysch, consisting of marls and sandstones (Figures 1 and 3).

5.3. Inferences on the Segmentation of the Norcia Earthquake Fault

The power law scaling of coseismic surface rupture length (Figures 10c and 10d) indicates that segmentation
is an intrinsic geometric property of this fracture network, which we observe at different scales. In fact, the S-x
curve of the Norcia earthquake points out the contribution of four main subsegments, namely Bove, Porche-
Argentella, Prata, and Vettore. The evident slip minima, particularly between Vettore and Porche-Argentella
subsegments, are indicative of strong interaction between adjacent faults that may have undergone linkage.
The northern and southern terminations of the S-x curve for those subsegments are located in correspon-
dence of structural discontinuities. In particular, the MST to the south (Figure 3d), and some WSW trending
faults between the Cupi-Banditella and Bove subsegments to the north (Figures 3a and 3b) represent the
most obvious outcropping transverse structures. This coincidence highlights that they play a role as long-
term geological boundaries that contribute to the segmentation of the VBFS and hamper or modulate the
propagation of rupture during large earthquakes.

The underlap zone between the Cupi-Banditella and Bove rupture subsegments corresponds to a long-term
geologic throw deficit zone of the VBFS (Pizzi & Scisciani, 2000). The rupture history of the Visso and Norcia
earthquakes (Chiaraluce et al., 2017; Scognamiglio et al., 2018) suggests that, in this particular case, fault
segmentation can impede rupture propagation between adjacent faults, whatever their degree of linkage.

The southern boundary of the Norcia earthquake rupture is more complicated. Coseismic breaks cross the
surface trace of the MST at depth, considered as an important segment boundary before 2016 (e.g., Pizzi &
Galadini, 2009). The model by Scognamiglio et al. (2018) suggests that during the Norcia earthquake slip
involved a small portion of the MST, which at the same time abuts the VBFS. The complexity of the
Amatrice earthquake rupture process (Tinti et al., 2016) also raises some concern on the permanent boundary
nature of the MST. We infer that the relay zone between the LMFS and the VBFS is a weak crustal volume that
does not completely halt rupture propagation between those two first-order seismogenic structures. In this
regard, Lavecchia et al. (2016) postulate that the VBFS and LMFS are hard linked at depth and displace
the MST.

The 2016-2