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Abstract

We present the results of a field survey performed in the central-
northern portion of the Mt. Vettore — Mt. Bove normal fault
(VBF), reactivated during the 2016 central Italy earthquake
sequence (24 August, Mw 6.0; 26 October Mw5.4 and Mw 5.9;
30 October Mw 6.5). The field survey was carried out by means
of digital mapping techniques, and traditional methods on
1:10,000-scale topographic maps. The field work had two main
aims: 1) to detail the geology of the central-northern VBF, and
to constrain the segmentation and displacement distribution of
the entire VBF system; and 2) to map in detail the ruptures of
the 26 and 30 October events, filling in the gaps left by previous
studies, and provide constraints on the coseismic parameters of
the 2016 earthquakes.

The results are summarized in a composite geological map,
organized in 8 frames showing: the structural architecture in
map view of the VBF system (frames 1 and 2); 1:25,000-scale
geological maps of the Cupi-Ussita (frame 3) and Mt. Bove —
Mt. Porche (frame 4) sectors of the VBF; twelve 1:25,000-scale
geological sections for computing the geological displacements
(frame 5); a summary of the coseismic parameters of the
2016 earthquakes (diagrams of net displacement, throw
and opening; Surface Rupture Length, SRL; Maximum
Displacement, MD and Average Displacement, AD) (frame
6); a comparison of the 2016 coseismic parameters with
normal faulting earthquakes occurred globally (frame 7); and
a computation of the morphological displacement (post-Last
Glacial Maximum, LGM) across the VBF, a comparison among
geological, morphological and coseismic displacements,
and a quantification of the tectonic back-tilting in the area
of maximum coseismic displacement (frame 8). Some
implications are discussed in this accompanying note, such as
the role of fault segmentation deduced from structural geology
and tectonic geomorphology in controlling the coseismic
displacement, the role of back-tilting in amplifying the
coseismic displacement and the limits of empirical regressions
in predicting the relations between rupture parameters and Mw
in case of segmented normal faults.

Keywords: Geological map, Umbria-Marche Apennines,
2016 central ITtaly earthquakes, normal fault, coseismic
surface faulting, coseismic parameters, segmentation.

Introduction

The 2016 earthquake sequence in central Italy started
on August 24 with a Mw 6.0 shock located 9 km
NW of the Amatrice town. Two Mw 5.4 and Mw 5.9
earthquakes occurred on October 26, 25 km further
North. The largest shock (Mw 6.5) occurred on October
30, between the August 24 and October 26 events, close
to the Norcia town (Fig. 1).

At the time of this work, several papers have been
published on the earthquake geology, seismology and
engineering of the sequence. It is not the intention of
this short note to provide a complete reference list of all
the published papers. Only a limited number of papers
that we considered representative for the issues dealt
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within this note will be acknowledged in the following.
All the events are normal faulting earthquakes,
reactivating NW-SE striking, SW-dipping normal
faults (Chiaraluce et al., 2017; Porreca et al., 2018).
The first event nucleated between the Mt. Gorzano and
Mt. Vettore — Mt. Bove faults, and ruptured up to the
surface along the southern segment of the Mt. Vettore —
Mt. Bove fault (VBF) for a surface rupture length (SRL)
of nearly 6 km (Lavecchia et al., 2016). The second and
the third shocks ruptured up to the surface the entire
VBF for a total length of nearly 30 km, reactivating
the fault segment previously faulted by the 24 August
event (Brozzetti et al., 2019), and causing a high value
of maximum displacement (MD) in the southern VBF,
with oblique normal slip with a right-lateral component
(Perouse et al., 2018). The VBF was previously mapped
as an active fault (Calamita and Pizzi, 1993; Galadini
and Galli, 2003; Boncio et al., 2004; Ercoli et al., 2014),
silent since 1500-1600 yrs (Galli et al., 2019).

The international research group Open EMERGEO
(Civico et al., 2018; Villani et al., 2018) performed the
survey of coseismic effects starting few hours after
the main events, also thanks to a photographic survey
from helicopter flights. Nevertheless, the northern area
of the fault system was only partially covered by the
Open EMERGEO survey, due to logistic difficulties
and dense vegetation cover. The result was a map
with several gaps of coseismic surface faulting data,
particularly about coseismic displacement. The surface
rupture length (SRL), the along-strike displacement
distribution and the average coseismic displacement
(AD) are parameters that best represent the surface
expression of the seismogenic fault, but need a good
coverage of measurements all along the fault trace.
The other parameter used for sizing a surface faulting
earthquake is the maximum coseismic displacement
(MD), which is often restricted to very short stretches
of the fault. MD can be affected by local tectonic or
non-tectonic amplifications (e.g., McCalpin, 2009), and
can thus be affected by large uncertainties.

Therefore, we decided to perform additional field work
along the central-northern part of the VBF in order
to fill in the gaps of rupture mapping/measuring, and
obtain robust constraints on the coseismic rupture
parameters. Moreover, we detailed the surface geology
by basic geological field mapping, obtaining geological
maps of the Cupi — Ussita and Mt. Bove — Mt. Porche
areas, the geology of which was less constrained than
the central-southern VBF system. The maps were used
for realizing several geologic sections across the VBF, in
order to constrain the long-term geologic displacement.
The field survey was performed after melting of the
2016-2017 snow cover, from Spring to Fall 2017.

The area is located in the Sibillini Mts. ridge, among
the Provinces of Ascoli Piceno, Fermo, Macerata and
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Fig. 1 — a) Synthetic tectonic map of the VBF with along-fault variation of coseismic displacement (different colors from
green to red) and location of main shocks of the 2016 seismic sequence with focal mechanisms. Red frames outline the areas
of geological survey. Yellow frame outlines the area of coseismic ruptures survey. Black arrows show the location of pictures
in Fig. 1. b) Geological cross section S-S’ from Porreca et al. (2018) with projected hypocenters and focal mechanisms of the

24 August Mw 5.4 and 30 October Mw 6.5 2016 earthquakes.
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Perugia. The area is covered by a 1:40,000 geologic
map published in 2013, which represents a good,
updated reference base map for the Sibillini Mts.
(Pierantoni et al., 2013). The Sibillini Mts. ridge is
part of the Umbria-Marche Apennines, a Neogene
NE-verging fold-and-thrust belt developed during the
convergence between the African and European plates
(e.g., Barchi et al., 2012). The geologic structures
cropping out in the Sibilini Mts. area are formed
by Meso-Cenozoic sedimentary successions well
described in the literature (e.g., Cresta et al., 1989),
consisting of thick (ca. 700 m) lower Liassic shallow-
water limestone (Calcare Massiccio) overlain by
an upper Liassic - Paleogene carbonate multilayer
of pelagic origin. Jurassic sin-sedimentary normal
faults originated differences between thick, complete
successions of deep basin environment and condensed
(reduced thickness) successions of structural high,
with corresponding thicknesses of the upper Liassic
— lower Miocene successions ranging from ca. 850 m
to 1500 m, or even more in highly subsiding areas.
Neogene pre-flysch marls and sin-orogenic siliciclastic
flysch turbidites overlay the carbonate succession.
Quaternary coarse-grained moraine and slope-derived
deposits are widespread along the mountain slopes.
Quaternary fluvial-lacustrine sediments fill in intra-
mountain depressions, such as the Piano Grande di
Castelluccio (Coltorti and Farabollini, 1995).

The Sibillini Mts. thrust is the major tectonic feature
of the area (Koopman, 1983; Lavecchia, 1985),
overthrusting the Umbria-Marche folded carbonates
over the Messinian Laga flysch. The compressional
deformation is post-dated by Quaternary normal
and transtensional faults, dipping mostly to the SW,
including the VBF and Norcia active normal faults
(Calamita and Pizzi, 1993; Brozzetti and Lavecchia,
1994; Cello et al., 1997; Galadini and Galli, 2000;
Boncio and Lavecchia, 2000). A number of strong
historical earthquakes are interpreted to be sourced
by the Norcia normal fault, such as the 1328 M 6.5,
January 1703 M 6.9, and 1979 M5.9 earthquakes, while
the VBF was silent in historical times (Galli et al.,
2017).

The map published here is not a classical geological
map, it is instead a composite map, organized in eight
different frames. Frames 1 and 2 contain a simplified
geological map of the Sibillini Mts. and a structural
map with hierarchical organization of the VBFE. Frames
3, 4 and 5 contain the principal contribution of this
work, consisting of 1:25,000-scale geologic maps of
the Cupi-Ussita (Frame 3) and Mt. Bove — Mt. Porche
(Frame 4) areas, and twelve geologic sections across
the VBF (Frame 5). Frame 6 summarizes the principal
coseismic parameters (along-strike distribution of net
slip, throw and opening; SRL, MD and AD). Frame 7
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compares the 2016 coseismic parameters with global
historical normal faulting earthquakes. In Frame 8,
the coseismic slip distribution is compared with the
long-term slip obtained from geologic sections and
topographic profiles.

Methods and techniques

Considering that the main aim of this work is a
complete survey of the 2016 coseismic parameters
and a detailed geological mapping of the central-
northern part of the VBF system, most of the effort
was for direct field survey. In addition to traditional
survey methods on 1:10,000-scale topographic maps,
we performed a digital field survey and mapping by
using the Field Move (©Midland Valley) software
on smartphone and tablet. The software is equipped
with digital compass, clinometer and mapping
tools. Thanks to the integrated GPS, the data are
automatically georeferenced and it is possible to
check the position in real time on satellite images. It
is possible to import customized maps. In particular,
SAR interferometry maps (e.g., Sentinel 1 InSAR
maps from http://comet.nerc.ac.uk/ and http://insarap.
org/) and maps with rupture traces from helicopter
flights (Civico et al, 2018) were used to orient the
survey of coseismic ruptures. Photos and notes can
complete the data collection. Advanced drawing tools
are included and it is possible to represent different
kinds of data with different colors and symbols. All
the collected data can be analyzed in the integrated
stereonet tool. Finally, the work can be easily exported
in GIS, Google Earth and Move compatible formats.
Along the coseismic ruptures we collected throw,
opening (the horizontal aperture perpendicular to
rupture strike), net displacement and slip vector of the
surface faulting. Considering that the field survey was
performed after 6-to-12 months after the mainshock,
displacement parameters were collected only on well
preserved, unambiguous piercing points. In case
of poorly preserved (eroded, covered) ruptures, we
mapped only the point/trace on the map, and the
strike whenever possible.
Topographic profiles across fault scarps were realized
on a 50 cm - resolution Digital Surface Model
obtained from Pléiades Images (OCNES_2016) (from
CEOS Seismic Hazard Pilot group, IPGP, France).
Topographic throw was calculated by measuring
the vertical offset of the far-field topographic slope
across the fault scarp, which can be inferred to be the
throw accumulated by the fault after the Late Glacial
Maximum (post-LGM throw; i.e., post 18-12 kyrs ago)
according to the methodology explained in Roberts
and Michetti (2004).
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The freeware QGIS software (Version 3.0.3
Girona) was used to realize all the maps.
The base map in Frames 1 and 2 is a 10 m-resolution
Digital Elevation Model from Tarquini et al. (2007).
The topographic base map used in Frames 3
and 4 is the topographic map of the Marche
Regional Authority (Carta Tecnica Regionale, CTR,
Regione Marche) at a scale of 1:10,000 (http:/
www.regione.marche.it/Regione-Utile/Paesaggio-
Territorio Urbanistica/Cartografia/Repertorio/
Cartatecnicanumerical10000). All the coordinates
are in WGS 84 coordinate system.

Content description

The composite geological map attached to this note is
organized in eight frames.

Frame 1 contains a synthetic geological map of the
Sibillini Mts. area, which is realized by integrating
the geological map of the Sibillini Mts. published by
Pierantoni et al. (2013) with that of the Mt. Vettore
area presented in Brozzetti et al. (2019) and the new,
original geological maps realized in this work. On
this map, the traces of the original geological sections
produced in this work plus the traces of six geological
sections from Brozzetti et al. (2019) are reported. The
location of the mapped areas is also shown.

Frame 2 contains a structural map showing the
hierarchical organization of the VBF system. The VBF
is a NNW-SSE-striking, SW-dipping normal fault,
about 30 km long. It is divided into segments and
sections, based on fault trace continuity, amount of
geological throw, variation of throw along-strike and
geometrical-structural complexities (gaps, step-overs,
bends). The term segment is used here as a purely
descriptive term, without behavioral meanings (i.e.,
it is not synonymous of “earthquake segment”, often
used in the earthquake geology literature). We divide
the VBF in three segments, which are represented
with different colors: Cupi — Ussita (CU), Mt. Bove
— Mt. Porche (BP) and Vettoretto - Redentore — (VR)
segments.

The CU segment is about 9 km-long. It can be divided
in three sections: the 4 km-long Cupi section, separated
by a right step-over with an overlap of about 700 m
from the Mt. Banditella section, and the Mt. Rotondo
section, nearly parallel to the Mt. Banditella section.
In the field, it is not clear if the CU and BP segments
are separated by a gap or linked together. In any case,
there is an evident minimum in both the coseismic and
geologic displacement profiles (Frame 8) that allowed
us to separate them. The 12 km-long BP segment, the
longest of the system, is separated into the Mt. Bove
and Mt. Porche sections by a left step-over having 3

Geological Field Trips and Maps 2019 - 11(2.1)

km of overlap and 0.5 km of separation. The Mt. Bove
section is longer and more continuous than the Mt.
Porche one.

The VR segment, the southernmost of the system,
is divided from the BP segment by a step-over and a
minimum in the geological displacement profile. The
VR segment is about 10 km long and is formed by the
Quarto S. Lorenzo, Redentore and Vettoretto sections.
The Quarto S. Lorenzo and Redentore sections are
divided by a bend. Both sections are about 2 km long.
The Vettoretto section is separated from the Redentore
section by a right step-over of about 500 m.

Except CU, each segment shows a complex pattern of
secondary synthetic and antithetic faults.

Frames 3, 4 and 5 contain the geological maps of the
Cupi - Ussita and Mt. Bove — Mt. Porche areas, and
twelve geological cross sections at a scale of 1:25,000.
The Cupi - Ussita area (Frame 3) includes the three
sections of the CU segment. This fault was only
partially mapped as uncertain (dashed fault) in
previously published maps (the Cupi section was not
mapped before; Pierantoni et al., 2013). The field
survey allowed us to map precisely the fault trace. The
stratigraphy includes a Jurassic condensed succession,
cropping out in the southern part of the area. Five
geological sections (from A-A to E-E’) show gentle
folds dislocated by the CU normal fault. The Marne
a Fucoidi were used as a marker to measure the
geological displacement due to normal faulting, with
maximum throw of 470 m measured on section D-D’,
in the central part of the Mt. Banditella section. Field
view examples of surface faulting along the Cupi, Mt.
Banditella and Mt. Rotondo sections are reported in
Figures 2a, 2b and 2c, respectively.

The Mt. Bove — Mt. Porche area (Frame 4) includes
the Mt. Bove section and the northernmost part of Mt.
Porche section of the BP segment. In literature (e.g.,
Pierantoni et al, 2013) the Mt. Bove fault was poorly
constrained. The 2016 coseismic ruptures allowed
us to map the fault with continuity all along the foot
of the Mt. Bove Nord, Mt. Bicco and Mt. Bove Sud
western slopes, where the fault trace is often covered
by Holocene scree. The scree was breached by the
coseismic surface faulting in 2016 (Fig. 2d). Only
locally the fault is characterized by a well-detectable
fault plane, rejuvenated at the base by the 2016 surface
faulting (Fig. 2e). Uncertainties on fault trace remain
where the rupture is covered by coseismic rock slides
(Fig. 2f). The displacement accumulated by the normal
faults was measured along the cross sections F-F’ to
M-M’. The estimated maximum throw on the Mt. Bove
section, which is the fault section entirely reactivated
with continuity in 2016, is about 550 m (section H-H’).
There are two synthetic normal faults in the hanging wall
of the Mt. Bove fault section, cropping out west of Mt.

'
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Fig. 2 - Field view examples of surface ruptures from each fault section of the central-northern VBF. a) Surface rupture
within slope deposits and fault breccia along the Cupi section; b) Surface rupture in slope deposits along the Mt. Banditella
section (note the stretched roots); ¢) Surface rupture in slope deposits along the Mt. Rotondo section. d) Maximum coseismic
displacement of the Mt. Bove section (about 90 cm); €) Exposed free face along Mt. Bove fault; f) Coseismic rock slides
covering the surface faulting near Passo cattivo; g) Well-preserved, vertical-to-overhanging surface ruptures within clay-rich
soil (eluvium of Marne a Fucoidi) in the northernmost part of the Mt. Porche section. Location in Figure 1 and in Frames 3
and 4; visiting these sites is suggested to people interested in a field trip along the central-northern trace of the 2016 coseismic

surface faulting (getting to stops 2d and 2e imply difficult hiking).
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Cornaccione (see section H-H’), both having maximum
throw on the order of 500 m. The two synthetic hanging
wall faults were partially, discontinuously reactivated
in 2016 (see Frame 6), suggesting that the Mt. Bove
is the principal fault and the two hanging wall faults
are either a) synthetic splays, connected at depth with
the principal fault, along which part of the coseismic
displacement was distributed, or b) pre-existing faults
partially reactivated by triggered slip (sympathetic
faulting in the earthquake geology literature; e.g., Yeats
et al., 1997). There are uncertainties in estimating the
displacement of the Mt. Bove fault in sections F-F’ and
G-G’, due to the difficulty in constraining the bottom of
the Calcare Massiccio. Sections L-L' and M-M’ show an
East-verging overturned anticline in the hanging wall
of a thrust that is a secondary structure related to the
Sibillini Mts. thrust. Cross section N-N" was realized
south of the surveyed areas by using the geological
map published by Pierantoni et al. (2013).

Frame 6 summarizes all the collected coseismic
rupture data. The area surveyed in this work was
crossed by the ruptures of the 26 October Mw 5.9
and 30 October Mw 6.5 events. Field examples of
coseismic ruptures are reported in Figure 2. The
location of these field views is reported in Frames
3 and 4. For people potentially interested in doing
a field trip along the central-northern trace of the
2016 coseismic surface faulting, we suggest to visit
these stops (getting to stops 2d and 2e imply difficult
hiking), even though all the traces of the reactivated
faults are plenty of good field evidence that probably
will preserve for several years.

We could not separate the components of the 26 and
30 October events. Moreover, we could not solve the
uncertainty on how long the total surface rupture of the
26 October event was (approximately 14 km; Brozzetti
etal.,2019), and howlong and how much the 30 October
event overprinted the 26 October ruptures. Therefore,
we can provide only the cumulative displacement of
the 26 and 30 October events. The displacement due
to the 24 August event, and its overprinting by the 30
October event are outside the area surveyed in this
work (southern part of the VBF). In order to build a
complete displacement diagram along the entire VBF
(diagrams (a) and (b) in Frame 6), the data collected
in this work were integrated with data collected
along the central-southern part of the VBF (south of
Mt. Porche) by previous authors (Civico et al., 2018;
Villani et al., 2018; Brozzetti et al., 2019). Principal
fault ruptures are distinguished in this work on the
basis of longer continuity and larger displacement
compared to distributed (i.e., secondary) faults. It
is interesting to observe that in the diagrams of the
along-strike distribution of coseismic displacement,
each fault section has its own maximum, tapering at

Geological Field Trips and Maps 2019 - 11(2.1)

fault tips. A similar feature, even at lower resolution,
was highlighted by the distribution of the long term
geological and morphological displacements (see
Frame 8).

The computed coseismic parameters are the surface
rupture length (SRL), maximum displacement (MD)
and average displacement (AD). SRL was measured
by GIS as the length in map view of the surface trace
of principal fault ruptures, SW-dipping, without
summing overlapping fault sections. MD corresponds
to the single-point maximum measured displacement
(without averaging topmost values). AD was calculated
as both arithmetic and integral (area subtended by the
displacement curve divided by rupture length) means.
The SRL, MD and AD parameters are listed in a table in
Frame 6. The cumulative SRL is 30 km (32 km if a set
of a very discontinuous, poor-quality ruptures along the
southern continuation of the VBS is considered); MD
is 240 cm, AD arithmetic 37 cm and AD integral 36 cm.
Frame 7 contains a comparison of the 2016 coseismic
parameters with global normal faulting data analyzed
in various works in the literature. We compared
SRL, MD and AD with values predicted by empirical
regressions among Mw and fault parameters (Wells
and Coppersmith, 1994; Pavlides and Caputo,
2004; Wesnousky, 2008; Galli et al, 2008). For the
2016 cumulative SRL and displacement, we used
a cumulative magnitude Mw = 6.7, which is the
magnitude calculated from the entire seismic moment
released by the Mw>5.0 ruptures on the VBF from
August 24 to October 30. We also computed normalized
displacement diagrams (D/MD and D/AD vs the
normalized length L/SRL) and we compared them
with analogous normalized displacement diagrams
of global normal faulting earthquakes obtained by
using data compiled in Wesnousky (2008). The using
of normalized displacement diagrams allowed us to
compare earthquakes with different sizes. Finally,
the 24 August and cumulative 2016 AD/MD ratio is
compared with data from literature (0.33-0.35 for global
normal faulting data and 0.5-0.4 for all kinematics
earthquakes; Wells and Coppersmith, 1994; McCalpin
and Slemmons, 1998; Wesnousky, 2008). The AD/MD
ratio calculated from topographic displacements (post-
LGM displacement) is also added for comparison. The
possible meaning of divergences and convergences
emerging from this comparison will be discussed in
the next section.

Frame 8 contains nine topographic profiles at a scale of
1:10,000 across the principal fault scarp. These profiles
were used to estimate the post-LGM displacement.
The coseismic displacement is thus compared with the
long-term geological (figure a) and post-LGM (figure b)
displacements. The comparison is made by means of

normalized throw profiles.
) |
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The geological throw profile shows four relative
maxima. The first maximum corresponds to the
northern CU segment, the two central correspond
to the Mt. Bove and Mt. Porche sections of the BP
segment, and the southern one corresponds to the VR
segment. The Mt. Bove throw is the maximum value
of the entire system (550 m), even though there is a
large uncertainty in this estimate due to the difficulty
in constraining the bottom of the Calcare Massiccio.
The topographic throw profile shows two clear maxima,
corresponding to the Mt. Bove section and VR segment.
A second possible maximum can be inferred in the
central part of the Mt. Porche section. The profile lacks
of throw data for the northern CU segment.

There is a good correspondence among the location of
coseismic MD, the maximum topographic throw, and
the maximum geological throw of the VR segment.
All of them occur in the central VR segment. At the
scale on the entire throw profile, there is a broad
correspondence of the relative maxima in the coseismic
displacement and the relative maxima in the long-term
displacements.

In figure (¢) we quantify the amount of back-tilting in
the zone of MD. Back-tilting is a process that might
occur in the proximity of the fault to accommodate
volumetric problems in the hanging wall of a normal
fault (e.g., geometric irregularities of the principal fault
such as down-dip fault jogs). It is one of the causes
for formation of complex fault scarps during normal
faulting surface ruptures (e.g., McCalpin, 2009).
Cumulative, post-LGM back-tilting in the zone of the
2016 MD was proposed by Di Donato et al. (2018) on the
basis of a terrestrial laser scanning. Here we quantify
the long-term back-tilting by combining profiles from
laser scanning (Di Donato et al., 2018) with topographic
profiles from a 50 cm-resolution DSM derived from
Pléiades images (OCNES_2016; from CEOS Seismic
Hazard Pilot group, IPGP, France), which provide good
coverage of both hanging wall and footwall slopes. We
estimate that about 18% of the morphologic throw is
due to back-tilting (average from two profiles). This
value refers to the long-term displacement, cumulated
after the LGM. It is likely that a comparable amount
occurred during the 2016 coseismic displacement,
exaggerating the displacement on the principal fault.
Therefore, at least part of the very high MD can be due
to back-tilting.

Discussion and Conclusions

The 1:25,000-scale geological maps of the Cupi - Ussita
and Mt. Bove - Mt. Porche areas and the associated
geological cross sections allowed us to better constrain
the characteristics of the VBF compared to the existing
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literature, with new data on the along-strike variation of
geologic displacement and segmentation of the system.
We also present original data on the along-strike
variation of post-LGM topographic displacement.

The systematic field survey of the coseismic faulting
along the central-northern part of the VBF allowed
us to constrain the coseismic parameters of the 2016
earthquakes (along-strike displacement distribution;
cumulative 2016 SRL = 30 km, MD = 240 cm, and AD
= 36-37 cm).

The good correspondence between coseismic and
long-term (geologic, topographic) MD in the central
part of the VR segment indicates that the coseismic
MD recurred systematically in the same position over
the past seismic cycles, determining the long-term
maximum. In general, the first-order correspondence
of the relative maxima in the coseismic displacement
profile with the relative maxima in the long-term
displacement profiles indicates that the long-term
segmentation strongly controls the seismogenic
process. This segmentation pattern can be deduced
from geological and morphological features.

As far as the comparison with global data is concerned,
it is worth noting that the parameters of the 24 August
Mw 6.0 event, which ruptured 5.8 km of the 10.5 km-
long VR segment, are in good agreement with the
values predicted by empirical regressions. Instead, the
cumulative parameters are poorly predicted by the
regressions. Only the Galli et al.’s (2008) regression,
obtained from Italian surface ruptures, fits well the
SRL. In general, regressions on SRL fit the data better
than those on MD or AD vs Mw.

MD is much higher than the predicted value for a
cumulative magnitude Mw = 6.7. The 2016 D/MD
normalized profile (Frame 7) plots close to the bottom
of global normal faulting earthquakes. This is due to
the “anomalously”’-high MD value. The divergence of
the MD value can be reasonably explained by the fact
that it occurred on a very short portion of the VBF,
suggesting that local amplifications of tectonic faulting
occurred. Back-tilting can explain, at least in part,
this amplification. Iezzi et al. (2018) interpreted the
“anomalously”-high MD value as due to the change in
strike (bend) of the Redentore fault section compared to
adjacent sections. This explanation is based on a model
predicting that the throw rate in fault bends increases
in order to preserve the horizontal strain rate the entire
fault must accommodate (Faure Walker et al., 2009).
Thus, the high MD measured in the Redentore section
could combine the effects of both back-tilting and fault
bend.

Di Naccio et al. (2019) hypothesize that a component
of coseismic displacement is due to shaking-induced
gravitational sliding, particularly along the steepest
slopes of Mt. Vettore. Certainly, ground shaking
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might have amplified the coseismic displacement
in places. The OPEN EMERGEO Working Group
mapped several shaking-induced landslides along
the VBF system (Civico et al., 2018). Concerning the
site of maximum displacement discussed here, the
small amount of coseismic opening compared to the
large net displacement (Frame 6) seems to be poorly
consistent with the shallow gravitational sliding of
the scree/colluvial deposits proposed by Di Naccio et
al. (2019) (translational sliding on a 27-35°-dipping
surface at depths shallower than 15 m). The geometric
irregularity proposed here to explain the back-tilting
should locate at depths not compatible with such a
shallow gravitational sliding (Frame 8). Moreover,
careful mapping of the area allowed us to exclude
significant gravitational sliding. The most plausible
mechanism explaining the coseismic displacement is
of primary (tectonic) origin.

Interestingly, AD is lower than the predicted value.
The divergence of the cumulative AD compared to the
empirical regressions was unexpected. The 2016 D/AD
normalized profile (Frame 7) agrees with global normal
faulting earthquakes better that the D/MD profile.
This indicates that AD probably represents the 2016
surface displacement better than MD. Nevertheless,
both the integral and arithmetic AD are significantly
lower than the global averages. This apparent anomaly
is proposed here to be caused by the segmentation of
the fault system. The VBF is formed by several fault
segments, sections, and associated synthetic and
antithetic secondary splays. If the rupture occurs on
a single segment, the seismic moment is released by
a rupture on a relatively simple fault surface, with
characteristics more close to global averages (e.g.,
the 24 August rupture on the VR segment). But if
the rupture involves several segments and secondary
faults, the displacement is distributed on a number of
fault surfaces, connected at seismogenic depths but
not fully linked from depth to surface. This structural
architecture might determine an attenuation of the
coseismic displacement at shallow depths. Therefore,
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the “anomalous” low AD can be related to the high
segmented nature of the VBF system.

The implications for seismic hazard assessment are
discussed in Brozzetti et al. (2019). In general, caution
is needed in using regressions for AD and MD for
highly-segmented faults such as the VBF. Regressions
on SRL seem to be more reliable. Moreover, in using
slip rate (SR) for calculating the average recurrence
interval (T) of the expected earthquake on a fault (e.g.,
T = AD/SR, assuming regular recurrence), it is very
important to know where the SR was calculated. SR
calculated in sites close to MD can be much higher than
SR obtained in other sites of the same fault. Their use
without considering these possible large differences
can seriously underestimate or overestimate the
expected recurrence intervals. It is important to use
displacement-per-event values and SR deriving from
the same site of the fault.

The low AD and high MD concur in determining the
very low values of cumulative AD/MD. The “single-
segment” 24 August rupture has AD/MD values in
line with global averages. Interestingly, the long-term
(post-LGM) AD/MD approaches the global coseismic
averages. This might suggest that the low coseismic
AD is recovered during the long term, perhaps by
moderate magnitude earthquakes on single segments
(i.e., 24 August-like), or by aseismic deformation, or by
a combination of both processes.
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