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ARTICLE INFO ABSTRACT

Keywords: In 2016-2017, a destructive sequence of earthquakes affected a wide portion of Central Italy, activating a
N"_rmal fa‘ﬂts' complex, 80-km long system of SW-dipping normal faults and causing impressive surface faulting and wide-
Seismotectonics spread damage. Former studies providing reconstructions of the fault systems activated during this sequence, are
Seismic reflection profiles . . . . . . .

Apennines mostly based on high-resolution seismological and geodetic data. In this paper, we integrate surface and sub-

surface geological data with the ones obtained by an irregular network of seismic reflection profiles, aimed at
providing a comprehensive reconstruction of the subsurface lithologies and structures in this area. We have
constructed a set of five geological cross-sections, passing through the mainshock epicentral areas (Mw > 5.5) of
the seismic sequence. The cross-sections are extrapolated down to a depth of ca. 12 km, along which we have
plotted relocated seismicity. Combined geological and seismological data support a new 3D seismotectonic
model, illustrating the propagation through time and space of the seismic ruptures during the sequence. Our
results show that the litho-mechanical stratigraphy exerted a primary control on the distribution of seismicity, as
it is mostly hosted in the more competent lithologies (i.e. the Late Triassic-Paleogene succession, consisting of
carbonates and evaporites). In addition, we illustrate the crucial role played by the inherited compressional
structures in determining the lateral and vertical variations of the rheological properties of the upper crust and,
eventually, the overall geometry and segmentation of the seismogenic extensional system. The workflow pro-
posed here can be applied to other seismogenic zones throughout the world, since reliable seismotectonic models
require an accurate reconstruction of the subsurface geological setting, based on a close integration of geological,
geophysical and seismological data.

1. Introduction Improta et al., 2019; Michele et al., 2020) sequences. These re-

constructions were based mainly on aftershock distributions, derived

Substantial improvement in the techniques of acquisition and anal-
ysis of seismological data, achieved in the last decades, provides un-
precedented, detailed reconstructions of the active fault systems at
seismogenic depths. High resolution in the detection and location of
earthquake catalogues allows the location, dimension and attitude
(strike, dip, length and width) of single fault segments to be defined.
Outstanding examples come from the extensional fault systems in Cen-
tral Italy, where seismological and geodetic networks have given pro-
gressively improved images of the faults activated during the Umbria-
Marche (1997-1998, Chiaraluce et al., 2003), L’Aquila 2009 (Valoroso
et al., 2013) and Central Italy (2016-2017, Chiaraluce et al., 2017;
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from the application and integration of both relative (e.g. double dif-
ference; Waldhauser and Ellsworth, 2000) and absolute (non-linear al-
gorithm; Lomax et al., 2000) locations techniques.

Unfortunately, there has been little corresponding improvement in
the understanding of the subsurface geology in the same region. There
are high-quality, detailed geological maps (Centamore et al., 1992;
Koopman, 1983; Pierantoni et al., 2013; Carta Geologica Regionale
1:10000 — Regione Marche, 2014; Carta Geologica Regionale 1:10000 —
Regione Umbria, 2016; Ghisetti and Vezzani, 1986), but the connection
between the Quaternary faults exposed at the surface and the active
faults at seismogenic depths (6-10 km in this region) is difficult to
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determine, and would require the availability of specifically aimed
geophysical surveys. In this region, however, no large scale geophysical
acquisition and/or borehole drilling for scientific purposes has been
undertaken for many years, and the most relevant information is pro-
vided by an irregular network of seismic reflection profiles, acquired by
oil companies in the 1980’s (e.g. Bally et al., 1986).

In Central Italy, the seismicity is related to a system of normal faults
related to horizontal WSW-ENE extension, at a rate of 3-4 mm/yr
derived from geodetic data at a regional scale (e.g., Pondrelli et al.,
2006; D’Agostino et al., 2011; Anderlini et al., 2016; Devoti et al., 2017).
In the last 20 years, a huge amount of seismological and seismotectonic
studies have been performed in this region. However, the actual ge-
ometry of the seismogenic faults (e.g. listric vs. planar), the nature of the
rocks involved in the deformation and how they may influence the
mechanical behaviour of the active faults, and the role of the pre-
existing/inherited structures (e.g. in fostering reactivation phenomena
and/or promoting segmentation of the activated fault systems) are still
issues of much debate and disagreement.

In 2016-2017, a damaging seismic sequence affected a wide portion
of Central Italy (Fig. 1), from Visso to Campotosto (e.g. Tinti et al., 2016;
Chiaraluce et al., 2017), activating an 80-km long system of SW-dipping
normal fault segments, along which spectacular co-seismic ruptures
were observed. The structures involved, are part of a longer alignment of
seismogenic faults, responsible of the main seismic sequences, which
have affected the region for the last 40 years (e.g. Boncio et al., 2004;
Barchi and Mirabella, 2009). They are also responsible for significant
historical seismicity (Rovida et al., 2020). Hundreds of thousands of
earthquakes were registered during the 2016-2017 sequence (e.g.
Chiaraluce et al., 2017; Improta et al., 2019), including 9 events with
Mw > 5 (Fig. 1b). The sequence started on August 24, 2016 with the Mw
6.0 Amatrice earthquake, close to the town of Accumoli (Michele et al.,
2016; Tinti et al., 2016), causing intense ground shaking and a cm-scale
surface rupture along the M. Vettore normal fault trace (Pucci et al.,
2017). Following two months of continuous aftershock activity, on
October 26, the Mw 5.9 Visso earthquake occurred at the north-western
edge of the aftershock area. Four days later (October 30), the strongest
event of the sequence with Mw 6.5 occurred close to Norcia, halfway
between the towns of Amatrice and Visso. Finally, on January 18, 2017,
a series of four additional moderate magnitude (5.0 < Mw < 5.5)
extensional earthquakes, hit the Campotosto area, in the southernmost
part of the affected region (Fig. 1b).

This paper is aimed at providing a new, comprehensive reconstruc-
tion of the subsurface structure of the entire area affected by the
2016-2017 seismic sequence, as constrained by previously unreleased
deep seismic data seismic profiles, giving insights into the influence of
the subsurface geology (i.e. lithology and structure) on the geometry and
seismicity patterns associated with the faults. The reconstruction is
based on a set of five geological cross-sections, extrapolated down to a
depth of about 12 km, oriented ca. N65°, orthogonal to the strike of the
causative faults of the earthquakes. The sections are based on the inte-
gration of surface geological data, mostly derived from published maps
(mainly Koopman, 1983; Centamore et al., 1992; Pierantoni et al., 2013)
and seismic reflection profiles, acquired for oil exploration purposes in
the late twentieth century (some of which are shown by Porreca et al.,
2018). Earthquake foci are derived from a re-localized data-set (from
Michele et al., 2020) and focal mechanisms come from INGV TDMT
(web-service: http://cnt.rm.ingv.it/tdmt; Scognamiglio et al., 2009).
Seismicity has been plotted along the cross sections so that the rela-
tionship between the geological and seismological faults (sensu Chiar-
aluce et al., 2005) can be assessed and discussed.

2. Regional framework and surface geological structures
The area associated with the 2016-2017 seismic sequence is located

in a tectonically complex region, where three major structural domains
interact (Fig. la), whose stratigraphy is schematically represented in
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— the Umbria-Marche Domain, i.e. the SE part of the Umbria-Marche
fold-and-thrust belt (e.g. Barchi et al., 2001), involving a Mesozoic-
Paleogene multilayer sequence of carbonate rocks (Umbria-Marche
succession, e.g. Cresta et al., 1989; Centamore et al., 1992; Meni-
chetti and Coccioni, 2013);

— the Gran Sasso Domain, representing the transition between the
Umbria-Marche pelagic basinal area and the southernmost Latium-
Abruzzi Platform, which is the source of the abundant calcareous
turbidites, intercalated in the Mesozoic-Paleogene multilayer
sequence (Ghisetti and Vezzani, 1991; Cardello and Doglioni, 2015);

— the Laga Foredeep Domain, where Late Miocene syn-orogenic silici-
clastic deposits extensively crop out (Flysch della Laga Fm.; Cen-
tamore et al., 1992), covering the Umbria-Marche succession.

The structural evolution of this region is characterised by a Late
Miocene-Early Pliocene compressional phase, followed by Late Plioce-
ne—Quaternary extension (e.g., Ghisetti et al., 1993; Pauselli et al., 2006;
Barchi, 2010; Cosentino et al., 2010; Beaudoin et al., 2020). The
compressional structures show a very complex pattern (Fig. 1a). Both
Umbria-Marche and Gran Sasso domains overthrust the Laga Foredeep
Domain via major arcuate reverse faults: the Monti Sibillini (hereinafter
MSt, Koopman, 1983; Lavecchia, 1985; Cooper and Burbi, 1986; Maz-
zoli et al., 2005) and Gran Sasso thrusts (e.g. Ghisetti and Vezzani,
1991), with eastward and northward convexity, respectively (Fig. 1a).
The fold axes associated to these thrust systems mainly trend N-S in the
Umbria-Marche and Laga Foredeep Domains, and WNW-ESE in the Gran
Sasso Domain. At regional scales, the subsequent (mainly Quaternary)
normal faults crosscut this complex assemblage of compressional
structures, maintaining a regular, NNW-SSE alignment, across the whole
study area. A set of intermountain basins (Fig. 1a; Barchi et al., 2000;
Boncio et al., 2004), is generated in the subsiding hangingwalls of the
faults (Calamita et al., 1992; Blumetti et al., 1993; Vignaroli et al.,
2019), infilled by continental sediments of Quaternary and possibly late
Pliocene (e.g. Cosentino et al., 2017) age.

Five geological cross-sections have been constructed across the study
area (Fig. 3), oriented orthogonally to the strike of the major active
normal fault systems (i.e. N65°), as expressed by the focal mechanisms
of the mainshocks (Mw > 5) during the sequence and by the attitude of
the major Quaternary normal faults exposed at the surface (Fig. 1).

Section SO1 (Fig. 3a) crosses the NW termination of the Cupi-Ussita
Fault (Brozzetti et al., 2019), the northernmost segment activated dur-
ing the sequence. The section also crosses the southernmost fault seg-
ments (Mt. Cavallo-Mt. Fema fault segments, Chiaraluce et al., 2005)
activated during the 1997-1998 Umbria-Marche sequence (Sellano
earthquake, Mw = 5.5, 14th October 1997, e.g. Chiaraluce et al., 2003).
Sections S02, S03, S04 and SO5 pass through the hypocentres of four
major events of the Amatrice-Visso-Norcia 2016-2017 sequence. Sec-
tion SO2 (Fig. 3b) crosses the Mt. Bove Fault, close to the 26th October
2016 (Mw = 5.9) hypocentre. Section S03 (Fig. 3c) crosses the M. Vet-
tore Fault, close to the 30th October 2016 My = 6.5 hypocentre. Section
S04 (Fig. 3d) crosses the 24th August 2016 (Mw = 6.0) hypocentre that
occurred in the area corresponding to the transfer zone between the SE
termination of the M. Vettore Fault and the NW termination of the M.
Gorzano Fault (see map in Fig. 1a). Section SO5 (Fig. 3e) crosses the
Campotosto Fault, i.e. the last and southernmost segment of the system,
activated on the 18th of January 2017 by 4 events with 5.0 < Mw < 5.5.
About 10 km west of the Campotosto Fault, the SO5 section also crosses
the Montereale Fault, another Quaternary structure which is believed to
be active and seismogenic (Civico et al., 2016; Cinti et al., 2018).

The major compressional and extensional structures of the study area
are described in the following sections, based on the authors’ extensive
geological knowledge of the region derived from fieldwork, as well as on
previously published geological maps (e.g. Centamore et al., 1992;
Pierantoni et al., 2013; Testa et al., 2019; Stendardi et al., 2020).
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Fig. 1. Geology and seismicity of the
study area. (a) Structural sketch, showing
the main compressional and extensional
features of the study area, the traces of the
geological cross sections of Figure 3 (S01
to SO5) and the mainshock epicentres
(Mw > 5.0) of the Accumoli-Amatrice
2016-17 sequence (in yellow) and of the
previous Colfiorito 1997-98 and L’Aquila
2009 sequences (in red). Major Thrusts:
Monti Sibillini thrust (MSt) — Gran Sasso
thrust (GSt); Pizzo Tre Vescovi thrust
(PVt), Teramo thrust (TEt). Major anti-
clines of the Laga Domain: Sarnano ant.
(SNa); Cittareale ant. (CRa); Acquasanta
ant. (AQa); M. Gorzano ant. (GOa); Mon-
tagna dei Fiori ant. (MFa); Montagnone
ant. (MOa). Major Normal Faults: Col-
fiorito Fault System (COFS); Norcia Fault
System (NOFS); Vettore-Bove Fault Sys-
tem (VBFS), with its segments Cupi-Ussita
Fault (CUF), M. Bove Fault (BF) and M.
Vettore Fault (VF); Laga Fault System
(LFS), with its segments M. Gorzano Fault
(GF) and Campotosto Fault (CF). (b)
Seismicity map, showing the instrumental
seismicity of the Accumoli-Amatrice
2016-17 (in red) and of the Umbria-
Marche 1997-98 (in cyan) sequences,
and the historical seismicity in compari-
son with the major compressional and
extensional structures of the study area;
the co-seismic ruptures are also reported,
after Brozzetti et al. (2019), Ferrario and
Livio (2018) and Galli et al. (2019) (For
interpretation of the references to color in
this figure legend, the reader is referred to
the web version of this article.)



M.R. Barchi et al.

Tectonophysics 807 (2021) 228797

Umbria-Marche
Domain

M
o Tertiary Marly Group

(~160 m)

e —

PaE= | ate Cretaceous- Paleogene
==/ Scaglia Group

(~300m)

= Gran Sasso

Domain

Early Cretaceous SEES
Carbonates 0=
(~350 m) —E
E
Pa

Carbonates
(~770m)

Jurassic
Carbonates
(~1100m)

| Triassic
Evaporites
1200 m?
_(_.> ) B Jurassic
J B Carbonates
(~1200 m)
Detachment
level

Triassic
Dolomites
(>500 m?)

Tr

—

-

4 Laga Foredeep Domain Lithofacies )

Tertiary Marly
ME=" Group (~570m)
—

==+ (retaceous-Paleogene

Turbidites

Miocene
Flysch (~3500 m)

sojeuoq.e)

Tertiary Marly
Group (~500 m)
—

Cretaceous -Paleogene
i Carbonates (~ 700 m)

e

Umbria-Marche
Domain

Gran Sasso
Domain

J

Fig. 2. Schematic stratigraphic columns, representative of the three major domain of the study area. The columns (not to scale) do not keep into account significant
lateral variations affecting the sedimentary successions. The columns derive from Menichetti and Coccioni (2013) for the Umbria-Marche Domain, and from Cardello
and Doglioni (2015) for the Gran Sasso and Laga domains. The inset map shows the distribution and structural relationships between the three domains.

2.1. Compressional structures

In the Umbria-Marche Domain, the Umbria-Marche succession
extensively crops out in the hangingwall of the MSt, forming a complex
pattern of box shaped E-verging folds and arcuate thrusts (Fig. 1a). The
overall shortening direction is ca. E-W (N80°E), as evidenced by the N-S
trending fold axes and by the kinematic indicators on the major thrust

faults (e.g. Lavecchia, 1985; Barchi, 1991). The sections SO1, SO02 and
S03 (Fig. 3a,b,c) illustrate the structural style of these compressional
structures, which correspond to the ‘Umbria-Marche folds’ (Massoli
et al., 2006), detached within the Triassic evaporites (Burano Fm.;
Martinis and Pieri, 1964) and involving the whole carbonatic succes-
sion, with a typical wavelength of 4-6 km (Massoli et al., 2006).

In the Laga Foredeep Domain, the Messinian Laga turbidites
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Fig. 3. Geological cross-sections across the study area. The reconstruction of the shallow geological structures is based on available geological maps and literature
data (Koopman, 1983; Centamore et al., 1992; Pierantoni et al., 2013; Carta Geologica Regionale 1:10000 — Regione Marche, 2014; Carta Geologica Regionale
1:10000 - Regione Umbria, 2016). The legend of the major compressional and extensional structures is the same of Fig. 1a.

extensively crop out, with a maximum thickness exceeding 3 km in the
major synclines. The underlying Umbria-Marche succession is involved
in a series of 3 major N-S trending anticlines, generated in the hang-
ingwall of W-dipping major thrusts, from W to E: Sarnano-Cittareale,
Acquasanta-Gorzano and Montagna dei Fiori-Montagnone Anticlines
(Fig. 1a). As also observed by Massoli et al. (2006) in other areas where

the Umbria-Marche succession is covered by thick turbidites succes-
sions, these folds involving the carbonates are here spaced at a much
larger wavelength (10-15 km) than in the Umbria-Marche Domain
(Sections S04 and SO5, Fig. 3d,e). The Laga turbidites are generally
detached from the underlying Umbria-Marche succession by the Laga
Detachment Zone (sensu Koopman, 1983), generating low-wavelength
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folds and imbricates, also imaged in the sections S03, S04 and S05
(Fig. 3c,d,e).

In the southern part of the study area, the WNW-ESE trending Gran
Sasso thrust (e.g. Ghisetti and Vezzani, 1991; Cardello and Doglioni,
2015) marks the boundary between the Laga Foredeep and Gran Sasso
domains (Fig. 1a). South of the structurally complex zone, where the
western termination of the Gran Sasso thrust meets the MSt, the latter
assumes the characteristics of a major transpressive fault (Olevano-
Antrodoco tectonic Line, e.g. Salvini and Vittori, 1982).

2.2. Extensional structures

In the Central Apennines, Quaternary extension is accommodated by
a composite pattern of NNW-SSE trending, mostly WSW-dipping, seis-
mogenic normal faults (Fig. 1; e.g. Barchi et al., 2000; Boncio et al.,
2004). Since the Late Pliocene-Early Pleistocene, displacement along
these extensional faults have led to the formation of a series of narrow
continental basins (Calamita et al., 1994; Cavinato and De Celles, 1999;
Lavecchia et al., 1994, 2002; Cosentino et al., 2017). The basins located
in the study area are: the Cascia, Norcia and Castelluccio di Norcia ba-
sins (Calamita et al., 1982; Blumetti et al., 1993; Brozzetti and Lav-
ecchia, 1994; Coltorti and Farabollini, 1995), in the Umbria-Marche
Domain; and the Amatrice (Vignaroli et al., 2019) and Montereale
(Chiarini et al., 2014) basins in the Laga Foredeep Domain (Fig. 1a).

The main seismogenic normal faults in the study area, are arranged
into two main sub-parallel alignments, separated across strike by a
distance of about 10 km (Fig. 1). The western, longer alignment (~ 200
km long) affects the whole Umbria region from Citta di Castello to
Norcia, extending southward to Montereale and L’Aquila (e.g. Barchi
et al., 2000; Boncio et al., 2004). This system includes the main normal
faults responsible for the Mw 5.8 Norcia 1979 (Deschamps et al., 1984),
the Mw 5.4 Gubbio 1984 (Valensise and Pantosti, 2001), the Mw 6.0
Colfiorito 1997 (Chiaraluce et al., 2003), and the Mw 6.1 L’Aquila 2009
(Valoroso et al., 2013) earthquakes. In this study, we mostly focus on the
eastern alignment, activated during the 2016-2017 seismic sequence,
which consists of two major sets of active faults (Fig. 1a): the M. Vettore-
M. Bove Fault System (VBFS), including the Cupi-Ussita (CUF), M. Bove
(BF) and M. Vettore (VF) fault segments; and the Laga Fault System
(LFS), including the M. Gorzano (GF) and the Campotosto (CF) fault
segments. It is worth noting that different interpretations of the LFS
segmentation have been proposed in previous studies (Boncio et al.,
2004; Falcucci et al., 2018). At the surface, the boundary between the
VBFS and LFS grossly corresponds to the MSt, even though detailed
geological mapping showed that the M. Vettore Fault displaces the MSt,
propagating few km across the Laga Foredeep Domain (Porreca et al.,
2020; Stendardi et al., 2020 and references therein). The geomorpho-
logical expression of the active normal faults is much more evident in
areas where carbonate rocks crop out (e.g. Umbria-Marche Domain),
compared to areas where the bedrock consists of turbidite sandstones
and marls (e.g. Laga Foredeep Domain).

The seismogenic activity of these faults is demonstrated, beyond the
evident spatial connection with the instrumental seismicity distribution
(e.g. Chiaraluce et al., 2005), by the historical seismicity (summarised in
the national catalogues by Rovida et al., 2016, 2020) and by several
paleo-seismological studies (e.g. Galli et al., 2008, 2017; Cinti et al.,
2011). Such data also demonstrate the seismogenic activity of other
nearby fault segments, like Cascia and M. Alvagnano faults (Blumetti
and Guerrieri, 2007; Galli et al., 2020) and Montereale fault (Chiarini
et al., 2014; Civico et al., 2016; Cinti et al., 2018).

The position and associated net displacement of the major normal
faults affecting the study area are also represented along the five
geological sections of Fig. 3, and the position of the surface ruptures,
mapped after the 2016-2017 seismic sequence are also shown (Ferrario
and Livio, 2018; Villani et al., 2018, 2018a; Brozzetti et al., 2019; Galli
et al., 2019).
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3. Seismic reflection data

The geological reconstructions proposed in this paper are based on a
wide date-set of about 100 2-D seismic data seismic reflection profiles,
acquired in the study area in the last decades of the 20th century
(1970-1998) for oil exploration purposes (Fig. 4a). Most of these lines,
never published before, were kindly provided by the Italian oil company
(ENI S.p.A.), whilst others were extracted from the public database
“Visibility of petroleum exploration data in Italy” (Videpi Project, www.
videpi.com). From the same sources, we extracted the stratigraphy of 4
deep boreholes (Varonil, Campotostol, Antrodocol and Amandolal,
see locations in Fig. 3a), drilled in the study area. A more complete
description of the data-set, including details of the acquisition and
processing techniques, was provided in Porreca et al. (2018). Despite the
quite irregular spatial distribution of the seismic profiles and their var-
iable resolution, these data provide unique images of some representa-
tive structures, giving relevant insights into the geological setting at
depth and the structural style of both compressional and extensional
features.

3.1. Seismic stratigraphy

The definition of a coherent, easily applicable seismic stratigraphy is
an essential, preliminary step for any seismic interpretation procedure.
Following on from previous seismic reflection studies performed in
Central Italy (e.g., Bally et al., 1986; Barchi et al., 1998; Bigi et al., 2011;
Mirabella et al., 2008, 2011), four main seismo-stratigraphic units are
defined here in the study area (Fig. 4b), characterised by distinctive
seismic facies and calibrated using the few available deep boreholes. The
units are described as follow, from top to bottom.

The uppermost unit (‘Turbidites’) includes the Miocene Flysch (MF)
of the Messinian Laga Fm. (e.g. Centamore et al., 1992) and the un-
derlying Early Tertiary Marly Group, (Koopman, 1983; Cooper and
Burbi, 1986). In the nearly undeformed sections (e.g. in syncline hinge
zones), the Laga Fm. sandstones are characterised by a regular set of
high-frequency reflectors, with good lateral continuity, overlaying the
nearly transparent facies of the Tertiary Marly Group (Fig. 4c). In most
profiles, however, the seismic facies of the Turbidites is more chaotic,
reflecting their intense folding and fracturing.

The second unit (‘Carbonates’) corresponds to the Mesozoic-
Paleogene Umbria-Marche succession (UC, Fig. 4b), including the Cre-
taceous—Paleogene Carbonates (Scaglia Group and the underlying Early
Cretaceous Carbonates, Fig. 2) and the Jurassic Carbonates. It is char-
acterised by an overall transparent seismic facies, with two major high
amplitude and continuous reflections in the upper part, corresponding
to the top of the Scaglia Group (Top UC, Fig. 4b) and to the mid-
Cretaceous marly horizon of Marne a Fucoidi Fm. (Top FUC, Fig. 4b);
other reflectors are locally present in the central part of the unit (Fig. 4b,
d).

The third unit (‘Evaporites’), mainly corresponding to the Late
Triassic Anidriti di Burano Fm. (Martinis and Pieri, 1964), is generally
characterised by transparent seismic facies, often topped by a major
reflector (Top TE, Fig. 4b), possibly corresponding to a relatively thin
horizon of layered dolomitised limestones and marls (Calcari e Marne a
Rhaetavicula Contorta Fm., Ciarapica, 2007).

The deepest unit, the underlying ‘Basement’ never crops out in this
region and is drilled by few deep boreholes, scattered across the Italian
peninsula (see e.g. Patacca et al., 2008). The uppermost part of the
Basement consists of sedimentary or low-grade metamorphosed clastic
successions of Late Palaeozoic-Middle Triassic age (phyllites), and is
characterised by a set of oblique, medium to high amplitude, low-
continuity reflections, contrasting with the overlying transparent
facies of the Evaporites. These peculiar seismic facies have been referred
to previously as the ‘acoustic basement’ (Bally et al., 1986; Barchi et al.,
1998; Mirabella et al., 2008).

The Vp interval velocities reported in Fig. 4b, used for the depth
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Fig. 4. Seismic reflection data and seismic stratigraphy. (a): Location map of the seismic reflection profiles and wells used in this study; thick lines are the traces of
the seismic profiles shown in Figure 5, 6 and 7; (b): calibration of the seismic reflection profile with the Varoni 1 well stratigraphy showing: i) the Turbidites unit,
divided in Miocene Flysch (MF, Laga Fm.) and Tertiary Marly Group (TMG), ii) the Umbria Carbonates (UC) divided in the Cretaceous-Paleogene Carbonates (CPC)
and Jurassic Carbonates (JC), iii) the Triassic Evaporites (TE); (c), (d) and (e): representative examples of seismic stratigraphy, extracted from the lines SARO1 (c),

NORO3 (d), and at the intersection between NORO3 and an orthogonal profile (e).

conversion of the seismic profiles interpreted in this study, are derived
from well data, collected by the numerous previous studies performed in
this region (Bally et al., 1986; Barchi et al., 1998; Bigi et al., 2011;
Latorre et al., 2016). This regional data-base of the available velocity
data was recently summarised and improved by Montone and Mariucci
(2020).

3.2. Description of the seismic profiles

The examples illustrated in the present paper consists of five seismic
reflection profiles, here named SARO1, NORO1, NOR02, NORO3 and
GORO1 (see traces in Fig. 4a).

The original seismic reflection profiles (Porreca et al., 2018) have
been improved in their quality and interpretability using a workflow
combining data-preconditioning and attribute analysis (Chopra and

Marfurt, 2007; Marfurt, 2018). This technique is a relatively cheap and
fast strategy to qualitatively emphasize data properties and geophysical
features in conventional seismic reflection datasets. An extensive over-
view and discussion on these techniques can be found in Ercoli et al.
(2020).

In the present work, we have experimented using structure-oriented
filters (i.e. dip-steering median filter) as a pre-conditioning strategy
before computing the pseudo-relief attribute (Ercoli et al., 2020 and
references therein). This process enhances laterally continuous events
reducing the random noise, but without suppressing details of reflection
events consistent with the structures. Our workflow had a fruitful effect
on our seismic data, cleaning up the random noise characterizing the
original seismic lines, better focusing the key reflected horizons. A good
example of the substantial benefits gained by the application of this
technique is observable in the line SARO1 in Fig. 5a, where despite the
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Fig. 5. Interpretation of the seismic profiles SARO1 and NORO3 (see trace on Figure 4). (a) Line drawing of the seismic profile SARO1. (b) Line drawing of the seismic
profile NORO3. See text for the descriptions. The uninterpreted images are in the supplementary material (S1 and S2 respectively).

original low quality, contains sets of reflections have been positively
enhanced allowing the key geological structures to be mapped. Thanks
to this approach and following improvements, we propose some novel
interpretations, including seismic profiles (e.g. NORO1, NOR0O2 and
NORO3) already described and discussed by Porreca et al. (2018) and
Ercoli et al. (2020).

The seismic profile SARO1 (Fig. 5a) crosses the Sarnano area, in the
footwall of the MSt, and extends ENE-ward (ca. N75°) across the Laga
basin (Figs. 1 and 4a). In the shallower part of the profile, the east-
dipping forelimb of a major anticline involving the Carbonates, is
clearly imaged (Sarnano anticline, Cooper and Burbi, 1986, see map in
Fig. 1), overthrusting a thick (about 2 s TWT), nearly undeformed sili-
ciclastic succession. In the thrust hangingwall, the internal reflection of
the Turbidites are strongly deformed and totally detached from their
original substrate, forming a triangle zone between a W-dipping out-of
syncline thrust and an E-dipping forelimb back-thrust. In the deeper
portion of the profile, a second unit of Carbonates can be recognized
beneath the Sarnano anticline, connected towards the east to the

exposed bedrock of the Laga succession. Beneath the Carbonates and the
Evaporites, between 3 and 4 s TWT, reflective seismic facies are inter-
preted to represent the acoustic basement. In the central part of the
profile, a major, gently W-dipping reflection obliquely dissects the
stratigraphic markers of the Carbonates at a depth of about 3 s twt: this
reflection was interpreted as a major thrust, producing the observed
tectonic duplication of the Carbonates.

The E-W trending seismic profile NORO3 (Fig. 5b) crosses the Acqua-
santa anticline just 2 km north of Acquasanta village (Figs. 1 and 4a),
providing another well resolved image of the subsurface structures of
the Laga Foredeep Domain. The Acquasanta anticline, involving the
Carbonates and the underlying Evaporites, is here imaged as a large
asymmetric, east-verging box-fold. It shows a long, gently W-dipping
back-limb and a relatively flat crestal zone, separated by a steep, E-
dipping back-thrust. The short forelimb is poorly imaged, presumably
because its strata are very steep or even overturned. A set of short-
wavelength folds and imbricated thrusts, with a marked eastward tec-
tonic vergence, involve the Turbidites on top of gently W-dipping
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Carbonates of the Acquasanta anticline back-limb. The overall geometry
of the anticline, as imaged by the Carbonate reflectors, is quite similar to
that of the widely described major anticlines exposed in the Umbria-
Marche Domain (e.g. Calamita and Deiana, 1988; Lavecchia et al.,
1988; Calamita et al., 1994; Tavarnelli, 1997; Mazzoli et al., 2005;
Calamita et al., 2012). The anticline is generated at the hangingwall of a
major W-dipping fore-thrust, with a staircase trajectory, suggesting a
fault-bend-fold mechanism (e.g. Calamita et al., 2012), with a basal
decollement located within the Evaporites. At the footwall of the thrust,
beneath the crest zone of the box fold, the seismic profile shows a set of
gently E-dipping reflections, down to at least 2.5 s (TWT), affecting a
deeper Carbonate Unit. Within this unit, the reflectors are displaced by a
set of W-dipping normal faults, apparently pre-dating the emplacement
of the thrust.

The NORO1 and NORO2 seismic profiles (Fig. 6) extend in an E-W di-
rection along the westward continuation of the profile NOR03, crossing
the Quaternary basins of Norcia (Nb) and Castelluccio di Norcia (CNb)
and the faults bordering them, as shown in the pseudo-3D view of
Fig. 6a.

Tectonophysics 807 (2021) 228797

The profiles (Fig. 6b, c) offer a view of the conjugate high-angle
normal fault systems bordering the Quaternary basins, imaged as
steep alignments of disrupted reflectors, that clearly corresponds to the
position of the faults mapped at the surface (see e.g. Brozzetti and
Lavecchia, 1994 for Nb and Pierantoni et al., 2013 for CNb). The eastern
part of profile NORO1 (Fig. 6b) images the master faults bordering the
flanks of the asymmetric Nb, i.e.: the SW-dipping Norcia Fault,
bordering its eastern flank and its major, antithetic (i.e. NE-dipping)
splay, bordering the western flank. The Norcia Fault is also visible in
the NORO2 profile (Fig. 6¢), whose central portion images the main
faults, bordering the CNb. The master fault is here represented by the
SW-dipping M. Vettore Fault, reactivated during the 2016 earthquake
(e.g. Villani et al., 2019), whilst the main NE-dipping, antithetic normal
fault, joins onto the M. Vettore Fault at about 2-3 s. A further, major
antithetic blind fault can be traced west of CNb, which was proposed to
be responsible for a large aftershock (Mw 5.4) that occurred few hours
after the 24th August Amatrice main shock (Chiaraluce et al., 2017;
Porreca et al., 2018; Improta et al., 2019).

For both Nb and CNb, the seismic volume between the two, opposite
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Fig. 6. Interpretation of the seismic profiles NORO1 and NORO2 (see trace on Figure 4). (a) 3D geological sketch of the Norcia-M.Vettore area, showing the
mainshocks, the main tectonic structures and the co-seismic ruptures. aNf is the antithetic fault of the Norcia Fault (Nf); aVf is the antithetic fault to the Vettore Fault
(Vf); Norcia basin (Nb); Castelluccio di Norcia basin (CNb); Mt. Sibillini thrust (MSt). (b) Line drawing of NORO1. (c¢) Line drawing of NORO2. See text for the
description. The uninterpreted images are in the supplementary material (S3 and S4 respectively). Modified after Ercoli et al. (2020).
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dipping, conjugated normal faults, shows a peculiar reflection fabric,
dominated by high-angle discontinuities (Fig. 6b, c). This is interpreted
to represent penetrative systems of minor, synthetic and antithetic
splays (Ercoli et al., 2020), in good correspondence with the complex
pattern of Quaternary faults mapped at the surface (e.g. Pierantoni et al.,
2013), as well as with the dense network of co-seismic ruptures that
occurred in this area (distributed deformation, sensu Ferrario and Livio,
2018). Several minor fault splays, affecting the bedrock and deposits of
the CNb, were also revealed by near-surface geophysical surveys, per-
formed before and after the occurrence of the seismic sequence (e.g.
Ercoli et al., 2013, 2014; Villani et al., 2019).

In the deeper parts of both sections, at around 3 s twt, a prominent
reflection has been recognized (Fig. 6b, c), particularly evident along the
NORO2 profile, beneath CNb, where it has been previously interpreted
(Porreca et al., 2018; Ercoli et al., 2020) as corresponding to the top of
the acoustic basement. The continuity of the top basement is abruptly
interrupted in its western edge, where two different tectonic structures
converge: a low-angle west-dipping discontinuity, corresponding to the
Sarnano thrust, which upward cuts the Carbonates reflectors of the back-
limb of the Acquasanta Anticline; and a steeper discontinuity, following
the trajectory of the M. Vettore Fault at depth. The crosscutting re-
lationships between these two discontinuities are ambiguous and dis-
cussed in detailed by Ercoli et al. (2020).

The GORO1 seismic profile (Fig. 7) is not part of our data-set, but is
derived from the paper by Bigi et al. (2013). Here we propose a new
interpretation of this profile, that differs from that offered by Bigi et al.
(2011, 2013). Bigi et al. (2013), Fig. 3b) propose that the active Cam-
potosto fault (i.e. the southern segment of the Laga Fault System,
Fig. 1a), exposed at the surface, is detached at a relatively shallow depth
(about 4 km) and is not connected to the source of the earthquakes at
depth. Consequently, the authors interpret its present-day activity as a
“sympathetic reactivation induced by the motion of the deeper, seis-
mogenic normal fault”. This interpretation is compatible with the
seismic signals, and explains the lack of shallow aftershocks. In our
alternative interpretation (Fig. 7), the Campotosto Fault propagates
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downward to seismogenic depth, following the perfect alignment be-
tween the normal fault trace, exposed at the surface, and the deep
seismicity, registered during both 2009 (e.g. Valoroso et al., 2013) and
2016-17 (e.g. Michele et al., 2020) sequences. In this interpretation, the
geometry of the Campotosto Fault is similar to that of the other seis-
mogenic normal faults, activated during the 2016-2017 sequence.

Moreover, we propose a new interpretation of the relationships be-
tween the M. Gorzano anticline and the Campotosto Fault, hypothesis-
ing that the anticline exposed at the surface in the footwall of the
Campotosto Fault is a shallow structure, affecting only the detached
Turbidites. This interpretation is based on the geology mapped at the
surface (Centamore et al., 1992), showing that the N-S trending M.
Gorzano anticline, involving the Carbonates, is actually displaced by the
NNW-SSE trending Campotosto Fault (Fig. 1): south of the intersection
point, the crest of this deeply-rooted anticline is downthrown in the
hangingwall of the Campotosto Fault.

3.3. Summary

The available seismic profiles provide significant insights onto the
structural style of both compressional and extensional structures.

The compressional structures are dominated by a consistent style of
deformation, characterised by multiple décollements (Massoli et al.,
2006). Two main décollements are clearly imaged in the seismic
profiles:

— a shallower décollement is located in the Tertiary Marly Group,
above the top of the Carbonates (Laga Detachment Zone, sensu
Koopman, 1983) and generates intense, short-wavelength, dis-
harmonic folding and imbrication of the Turbidites (lines SARO1,
NORO3, GOR01);

— a deeper décollement is located within the Evaporites, generating
long-wavelength, box-shaped anticlines involving the Carbonates (e.
g. Sarnano and Acquasanta Anticlines). These anticlines developed in
the hangingwalls of shallow-dipping major thrusts, are characterised
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by significant amount of shortening (up to 10 km) and extensive
duplication of the Carbonates (lines SARO1, NOR03).

12

The profiles also show that the top of the acoustic basement is not
laterally continuous, suggesting that at least the uppermost part of the
basement is deformed. Previous papers, based on seismic reflection
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profiles, show that the top basement steps downwards to the east due to
thrusting (Sage et al., 1991; Barchi et al., 1998; Fantoni and Franciosi,
2010).

The extensional structures (i.e. the active normal faults) cross-cut the
stacked units of the sedimentary cover, from the surface down to the top
Basement (lines NORO1, NOR02, GORO01), where they may reactivate
the steps generated by the major thrusts. The extensional systems usu-
ally consist of conjugate sets, driven by SW-dipping master faults
(NORO1, NOR02).

4. Integrated geological sections

The five geological sections, shown in Fig. 3, have been extrapolated
down to ca. 12 km (Fig. 8), using the interpretation of the nearest
available seismic reflection profiles and, more generally, the crucial
indications offered by key-seismic profiles (see Chapter 3), in particular
about the structural style at depth (e.g. thin vs. thick-skinned tectonics,
Pfiffner, 2017; Poblet and Lisle, 2011) and the depth to basement.

Quite different reconstructions have been published previously by
different authors for this area, proposing a large range of possible so-
lutions for both the structural style and for the amount of the associated
shortening (e.g. Ghisetti et al., 1993; Calamita and Pizzi, 1994; Bigi
et al.,, 1999, 2011; Scisciani et al., 2014). A review of the previous
studies about the structural setting of the region at depth was recently
offered by Porreca et al. (2018). For our cross sections, we adopted a
consistent structural style extensively observed throughout the region,
characterised by a system of multiple décollements, where different sets
of structures are generated at different structural levels, as described
earlier.

Along our cross sections, the main compressional structures consist
of four major stacked tectonic units, involving the Triassic-Paleogene
Carbonates and Evaporites (Fig. 8a). Top to bottom (i.e. W to E), they
are: the Umbria-Marche Unit (U1, at the hangingwall of the MSt), the
Sarnano-Cittareale Unit (U2), the Acquasanta-Gorzano Unit (U3) and the
Montagna dei Fiori-Montagnone Unit (U4). In the southernmost part of the
study area, the Umbria-Marche Unit is replaced by the Gran Sasso Unit
as the uppermost stacked unit Ul. In the shallower and easternmost part
of the sections, above the Carbonates, the Tertiary Turbidites are
shortened by short-wavelength folds and imbricated thrusts, detached
within the Tertiary Marly Group. In the deeper part of the sections, the
uppermost part of the basement is stepped due to the presence of major
thrusts, as also confirmed by 2D and 3D gravimetric modelling (Man-
cinelli et al., 2019, 2020). These steps are located beneath the main
topographic/structural culminations of the region, e.g. Monti Sibillini
and Montagna dei Fiori. A similar structural style, with stacked car-
bonate units above a stepped basement, was also used by Fantoni and
Franciosi (2010); see their Fig. 8), who drew a set of regional-scale
geological sections through the external part of the whole Apennines
belt, based on a vast data-set of industrial seismic profiles and deep
boreholes.

As we already know from the description of the surface geology, the
compressional structures are systematically cross-cut and displaced by
the later (i.e. Quaternary) normal faults, responsible for the seismic
activity of this region, whose position and attitude is very well known at
the surface, where they have been mapped in detail by many authors (e.
g. Pierantoni et al., 2013; Brozzetti et al., 2019); many are poorly
imaged by the available seismic profiles, which yield only few insights
into their extrapolation to depth (see e.g. Figs. 5 to 7).

4.1. Subsurface geology and seismicity distribution

Along the five sections (Fig. 8) we have plotted the 2016-17 seis-
micity, derived from the data-set published by Michele et al. (2020),
consisting of all the M, > 1.5 earthquakes that occurred in the study
region between August 2016 and October 2018. These ca. 34,000
events, relocated by applying double difference techniques (Waldhauser
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and Ellsworth, 2000), have a formal error smaller than 300 m in both
horizontal and vertical direction, and can therefore be certainly
compared to the geological features. As the 24th of August (Amatrice)
event was the first shock of the sequence, it was recorded only at the
permanent stations of the national network; the temporary stations,
densifying the network, were added only in the coming days. Thus, this
main event shows the largest uncertainties in the hypocentre parameters
(Michele et al., 2020). For this reason, only for this major earthquake,
we adopted a more recent solution, proposed by Waldhauser et al.,
2020, locating the mainshock at about 6.5 km depth.

For each section, we selected the seismicity, occurring in a strip 6 km
wide, + 3 km from each side of the traces reported in Fig. 1a; for the SO5
section, a wider strip (8 km) was selected, in order to include all the four
My > 5 events that occurred in January 2018 (see map in Fig. 1). We
also plotted the position and focal mechanism solutions of the main
shocks (with Mw > 5.0). While comparing the seismicity distribution
with the imaged geological structures (and evaluating reciprocal fit or
misfit), it is important to keep in mind that the velocity model used for
the depth conversion of the seismic profiles is not the same as that used
for the localization of the earthquakes’ foci, which is a 1-D gradient
version of the P- and S-wave velocity model (after Carannante et al.,
2013). Thus, we can regard these two sets of data as being completely
independent.

In all the cross sections of Fig. 8, the seismicity is distributed within a
rock volume about 10 km thick, oriented nearly parallel to the NNW-
trending attitude of the main normal fault segments mapped at the
surface and dipping about 45° towards WSW. Within this volume, we
divide the observed seismicity into four major groups based on location
relative to actual or inferred geological structures:

— Group 1 (Master Fault seismicity, MFs) is a strip, 1 to 2 km thick,
grossly aligned along the trajectory of the activated main normal
fault hosting the mainshock (e.g. focal mechanisms) and related
aftershocks;

— Group 2 (Hangingwall seismicity, HWs) and Group 3 (Footwall seis-
micity, FWs) consist of the events located within the master fault
hangingwall and footwall blocks, respectively, whose distribution
and/or clustering varies considerably through the different sections;
and

— Group 4 (Basal Fault zone, BFz) consists of the events located along a
layer, about 2 km thick, corresponding to the bottom of the observed
seismicity, and therefore here identified as a “Basal Fault zone”, BFz
(the same alignment is termed “Shear Zone, SZ” by Michele et al.,
2020). In all the sections, the western part of the BFz is flat or gently
east-dipping, whilst its eastern part dips eastward with a steeper
trajectory (15° to 25°).

In the following sections, we describe the seismicity distribution, and
the characteristics of the four groups along the five geological sections,
from N to S (Fig. 8).

Along Section S01 (Fig. 8b), the overall seismicity is distributed
within a volume about 10 km thick, almost symmetrically with
compared to the Cupi-Ussita fault, which is also imaged by the MFs
alignment. In the western portion of the section, the 1997 aftershocks
are aligned along the W-dipping Sellano fault (Chiaraluce et al., 2005),
and at a distance of about 10 km from the almost perfectly parallel Cupi-
Ussita Fault. Both HWs and FWs are well developed and consist of two
shallow groups of earthquakes (D < 3 km), about 2 km thick, located in
the hangingwall of the MSt. The seismicity of FWs is aligned at the base
of the Pizzo Tre Vescovi thrust. The BFz consists of an almost flat, about
1.5 km thick layer of seismicity, whose bottom is located at a depth of
about 9 km; towards the east, seismicity is much less abundant and dips
eastward, about 20°.

Along Section 02 (Fig. 8c), the seismicity is distributed asymmetri-
cally with respect to the M. Bove Fault, being more abundant in the
footwall block, where it propagates to a distance of about 7 km from the
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master fault. MFs dips at a shallower angle compared to the SW-dipping
nodal plane of the focal mechanism (46°). FWs contain a major, gently
west-dipping, about 2 km thick cluster of seismicity, developed within
the Umbria-Marche Unit (U1), i.e. in the hangingwall of the MSt. HWs
consists of scarce and sparser seismicity, possibly clustering in corre-
spondence of antithetic and minor synthetic splays of the M. Bove fault.
Beneath the activated master fault, the BFz is a dense, gently E-dipping
cluster, up to 2 km thick, whose bottom is located at a depth of about 8
km and evolves eastward into a relatively steep (about 22°) trajectory.

Along Section 03 (Fig. 8d), as in the previous section, the seismicity
is asymmetrical with respect to the M. Vettore Fault, propagating
prevalently in the footwall blocks, at distances up to 10 km from the
master fault. Again, the MFs is aligned at a lower angle compared to the
SW-dipping nodal plane of the focal mechanism (46°). Within the
footwall block, seismicity is clustered at two different depths, being 1-4
and 6-8 km, respectively: the shallower, prominent cluster, resembles
the occurrence of conjugate normal faults, affecting the Carbonates and
the Evaporites of the Sarnano-Cittareale Unit (U2), at the footwall of the
MSt; the deeper seismicity contains a group of minor clusters, mainly
hosted in the evaporites of the underlying Acquasanta-Gorzano Unit
(U3). HWs consists of scarce, poorly clustered events at a depth of 2-4
km, mainly in the hangingwall of the MSt, and of sparser seismicity,
possibly clustering in correspondence of antithetic and minor synthetic
splays of the master fault. The pattern of the BFz is quite similar to that
of S02, with a dense, gently E-dipping cluster, up to 2 km thick, located
at a depth of about 8 km beneath the M. Vettore Fault. The eastern part
dips eastward about 20°.

Section 04 (Fig. 8e) crosses the transfer zone between the SE
termination of the M. Vettore Fault and the NW termination of the M.
Gorzano Fault (see map in Fig. 1a). It is characterised by an extreme
scarcity of shallow seismicity. Consequently, the seismicity is almost
totally focused along the BFz, consisting of a nearly horizontal and
relatively thin western portion, at a depth of 9-9.5 km, propagating
eastward into a steeper (20°) segment, reaching a depth of about 12 km.
Above the BFz, only sparse seismicity is observed, possibly aligned along
the two above-mentioned fault segments.

Along Section S05 (Fig. 8f), most of the seismicity is clustered along
the trajectory of the Campotosto Fault, and defines a pronounced listric
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geometry, characterised by a much lower dip angle, compared with that
imaged by the SW-dipping nodal plane of the focal mechanisms (ca.
46°). The southernmost portion of the Campotosto Fault segment was
also reactivated during the late phases of the L’Aquila 2009 sequence,
showing the same listric geometry (Chiaraluce, 2012; Lavecchia et al.,
2011, 2012; Valoroso et al., 2013). Seismicity here is totally confined
within the Carbonates and Evaporites of the deepest tectonic unit
(Montagna dei Fiori Unit, U4), not propagating into the overlying Laga
turbidites, nor into the uppermost Acquasanta-M. Gorzano Unit (U3).
The FWs consists of a single cluster, at a depth of 10-11 km, possibly
corresponding to an antithetic normal fault. By contrast, the HWs is
represented by sparse events, located at shallower depth (4-6 km)
within the Acquasanta-M. Gorzano Unit (U3) and possibly aligned along
the trajectory of the Montereale Fault. This is the only section where the
BFz is not easily traceable: we can only recognise a deep (11-12 km),
dense cluster of seismicity located at the base of the seismogenic normal
fault, but only few events mark its possible, eastward and westward,
prolongations.

5. Discussion
5.1. Seismicity distribution with depth

The histograms of Fig. 9 offer a comprehensive view of the seismicity
distribution with depth, along the 5 cross sections. For each section, two
histograms have been devised: those in black show the total number of
events observed from August 2016 to January 2018 whilst those in color
show events that occurred during the first two days following the
mainshock (MW > 5) events intersected by each cross section (“early
aftershocks”, sensu Improta et al., 2019).

Most histograms (with the exception of that related to section S04)
are characterised by a pronounced bimodality. The deeper mode, pre-
sent in all the sections, corresponds to the BFz and clearly deepens
southward (i.e. from SO1 to SO5) from about 8 km to about 11 km. In the
sections crossing the M. Vettore-M. Bove Fault System (S01, SO2 and
S03), the shallower mode (1-3.5 km deep) include both HWs and FWs,
occurring in the uppermost tectonic units, consisting of Carbonates and
Evaporites. In the sections crossing the Laga Fault System (S04 and S05),
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Fig. 9. Seismicity distribution with depth. Frequency histograms showing the number of events registered along the five geological cross sections of Figure 8. The
black histograms (above) represent the total seismicity projected along each section, while the color histograms (below) represent the events within the two days
following the corresponding mainshocks (early aftershocks EAs, see text for discussion), i.e.: orange (S01 and S02) My 5.9 (26/10/2016); light blue (S03) My 6.5
(30/10/2016); green (S04) My, 6.0 (24/08/2016); yellow (S05) My 5.5 (18/01/2017). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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the absence of this shallow seismicity is related to presence in the up-
permost part of these sections of a thick layer of Turbidites (mainly
sandstones and marls of the Laga Fm.), where very few earthquakes are
generally observed (e.g. Latorre et al., 2016; Barchi and Collettini, 2019;
Michele et al., 2020). However, it is worth noting that along our sections
S04 and SO5, the layer lacking earthquakes is often thicker that the
Turbidites layer. Whilst the histogram of section S04 shows just a single
mode, corresponding to the BFz, a peculiar distribution characterizes
section SO5, whose bimodality is due to the abundant seismicity
occurring at intermediate depth (5-8 km), in the Carbonates and
Evaporites overlying the BFz layer, which along this section reaches its
maximum depth (9-12 km).

5.2. Geometry of the seismological faults

The seismicity distribution, in comparison with the geological
structures mapped at the surface and extrapolated to depth, along the
whole set of five cross-sections of Fig. 8, gives insights into the geometry
of the seismogenic master faults active during the 2016-2017 sequence.

First of all, our sections confirm that the position and trajectory of
the activated faults, depicted by the seismological data (i.e. MFs), are
generally consistent with the position at the surface of the Quaternary
normal faults and of the co-seismic ruptures, and with their trajectory at
depth, suggested by the available seismic data. Indeed, almost complete
consensus exists on the connection between the Quaternary normal
faults exposed at the surface and the faults seismically activated at depth
(“geological faults” vs. “seismological faults”, sensu Chiaraluce et al.,
2005; Barchi and Mirabella, 2009, see also Valensise et al., 2016; Bonini
et al., 2019). A similar connection has been also observed for the
northernmost Colfiorito Fault system, activated by the 1997-98 seismic
sequence (Chiaraluce et al., 2005). For the M. Vettore-M. Bove Fault
System, this connection was further confirmed by the occurrence of co-
seismic surface ruptures along the long-term Quaternary faults (Broz-
zetti et al., 2019; Civico et al., 2018; Villani et al., 2018, 2018a; Cirillo,
2020). The formation of these surface ruptures was monitored in situ by
precise co-seismic GPS measurements (Wilkinson et al., 2017), showing
that they are connected to the seismic sources not only in space, but also
in time. For the Laga Fault System, even in the absence of clear co-
seismic ruptures during the 2016-2017 earthquakes, Holocene reac-
tivation of the Quaternary faults is solidly proven by geomorphological
evidence (Cacciuni et al., 1995), and paleo-seismological trenches
(Galadini and Galli, 2003; Falcucci et al., 2018).

The correlation between surface geology and seismicity is more
problematic, when the second order extensional structures, formed in
the hangingwall and/or footwall blocks of the Quaternary master faults,
are considered. In many sections (e.g. S02, S03, S04), the rock volume
affected by the seismicity is quite asymmetric, being thicker and more
abundant, in the footwall block (i.e. FWs) than in the hangingwall block.
This contrasts with the observation that most of the co-seismic ruptures,
observed at the surface (Distributed deformation, sensu Ferrario and
Livio, 2018), as well as most of the Quaternary synthetic and antithetic
splays, occur in the hangingwall of the activated master faults (e.g.
Pierantoni et al., 2013), which also experienced larger displacements
compared to the footwall blocks (Bignami et al., 2019). Similar obser-
vations have been also reported for normal fault zones from other re-
gions worldwide, where the damage zones are significantly thicker in
the hanging walls compared with the footwalls (Reyer et al., 2012 and
references therein).

Moving from the surface and following the fault trajectory at depth,
combined geological and seismological data suggest that the dip of the
activated faults diminishes, as already observed in the Colfiorito area
(Chiaraluce et al., 2005; Barchi and Mirabella, 2009). The major seis-
mogenic normal faults are steeper at the surface (where they crop out
dipping 60°-70°, e.g. Pierantoni et al., 2013; Brozzetti et al., 2019) and
become gentler at depth, as also suggested by the nodal plane of the
focal mechanisms (42°-50°; Scognamiglio et al., 2018), as well as by the
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alignments of seismicity (i.e. MFs), connecting the mainshocks to the
active master faults exposed at the surface, which apparently dip less
than 40° (Fig. 8). Unfortunately, the resolution of our seismic data is not
good enough to discriminate if the fault dip changes continuously,
describing a proper curvilinear (i.e. listric) fault trajectory (as proposed
by Ciaccio et al., 2005 for the Gualdo Tadino fault) or if the fault is
composed of an alignment of few planar segments with progressively
lower dip, as proposed by Chiaraluce (2012) for the southernmost
portion of the Campotosto Fault activated during the 2009 L’Aquila
sequence. It is important to note that, in most cases, the high-resolution
seismological data collected in Central Italy do not support the existence
of listric active faults (e.g. Chiaraluce, 2012; Chiaraluce et al., 2017;
Michele et al., 2020).

In their deepest part, the seismogenic master faults, imaged by the
seismicity distribution (MFs), terminate downward at the intersection
with the BFz, which also corresponds to the seismicity cut-off. Beneath
the major active normal faults, the depth and attitude of the BFz
generally corresponds to the top of the acoustic basement (Porreca et al.,
2018; Mancinelli et al., 2019), as recognized in several seismic profiles,
and clearly imaged by a prominent reflector in the line NOR02 (Fig. 6¢).
In the easternmost part of the sections (Figs. 8, 10c), the BFz propagates
through the underlying basement, reaching a depth of 11-12 km. The
regional E-dipping overall geometry of the BFz, forming the seismicity
cut-off at depth and containing in its hanging-wall the SW-dipping
seismogenic normal faults, is compatible with the hypothesis that this
deep fault zone may represent a regional E-dipping detachment, driving
the extensional deformation of the region (Lavecchia et al., 2017;
Chiarabba et al., 2020).

5.3. Fault segmentation and the role of inherited structures

The overall geological and geophysical evidence illustrated in this
paper, clearly indicates that the seismogenic structures activated during
the 2016-2017 seismic sequence, consist of a complex, highly-
segmented system of thick-skinned, NNW-SSE-trending normal faults.
There is clear evidence that fault segmentation, both along strike and
down-dip, is affected by the inherited compressional structures in the
upper crust.

The most significant features of the activated fault systems are
schematically illustrated in Fig. 10, consisting of three different images,
aimed to show:

— The traces at the surface of the activated fault system, described in
Chapter 2, which along-strike consists of five major segments, NNW
to SSE, namely: the Cupi-Ussita Fault (CUF), the M. Bove Fault (BF)
and the M. Vettore Fault (VF), forming the M. Vettore-M. Bove Fault
System (VBFS); and the M. Gorzano Fault (GF) and the Campotosto
Fault (CF), forming the Laga Fault System (LFS) (Fig. 10a);

— The subsurface geometry of the same fault segments, as derived by
connecting the trajectory at depth of the faults, imaged along the five
geological cross-sections of Fig. 8, with their trace at the surface
(Fig. 10b);

— An inclined geological section, dipping WSW 47°, drawn approxi-
mately parallel to the envelope of the normal fault planes, showing
the geology (i.e. main lithological units and the major thrusts), as
viewed looking ENE where it intersects the normal fault system.
Along this section, we also projected the seismicity that occurred in
both the hanging-wall and foot-wall, for a maximum distance of 2 km
from the modelled surface (Fig. 10c).

The inclined geological profile of Fig. 10c offers an immediate,
comprehensive view of the relationships between the seismicity distri-
bution and the pre-existing litho-mechanical stratigraphy of the crust
(Carminati et al., 2020). The stronger lithological units, such as the
Carbonates and Evaporites host the larger part of the seismicity, which is
much less abundant in the weaker levels, represented by the Turbidites
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Fig. 10. Along-strike view of the activated normal fault system. (a) 3D view of the fault system showing the relationships between the fault segments exposed at the
surface. (b) 3D view of the fault system showing the relationships with the instrumental seismicity distribution. Seismicity has been plotted within a total buffer of 1
km from the major normal faults. Seismicity at the hangingwall is shown in black dots while seismicity at the footwall is shown by faded black dots. (c) Frontal view
of the activated fault system, modelled as a single plane surface, oriented N 335° 47°, showing the tectonic units and lithologies at the fault hanging-wall and the EAs
distribution (EAs are coloured following the same legend of Figure 9). EAs has been projected within a total buffer of 4 km; the numbers of the focal mechanisms are
referred to Fig. 1b. (d) Location of the seismicity associated to the 4 main sub-sequences, in relation with the (active) normal faults and to the (inherited) tectonic

units of the study area.

and by the phyllitic, uppermost part of the Basement. At local scale, sub-
horizontal seismicity clusters mostly follow the relatively flat attitude of
the single, stacked tectonic units, present along the profile. Considering
the whole profile, the along-strike seismicity is distributed along a band
of variable thickness, reflecting the overall pre-existing SSE-ward
deepening of the stacked units.

The complexity of the ruptured system clearly emerges from the
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history of the seismic sequence, depicted by the seismological data
plotted along the profile of Fig. 10c. Here, the early aftershocks, related
to the different mainshocks of the sequence, were represented with the
same colours, already used for the histograms of Fig. 9; this gives an
immediate view of the propagation of the seismic ruptures through time.
The sequence, as suggested by Villani et al. (2018b) and Brozzetti et al.
(2019), recently summarised by Michele et al. (2020), consists of four



M.R. Barchi et al.
major sub-sequences (Fig. 10c, d), illustrated in the sketches of Fig. 11:

1. The 24th August mainshock (Mw = 6.0) occurred beneath Accumoli
village, at the transfer zone between the GF and the VF, with bilateral
rupture directivity (Lavecchia et al., 2016; Tinti et al., 2016; Cal-
deroni et al., 2017) (Fig. 11a);

2. The 26th October event (Mw = 5.9) ruptured the northernmost
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3. The 30th October mainshock (by far the larger one, Mw = 6.5)

nucleated at the northern tip line of the VF, where it overlaps with
the BF, and propagated bilaterally for about 40 km, rupturing a large
part of the system, from the BF to the GF (e.g. Scognamiglio et al.,
2018) (Fig. 11c); and

4. The 18th January sequence, including four 5.0 < Mw < 5.5 earth-

quakes, ruptured the CF (a segment that was previously indicated by

segments of the system, i.e. BF and CUF, with a strong northward
directivity (Chiaraluce et al., 2017) (Fig. 11b);

only minor seismicity), propagating northward to its northward
termination near Amatrice, where it overlaps with the GF (Fig. 11d).
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Fig. 11. Synthetic seismotectonic model, illustrating the interactions between the activated normal fault segments, the associated seismicity and the pre-existing
thrusts. The four sketches represent the four main stages of the seismic sequence: for each stage, brighter colours characterise the tectonic structures more rele-
vant for the seismogenic process, i.e.: the ruptured normal fault segments, the major thrusts at the base of the seismogenic volume (hosting most of the early af-
tershocks), the activated portion of the basal detachment. a) 24th August: seismicity is mainly channelled within U3 and U4, activating two central segments (GF and
VF); b) 26th October: seismicity is mainly channelled within U1, activating two northern segments (CUF and BF); c¢) 30th October: seismicity is mainly channelled
within U2 and U3, activating the segments VF, BF and GF; d) seismicity is mainly channelled within U4, activating only the southernmost segment CF.
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Considering this well-established sequence of events and their spatial
distribution with respect to both extensional (i.e. active) and compres-
sional (i.e. inherited) structures, as illustrated along the profile of
Fig. 10c and summarised in Fig. 10d and Fig. 11, we can highlight some
relevant characteristics of the ruptured fault segments.

The location of the mainshocks indicates that most seismic ruptures
nucleated at the endpoint of a fault segment (e.g. Wesnousky, 2006) or
in the relay zone of two adjacent segments (e.g. 24th August at the
overlap between GF and VF; 26th October at the overlap between BF and
CUF; Fig. 11a, b). Unlike the previous seismic sequence in the Apennines
(1997-98 Umbria Marche and 2009 L’ Aquila), these mainshocks are not
located at the bottom of the ruptured faults but at intermediate depths
(Michele et al., 2020).

Based on the above described time history of the seismic sequence, in
the light of the geological reconstruction shown in Fig. 10c, we suggest
that the most important control on the earthquake nucleation is related
to the geometrical distribution of the four pre-existing stacked tectonic
units (Fig. 10c and Fig. 11). From NNW to SSE, the mainshocks related to
the four main sub-sequences occurred within progressively deeper tec-
tonic units, i.e. Umbria-Marche Unit (U1, Visso 26th October); Sarnano-
Cittareale Unit (U2, Norcia 30th October); Acquasanta-Gorzano Unit (U3,
Accumoli, 24th August); Montagna dei Fiori-Montagnone Unit (U4, Cam-
potosto 18th January 2017), as summarised in Fig. 10d and Fig. 11. This
also has important implications for the lithological controls on the
earthquake nucleation (Carminati et al., 2020) since all the mainshocks
occurred at or near the base of the tectonic units, within the Evaporites
(Fig. 10c).

We therefore propose a seismotectonic model, schematically illus-
trated in Fig. 11, where the mainshocks nucleated at the intersection
between the tip line of a normal fault segment (dipping about 45°) and a
major thrust (dipping less than 20°). In a such model, the tectonic units,
consisting of Carbonates and Evaporites, act as “channels” for the lateral
propagation of the seismic ruptures, connecting adjacent normal fault
segments and driving the rupture propagation across them.

The relay zones between adjacent normal fault segments, in turn, can
represent, and often actually act, as effective barriers to the rupture
propagation. For example, the relay zone between the BF and VF cor-
responds to the northern endpoint of the 24th August rupture (Fig. 11a),
as well as to the southern endpoint of the 26th October rupture
(Fig. 11b). However, the same relay zone had a different behaviour
during the 30th October earthquake, which nucleated close to this po-
tential barrier, but propagated into the adjacent fault segments
(Fig. 11c). Summarising, the segmentation of the active normal faults
seems to affect the location of the mainshocks, which are often nucleated
in zones of overlap between adjacent segments.

Our reconstruction also highlights the role played by the inherited,
compressional structures in controlling the geometry and segmentation
of the active extensional fault system. Previous studies (e.g. Scognami-
glio et al., 2018; Improta et al., 2019) postulated the existence at depth
of inherited, relatively steep thrust ramps, which were either reactivated
as normal/transtensional faults, or acted as barrier, affecting the first
order segmentation of the normal fault system. Alternatively, we pro-
pose that a major role is played by the shallow-dipping thrusts that
delimit the stacked tectonic units, which mostly behave as passive
structures, channelizing the seismicity propagation or, in other cases,
acting as barriers, as shown in the sketches of Fig. 11.

In addition, the stratigraphy and tectonic setting of the sedimentary
cover also affect the along-dip rupture propagation. Even if each
earthquake is generated within a specific tectonic unit (Fig. 10d), the
related seismicity propagates down-dip through the lower units, down
to the BFz, representing the common detachment for the activated fault
segments (Fig. 11). The effects of the rupture propagation up-dip are
more evident for the segments of the M. Vettore-M. Bove Fault System,
affecting the Umbria-Marche Domain, where the seismicity propagates
up to the surface forming the well documented co-seismic ruptures;
here, the fault trace is also marked by abundant aftershocks. In the
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segments of the Laga Fault System, the co-seismic effects at the surface
are less evident, and we do not observe shallow depth aftershocks.

6. Conclusions

The integrated approach proposed here allows the complexity of the
subsurface geology and the distribution of the seismicity to be compared
over the whole area involved in the 2016-2017 seismic sequence in
Central Italy. The reconstruction of the subsurface geological setting
rests on a set of five geological sections, passing through the mainshocks
of the sequence, constructed by integrating surface geology and previ-
ously unreleased deep seismic data. A set of accurately re-located
earthquakes was plotted onto the five geological sections. The along-
strike distribution of the seismicity, subdivided into four different sub-
sequences, provides a clear picture of the rupture propagation history
and a better comprehension of the involved geological structures
(Figs. 10 and 11).

The main insights inferred by our new seismotectonic model are as
follows:

— Each seismic rupture starts (nucleates) at the tip line of a major
normal fault segment, at a depth where it intersects a pre-existing
thrust (i.e. at the base of a tectonic unit);

— Following nucleation, the rupture propagates either along a single
fault segment or through multiple adjacent fault segments, following
a sub-horizontal “channel” (path) created by the presence of strong
rocks (Carbonates and Evaporites) of the involved tectonic unit;

— During the different rupture events, some of the relay zones between
adjacent segments may be either open or closed during different
episodes of the seismic sequence, mainly depending on the structural
depth (i.e. involved structural unit) where the rupture propagates;
and

— For each rupture episode (main shock) of the sequence, the total
length of the seismogenic fault, and ultimately the earthquake
magnitude, depends on the number of involved segments (see
Fig. 10d and 11): the larger earthquakes (e.g. Mw = 6.5, 2016/10/
30) involved multi-segment ruptures.

These results confirm that the interpretation of seismic profiles gives
an improved understanding of the geology at depth, that when inte-
grated with seismological data, allows a far more complete reconstruc-
tion of a geomechanical model to account for the evolution of the active
fault systems during specified earthquake sequences.

It should always be remembered that a reliable seismotectonic model
cannot be based solely on surface geology, since the earthquakes
nucleate at depth of several km. In both academic and industrial set-
tings, the accurate reconstruction of the geological structures at such
depths requires appropriate geophysical surveys. Among the different
geophysical techniques, including both active and passive seismic sur-
veys (e.g. seismic tomography, Chiarabba et al., 2018), seismic reflec-
tion data, ideally calibrated with deep boreholes and integrated with
other geophysical techniques, are able to support a detailed recon-
struction of the fault geometry at depth. These are able to give unique
insights into which types of rocks are present at seismogenic depths, a
precursor requirement for understanding the mechanics of the active
faults and, ultimately, of the earthquakes (e.g. Collettini et al., 2009;
Tesei et al., 2014).

The use of 3D seismic reflection surveys is a common, fundamental
practice in the industrial sectors. Unfortunately, these kind of data-sets
are seldom available for scientific research. In Italy (but also in most
other countries) no large programme of geophysical acquisition and/or
borehole drilling for scientific purposes has been carried out for many
years (e.g. CROP project, Scrocca et al., 2003). As in the case of this
study, scientists are therefore forced to re-use vintage industrial surveys,
designed and acquired for different aims and targets at the end of the last
century.
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This is certainly a problem of funding since 3D seismic surveys are
very expensive, especially in an on-shore setting. However, the scientific
community should make a stronger, more continuous effort for pro-
moting and funding new campaigns of geophysical acquisition, specif-
ically aimed for scientific purposes.
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