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A B S T R A C T   

The 2016–2017 Amatrice-Norcia seismic sequence was triggered by the reactivation of a complex NNW-SSE 
trending, WSW-dipping normal fault system cross-cutting the Umbria-Marche fold and thrust belt near M. Vet-
tore. This fault system produced clear and impressive co-seismic ruptures on normal faults in the hangingwall of 
the M. Sibillini thrust, whereas ruptures in the footwall were observed, but less clear. As a result, a strong 
controversy exists in the literature about the geometry of the seismogenic faults, their relationships with pre- 
existing thrusts, and the location of normal-faulting rupture tips. In this work, we present a 3D geological 
model of the M. Vettore area located between the Castelluccio basin and the outcrop of the M. Sibillini thrust, 
where the most evident co-seismic ruptures have been observed. The model shows the relationship between the 
ruptured normal faults and the M. Sibillini thrust, and was constructed using a grid of 14 geological cross- 
sections parallel and orthogonal to the main structural elements (i.e. normal faults and thrusts) down to a 
depth of 3 km. The model was built using reference structural surfaces, such as the top of the Early Cretaceous 
Maiolica Fm., the M. Sibillini thrust and the main seismogenic normal faults belonging to the M. Vettore fault 
system. The 3D model has allowed us to calculate the vertical cumulative throw distribution for the M. Vettore 
normal faults. The cumulative geological throw of ca. 1300 m across the normal faults in the proximity of the M. 
Sibillini thrust indicates that the seismogenic fault system continues into the footwall of the thrust, displacing it 
in the sub-surface. The results of this study provide important constraints on the cross-cutting relationships 
between active normal and pre-existing compressional structures in seismically active areas, contributing to a 
better definition of the faults segmentation, and the related seismic hazard.   

1. Introduction 

In geologically complex areas, the geometry and segmentation of 
seismogenic faults may be affected by pre-existing structures. Inherited 
and favorably oriented structures may be either reactivated in the new 
tectonic regime, or may act as barriers to rupture propagation, con-
trolling the segmentation of the active fault system (e.g. Schwartz and 

Sibson, 1989; Crone and Haller, 1991; Collettini et al., 2005). Possible 
control on active normal faults posed by pre-existing thrusts is relevant 
for the active extensional belt of the Central Apennines, where a set of 
NNW-SSE trending normal faults, active since the Early Quaternary and 
responsible of the seismicity of the region (e.g. Lavecchia et al., 1994; 
Calamita et al., 1994a; Ferrarini et al., 2015), affects the arc-shaped, 
Late Miocene-Early Pliocene structures of a pre-existing fold and 
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thrust belt (e.g. Lavecchia et al., 1994; Calamita et al., 1994a). 
In 2016 and 2017 the Central Apennines were affected by a seismic 

sequence, triggered by activation of a NNW-SSE trending normal fault 
system. The epicentral area, as depicted by the recorded seismicity, 
extends about 70 km in NNW-SSE direction (e.g. Chiaraluce et al., 2017, 
Fig. 1) crossing a complex region consisting of two different 

structural/geological domains affected by thrusts (Fig. 1): the 
Umbria-Marche domain, where Mesozoic-Neogene carbonates crop-out; 
and the Laga domain, where the same succession is covered by a thick 
siliciclastic foredeep succession (e.g. Koopman et al., 1983; Lavecchia, 
1985; Centamore et al., 1992). The two domains are tectonically sepa-
rated by the M. Sibillini thrust (MSt) (Fig. 1). 

Fig. 1. Structural map of the Umbria-Marche Apennines affected by the 2016–2017 seismic sequence. The map highlights the main geological domains and the 
structural relationship between NNW-SSE-striking normal faults and the arcuate M. Sibillini thrust (MSt). The four main-shocks (Mw 6.0 August 24th, 2016; Mw 5.4 
August 24th, 2016; Mw 5.4 October 26th, 2016; Mw 5.9 October 26th, 2016; Mw 6.5 October 30th, 2016) and after-shock distribution (Mw > 2.0) are reported in the 
map, together with the two focal mechanisms of the M � 6.0 events. The seismic data are from Chiaraluce et al. (2017). In the inset, a schematic tectonic map of Italy 
with the main thrust (thick black lines) and normal faults (red lines). MSt: M. Sibillini thrust; Vf: M. Vettore fault system; Gf: Gorzano fault system; Nf: Norcia fault 
system. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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The seismic sequence started on August 24th, 2016 with the Mw 6.0 
mainshock located north of the town of Amatrice (Amatrice earth-
quake). The mainshock nucleated along a SW-dipping normal fault 
belonging to the northern segment of the M. Gorzano fault (Gf) with an 
epicenter located within the siliciclastic Laga domain (Tinti et al., 2016; 
Lavecchia et al., 2016). During this event, primary co-seismic ruptures 
were observed along the M. Vettore fault system (Vf) in the carbonate 
Umbria-Marche domain above the MSt (Livio et al., 2016; Pucci et al., 
2017; Brozzetti et al., 2019). In contrast, along the well-known active Gf, 
coseismic ruptures were discontinuous or absent, and hence of equivocal 
origin (Livio et al., 2016; Emergeo Working Group, 2017). On October 
26th a Mw 5.9 earthquake nucleated to the north of the Vf, close to the 
town of Visso (Visso earthquake). The seismic sequence continued on 
October 30th with a Mw 6.5 earthquake, north to the Norcia town 
(Norcia earthquake), due to the reactivation of the Vf (Chiaraluce et al., 
2017). Along this fault system, located in the hangingwall of the MSt, 
impressive primary coseismic ruptures formed due to surface faulting 
(Ferrario and Livio, 2018; Iezzi et al., 2018; Villani et al., 2018a; Perouse 
et al., 2018; Brozzetti et al., 2019). Coseismic displacements (an average 
of ca. 0.44 m and peak of ca. 2.1 m) were observed for a total length of 
ca. 27 km with N135�-160� striking surface ruptures. These ruptures 
show prevalent dip slip kinematics denoting an extension axis trending 
SW-NE (N233�, Villani et al., 2018a; Brozzetti et al., 2019), which is 
consistent with both structural (Brozzetti and Lavecchia, 1994; Calamita 
et al., 1994a, 2000; Civico et al., 2018) and seismological data (Albano 
et al., 2016; Tinti et al., 2016; Chiaraluce et al., 2017; Scognamiglio 
et al., 2018). The southern tip of the coseismic surface ruptures, 
although less continuous along strike within colluvial deposits than 
further to the NW, appear to cross the pre-existing MSt and extends 2–3 
km in its footwall block (Pucci et al., 2017; Civico et al., 2018; Villani 
et al., 2018a; Brozzetti et al., 2019). 

The role of major inherited structures, such as the MSt, in controlling 
the mainshocks nucleation and/or segmentation of the seismogenic 
normal faults of the region is widely debated in the literature, based on 
the controversial cross-cutting relationships between the active normal 
faults and the MSt (Bally et al., 1986; Calamita et al., 1994a; Lavecchia 
et al., 1994, 2016; Coltorti and Farabollini, 1995; Mazzoli et al., 2005; 
Pierantoni et al., 2005; Pizzi and Galadini, 2009; Pizzi et al., 2017; 
Brozzetti et al., 2019). The main point of the discussion is represented by 
the fault segmentation in the area of the MSt, that is, if the thrust acted as 
a barrier or not to the co-seismic slip propagation during the 2016–2017 
seismic sequence. 

Before this last seismic sequence, different authors suggested that 
Quaternary normal faults do not displace the MSt, but detached at depth 
on the low-angle thrust surface (Bally et al., 1986; Calamita et al., 
1994a) with a displacement that abruptly decreases near the intersec-
tion with the MSt (Pizzi and Galadini, 2009). 

After the 2016–2017 seismic sequence and the first results on the 
seismicity distribution, other interpretations were proposed to support 
the hypothesis on the role of the inherited structures in controlling the 
activation of seismogenic faults. In particular, Bonini et al. (2016) sug-
gest that a 30�-40�-dipping ramp of the MSt, in the uppermost 6 km of 
the crust, was reactivated with extensional kinematics acting as a 
west-dipping detachment fault. A similar interpretation was given by 
Pizzi et al. (2017) who suggest a segmentation of seismogenic sources 
controlled by inherited discontinuities, such as the MSt. 

In contrast, other studies suggested that the normal fault systems of 
Central Italy crosscut the pre-existing late Miocene fold and thrust belt, 
including the main inherited structures such as the MSt (Brozzetti and 
Lavecchia, 1994; Lavecchia et al., 1994, 2016; Coltorti and Farabollini, 
1995; Roberts and Michetti, 2004; Mazzoli et al., 2005; Pierantoni et al., 
2005; Porreca et al., 2018; Iezzi et al., 2018). Also, Calamita et al. 
(1994b) suggest that some normal faults may cross-cut the thrusts, 
whereas other faults are detached at shallower levels promoting tectonic 
inversion of pre-existing thrusts. Recently, Brozzetti et al. (2019) per-
formed detailed field work focused on the surface ruptures of the M. 

Vettore area. They propose that the Vf displaces westward the MSt with 
a throw of ca. 300 m, and that the Vf continues southward in the foot-
wall of the MSt, affecting the siliciclastic Laga Fm. 

This debate is long-lived, for example in geological maps, starting 
from the Geological Map of Italy by Scarsella et al. (1941), where the 
trace of the MSt is not affected by normal faults, which are rarely rep-
resented by the authors. More recent maps, such as those of Centamore 
et al. (1992) and Pierantoni et al. (2013), also show that the MSt is 
continuous in proximity to the southern termination of the Vf. In 
contrast, Boccaletti and Coli (1982) and Lavecchia et al. (1985) pro-
duced structural geological maps of the Northern Apennines and the MSt 
respectively, where the MSt is shown to be displaced by the Vf. Thus, 
there is an ongoing debate about the role of the MSt, because the area 
where Vf intersects the MSt is partly covered by thick detrital deposits, 
hampering the direct observation of the cross-cutting relationships 
(Pierantoni et al., 2013). A clarification about the geometrical and ki-
nematic relationships between Vf and MSt is therefore necessary to gain 
insights into the segmentation and lengths of seismogenic faults with 
obvious implications on the maximum expected magnitude according to 
the scaling relationships (e.g. Wells and Coppersmith, 1994; Leonard, 
2010; Stirling et al., 2013). This study focuses on the controversial 
geometrical relationship between the seismogenic faults and older 
inherited structures. We define: (1) the 3D reconstruction of the MSt and 
of the seismogenic Vf, as well as their cross-cutting relationships; (2) the 
throw distribution along the Vf strike and its implications on the 
southern termination of Vf, within the siliciclastic Laga domain; (3) the 
comparison between long-term (geological) and short-term (coseismic) 
offset of the Vf. 

2. Geological setting 

The Neogene-Quaternary evolution of the central Apennines is the 
result of the contemporaneous opening of the Tyrrhenian sea, the east-
ward migration of a compressive front and the flexural retreat of the 
Adriatic lithospheric plate (Boccaletti et al., 1982; Malinverno and Ryan, 
1986; Royden et al., 1987; Patacca et al., 1990; Doglioni et al., 1994; Di 
Bucci and Mazzoli, 2002; Molli, 2008; Carminati and Doglioni, 2012). 
Most of the mountain ridge of the study area corresponds to the 
Umbria-Marche fold and thrust belt. The structural evolution of this 
region is characterized by a Late Miocene-Early Pliocene compressional 
phase, followed by Late Pliocene-Quaternary extension (e.g., Pauselli 
et al., 2006; Barchi, 2010; Cosentino et al., 2010, 2017). 

2.1. Stratigraphic setting 

The geological formations exposed in the study area belong to the 
well-known Mesozoic-Paleogene Umbria-Marche succession (e.g. Cen-
tamore et al., 1986; Cresta et al., 1989) and to the overlying turbidites of 
the Laga Fm. (e.g. Centamore et al., 1992), extensively cropping out in 
the footwall of the MSt (i.e. Laga Domain in Fig. 1). For the purposes of 
this study, this geologically complex succession has been schematically 
divided into 6 main Units, as shown in Fig. 2. 

The lower part of the succession (Late Triassic-Paleogene) reflects 
the tectono-sedimentary evolution of a continental passive margin, 
where shallow-water marine sediments (Evaporites Unit and shallow- 
water Carbonates Unit) are followed by a deeper, pelagic, largely car-
bonate multilayer (Basinal Unit and Scaglia Unit). The deposition of the 
hemipelagic, pre-turbiditic successions of the Marly Unit (Miocene) 
marks the end of the divergent environment and the transition towards 
the onset of a proper syn-convergent foreland basin, where the thick 
siliciclastic Laga Unit was deposited in the Messinian (Milli et al., 2007). 

As also illustrated in Fig. 2, the Basinal Unit is characterized by 
remarkable lateral variability, reflecting the effects of extensional, syn- 
sedimentary tectonics (e.g. Colacicchi et al., 1970; Alvarez, 1989; San-
tantonio, 1994; De Paola et al., 2007). During this phase, structural 
highs, capped by reduced thickness of sediments (condensed succession, 

M. Porreca et al.                                                                                                                                                                                                                                



Journal of Structural Geology 131 (2020) 103938

4

i.e. Bugarone Fm.), were separated by deep troughs where Jurassic 
sediments show their maximum thickness (complete succession, i.e. 
Corniola, Marne del Serrone, Rosso Ammonitico, Calcari a Posidonia, 
Calcari Diasprigni Formations). This configuration is clearly docu-
mented in the studied area, as mapped by Pierantoni et al. (2013). At the 
Jurassic/Cretaceous boundary, the paleotopography, related to the 
syn-sedimentary extensional phase, was buried and eroded during the 
deposition of the Maiolica Fm. For this reason, we use the top of the 
Maiolica Fm. as structural surface in our 3D reconstruction to avoid any 
complication related to the Jurassic extensional tectonic phase. 

2.2. Structural setting 

The stratigraphic multilayer described above was deformed during 
the Miocene compressional phase, giving rise to the Umbria-Marche fold 
and thrust belt. The compressional structures show typical thrust belt 
morphologies whose geometries are well documented in the literature 
(Koopman, 1983; Lavecchia, 1985; Centamore et al., 1992; Calamita 
et al., 1994a; Mazzoli et al., 2005; Pierantoni et al., 2005, 2013; Tavani 
et al., 2008). These well-known geometries facilitate calculation of the 
fault-related offsets. In the study area, the Umbria-Marche sequence 
overthrusts the Laga Fm., through the arc-shaped MSt (Koopman, 1983; 
Lavecchia, 1985), with eastward convexity. The tectonic style is char-
acterized by significant displacements across the main thrusts of several 
kilometres, with a progressive sequence in age of compressional struc-
tures toward the foreland (i.e., toward the ENE). The main detachment is 
localized at the base of the Triassic evaporites sequence and involves the 
whole sedimentary sequence deformed in NE verging thrusted anti-
clines. These anticlines are characterized by overturned forelimbs and 

gently west dipping backlimbs, associated with outcropping or blind 
thrusts. The siliciclastic foredeep sequence outcrops only to east of the 
MSt and is strongly deformed with frequent low-amplitude folds 
(Koopman, 1983; Porreca et al., 2018 and references therein). 

Since the Late Pliocene, extensional tectonics has cross-cut the 
compressional structures. NW–SE trending normal faults have been 
responsible for the formation of large intermontane basins in which Late 
Pliocene-Quaternary continental sediments were deposited. Evidence of 
activity in the last 2 Ma (Calamita et al., 1994b; Cavinato and De Celles, 
1999; Roberts and Michetti, 2004) is given by the strong link between 
the topography and displacements along the main normal faults. 

2.3. The M. Vettore area and active faults 

M. Vettore represents the highest elevation of the whole Umbria- 
Marche Apennines. The geology is characterised by the Castelluccio 
basin to the west and MSt to the east (Fig. 3). The MSt shows an arcuate 
shape, changing its strike from NNW-SSE in the northern sector to NNE- 
SSW in the southern sector with respect to the M. Vettore (Calamita 
et al., 2003; Di Domenica et al., 2012; Boccaletti et al., 2005; Finetti 
et al., 2005). In proximity of the M. Vettore, the MSt has prevalent N–S 
strike, with a low angle westward dip (Lavecchia, 1985). 

M. Vettore provides extensive exposures of Jurassic successions 
(particularly on its eastern slope), revealing a clear unconformity 
separating the Corniola Fm. from the Calcare Massiccio Fm. The MSt 
juxtaposes the Meso-Cenozoic carbonate succession, deformed by an 
east-verging asymmetric anticline, onto the Messinian siliciclastic fore-
deep deposits (Laga Fm.) (Pierantoni et al., 2013; Di Domenica et al., 
2012). To the east of the MSt, the structural setting of the footwall 
consists of a set of small-wavelength folds (ca. 0.5–2 km), involving 
different members of the Laga Fm. These folds show different sizes and 
lengths (3–10 km along-axis elongation) and are characterized by a 
shallow detachment (ca. 1–2 km of depth) probably located within the 
hemipelagic pre-turbiditic Marly Unit (“Laga Detachment Zone”, 
Koopman, 1983). 

The Quaternary extensional phase produced high-angle normal 
faults, with prevalent dip-slip and, subordinately, oblique kinematics 
(Brozzetti and Lavecchia, 1994; Pizzi and Scisciani, 2000; Pizzi et al., 
2002). The average strike of the normal faults is N150�, that is oblique to 
the N–S to NE-SW-trending Neogene compressional structures (i.e. fold 
axes and thrust faults) (Fig. 3). In particular, the NNW-SSE-trending M. 
Vettore normal fault system extends for about 30 km in length, from the 
Tronto river valley to the SE, to Ussita village to the NW (Pizzi et al., 
2002; Iezzi et al., 2018) (Fig. 1). It comprises synthetic WSW-dipping 
fault splays, with an en-�echelon geometry, locally connected to each 
other by transfer faults and minor antithetic splays (Pizzi et al., 2002; 
Galadini and Galli, 2003; Pizzi and Galadini, 2009; Ercoli et al., 2014; 
Villani et al., 2018b). The seismicity that affected this area since the 
August 24th, 2016 was attributed to the activation of the entire fault 
system (Civico et al., 2018). Considering the evidence of paleo-
earthquakes and the lack of historical earthquakes associated, the Vf 
system was considered “silent” before the last seismic crisis (Galadini 
and Galli, 2000), with palaeoseismology suggesting that the previous 
earthquakes on this system occurred with a long elapsed time (a return 
time to 1800 � 300 years for events with Mw > 6.6 was recently esti-
mated by Galli et al., 2019). 

The normal Vf system is also responsible of the formation and evo-
lution of the Quaternary Castelluccio basin, located on the hangingwall 
of the MSt (Fig. 3). This intramontane basin is one of the easternmost 
tectonic depressions of the Umbria-Marche Apennines. The basin is 
characterized by a NNE-SSW elongated, rectangular-shaped geometry 
(Coltorti and Farabollini, 1995; Villani et al., 2018b), and filled by 
coarse-grained alluvial and lacustrine deposits with a maximum esti-
mated thickness of ca. 250 m (Villani et al., 2018b). 

Fig. 2. Stratigraphic scheme of the M. Vettore area. The thickness variations 
are inferred by published data of Pierantoni et al. (2013). The formations are 
grouped to six main Units in order to simplify the construction of the 3D 
geological model. The top of Maiolica Fm. (MAI) was used as reference surface 
for constructing the 3D geological model of this study. 
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3. Methods 

This study is based on the integration of analysis of geological maps 
and structural survey data to characterize the geometries at depth for the 
M. Vettore seismogenic fault system (Vf) and its relationships with the 
MSt. In particular, we focus on the southern termination of the Vf (for an 
along-strike distance of ca. 10 km), where the maximum geological 
(long-term) and co-seismic (short-term) displacements, as well as the 
cross-cutting relations between MSt and Vf, are recorded. 

Our 3D geological model of the M. Vettore area is based on the 
interpolation of 14 geological cross-sections (parallel- and orthogonal- 

oriented with respect to the orogenic trend) (Fig. 4 and SM1; traces in 
Fig. 3), using published geological maps as the base for their construc-
tion (Pierantoni et al., 2013; Centamore et al., 1992). 

The geological sections and the 3D model were constructed using the 
2D and 3D Move software respectively (Midland Valley ©). Once the 3D 
model was constructed (see SM2), the 3D geometry of the seismogenic 
Vf, and the isobath contour maps of the MSt and the top of Maiolica Fm. 
were extrapolated, as described below. 

Fig. 3. Simplified geological map and traces of the geological sections produced in this work. The geological map was based on previous works of Centamore et al. 
(1992) and Pierantoni et al. (2013). The thick red lines are referred to the geological sections shown in Fig. 4. All the sections are in the SM1. The dotted red lines 
indicate the coseismic surface ruptures on the M. Vettore area and its southward continuation to the Laga siliciclastic Fm. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.1. Geological maps and cross-sections 

A new simplified geological map was produced using geological 
maps available in the literature (Centamore et al., 1992; Pierantoni 
et al., 2013; Brozzetti et al., 2019), and observations of cross-key loca-
tions in the field (see Fig. 3), by means of grouping different geological 
formations as shown in Fig. 2. The attitudes of the formational bound-
aries and major faults (Lavecchia et al., 1985; Villani et al., 2018b; Iezzi 
et al., 2018; Brozzetti et al., 2019), as well as their intersections with the 
topography, were used to extrapolate the surfaces to depth and onto the 
multiple geological cross-sections. This technique allowed the recon-
struction of the geometries of the tectonic units down to 3000 m depth 
and also their extrapolation above ground level (Fig. 4). The resolution 
of our geological map shows several both major and minor structures (i. 
e. minor faults and formational boundaries), but for our purposes we 
simplified the geological model, and focused on the relationships be-
tween the major faults. For instance, the western side of the M. Vet-
toretto is characterised by a synthetic fault splay (SW-dipping), 
comprised by an arrangement of at least four normal faults. In our sec-
tions we did not consider two minor faults producing a small displace-
ment (less than 60 m) compared to the master fault, whose displacement 
is greater than 1 km. Also, to be consistent with the mainly normal ki-
nematics of coseismic slip vectors recorded along M. Vettore area 
through geological observations (Iezzi et al., 2018; Villani et al., 2018b), 
and GPS and SAR interferograms (Cheloni et al., 2017; Scognamiglio 
et al., 2018), the current model adopts a purely dip-slip extensional 

kinematics for the Vf. We traced two main faults associated with the Vf 
(thick black lines in Fig. 3), characterized by throws of hundred meters. 

On the geological map of Fig. 3 we produced: (a) 6 ca. E-W trending 
geological sections, orthogonal to the fold axes (i.e. parallel to the 
shortening direction), (b) 4 ENE-WSW trending sections, orthogonal to 
the major normal faults (i.e. parallel to the extensional axes), (c) 2 NW- 
SE trending sections parallel to the normal faults, and (d) 2 NNE-SSW 
trending sections, almost parallel to the strike of MSt (see Fig. 3). The 
goal was to have multiple constraints on both compressional and 
extensional structures for constructing a reliable 3D model. 

For our sections, we adopted the structural style seen in the field and 
documented in previous publications that have reconstructed the 
detailed geometry of the MSt (Lavecchia, 1985) and the M. Vettore 
anticline (Pierantoni et al., 2013). The errors associated with construc-
tion of the cross-sections and throws are variable and difficult to 
quantify due to the geological complexity of the area and the widespread 
coverage of recent sediments. Moreover, assumptions are made in the 
extrapolation below and above ground level of the structures geometry 
on the basis of the outcrops data and thicknesses of the formations. An 
important source of potential error is that the stratigraphic configura-
tion of the study area is particularly complex due to important thickness 
variations related to the Middle-Late Jurassic syn-sedimentary exten-
sional tectonics (Pierantoni et al., 2013). In particular, remarkable 
thickness variations occur in the succession comprised between the 
Calcare Massiccio Fm. and the Maiolica Fm. (see Fig. 2), ranging from a 
minimum of 800 m in the northwestern area to a maximum of 1150 m in 

Fig. 4. Three geological cross-sections (a), orthogonally oriented with respect to the arc-shaped compressional structures and slightly oblique to the NNW-SSE 
striking extensional structures, show the displacement of the M. Sibillini thrust (MSt) by the F1 and F2 belonging to the M. Vettore seismogenic fault system 
(Vf). The longitudinal (SSW-NNE-oriented) cross sections (b) highlight the along-strike MSt and its displacement controlled by Vf system. 
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the M. Vettore and southern sectors. Since this variation shows a 
southeast increase, parallel to the investigated Quaternary faults, it does 
not affect significantly our estimation of the offset that has been calcu-
lated orthogonally with respect these faults. To simplify our geometrical 
model, we adopted an average thickness for different sectors following 
the data reported by Pierantoni et al. (2013). 

3.2. 3D modeling and contour maps 

The geological cross sections were used to create the 3D geological 
model through two independent structural surfaces: a stratigraphic 
surface (top Maiolica Fm.) and a tectonic surface (MSt), with the aim of 
measuring the along-strike throw distribution of the Vf. Two contour 
maps were obtained for these structural surfaces. 

In particular, the 3D geometry of the top Maiolica Fm., which is 
widely outcropping in the hangingwall of the Vf, was reconstructed 
using the stratigraphic information reported in the cited maps, as well as 
in published cross-sections. In the footwall block, the extrapolation of 
the top Maiolica Fm. is affected by larger errors due to rare or absent 
outcrops. Taking into account the thickness variation of the Jurassic 
sequence, we can estimate a maximum error associated with this 
extrapolation of ca. 180 m. 

The geometries and the dip angles applied for the extrapolation of 
the MSt in the footwall block of the Vf, benefitted of the isobath data 
reported by Lavecchia et al. (1985). The geometry and the depth of the 
MSt in the hangingwall of the Vf, less constrained by surface geology 
data, depends strongly on the adopted structural style. Even if the 
structural style of Umbria-Marche thrust and fold belt is still matter of 
debate (e.g. Scisciani et al., 2014; Porreca et al., 2018; Mancinelli et al., 
2019), in our sections we adopted a thin-skinned tectonic style with 
basal decollments within the Evaporites Unit (Bally et al., 1986; Barchi 
et al., 1998; Sage et al., 1991; Pierantoni et al., 2005, 2013). In detail, 
the depth of the MSt was inferred using the thickness of the stratigraphic 
sequence involved in the thrusting and the regional dip of the thrust. The 
thicknesses of the non-outcropping units (e.g. Triassic Anidriti Burano 
Fm.) were estimated from well stratigraphy (e.g. Varoni 1; Antrodoco 1; 
Villadegna 1; see Bally et al., 1986; Barchi et al., 1998 among the 
others). 

The “3D Model Builder” by Move allowed us to reconstruct the 
stratigraphic surfaces and faults geometry (Fig. 5). The so-called “ordi-
nary Kriging algorithm” was adopted to create the 3D geometry of the 

main stratigraphic and structural surfaces. 

3.3. Throw distribution 

In order to constrain how throw is distributed along-strike of the 
majors faults, the locations of cut-offs were measured on different 
stratigraphic-structural surfaces (e.g. Peacock and Sanderson, 1991). In 
particular, fault throws have been measured using two independent 
markers (Top of Maiolica Fm. and MSt). These two surfaces are pro-
jected onto the faults F1 and F2 to define their along-strike variability of 
the throw, as well as their aggregate values. 

We estimate that the throws derived from our model are associated 
with errors of less than about 180 m, similar to the errors estimated by 
other authors (e.g. Iezzi et al., 2018; Brozzetti et al., 2019). 

4. Results 

4.1. Geological cross-sections 

Fig. 4 reports five representative geological cross-sections derived 
from the 3D model: three ENE-WSW (Fig. 4a) and two NNE-SSW ori-
ented (Fig. 4b) sections. They show the geometrical relationship be-
tween active normal faults and pre-existing structures (folds and 
thrusts). All the other cross-sections are reported in the Supplementary 
Material (SM1). 

The compressional phase was responsible for the origin of the M. 
Vettore anticline and the MSt. The WSW-ENE oriented sections clearly 
show the asymmetrical shape of the M. Vettore anticline, characterized 
by a steep to overturned forelimb involving the Maiolica Fm. and the 
Scaglia Group (Fig. 4a). In particular, the outcropping part of the anti-
cline in the northern sector is composed predominantly by Early Jurassic 
Formations (e.g. Corniola Fm. and Calcare Massiccio Fm.) (Sections B–B0
and C–C0 in Fig. 4a), whereas the southern sector is characterised by 
widespread exposure of younger formations belonging to the basinal 
sequence (e.g. Maiolica Fm.) (Section E-E’ in Fig. 4a). In particular, in 
this sector (i.e. in the Vf footwall block) we have observed that the front 
of the overturned anticline is characterized by the occurrence of Scaglia 
Bianca Fm. (Scaglia Unit), that is in stratigraphic sequence with the 
Maiolica Fm. This allows us to exclude the occurrence of a normal fault 
affecting the overturned Maiolica Fm., as reported by previous geolog-
ical maps (see Pierantoni et al., 2013). All these units overthrust the 

Fig. 5. 3D view of the MSt (a) and the top of Maiolica Fm. (b) surfaces. In (a) the outcropping MSt is reported with a white line, whereas the footwall and 
hangingwall cutoffs of the MSt are indicated by cutoff 1 and cutoff 2 respectively. In (b) the MSt is reported by a black line. The north is indicated by the red arrow. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

M. Porreca et al.                                                                                                                                                                                                                                



Journal of Structural Geology 131 (2020) 103938

8

Laga succession by means of the gently west-southwest dipping (10–20�) 
MSt (cfr. Lavecchia, 1985; Pierantoni et al., 2013), widely outcropping 
in the northern and southern sectors of the investigated area. 

The subsequent extensional faults cross-cut both the anticline and 
the MSt. In our geological cross-sections, the Vf is represented by two 
main high angle WSW-dipping faults, well exposed along the western 
slope of the M. Vettore (sections B–B0, C–C0 in Fig. 4a). Fault 1 (F1), is the 
western fault, that is, the Vf bordering the Castelluccio basin, whilst 
Fault 2 (F2) is the eastern fault localized on the ridge of the M. Vettore- 
M. Porche (Fig. 3). Further north and south, these faults coalesce into a 
single main fault (see Iezzi et al., 2018; Brozzetti et al., 2019). The 
largest throw occurs across F1 as shown by section C–C’ (Fig. 4a). In this 
area, the F1 juxtaposes the Upper Cretaceous Scaglia Unit (hangingwall) 
against the Lower Jurassic Corniola Fm. (footwall), with a throw of ca. 
1100 m. The throw calculated for F2 is on the order of 200–300 m 
(sections A-A0 to C–C’; Fig. 4a and SM1). 

These faults cut and displace the MSt in the subsurface, with signif-
icant amounts of throw as shown in the longitudinal sections G-G0 and 
H–H’ (Fig. 4b). 

4.2. Contour maps 

Surface and cross-section data were interpolated to build contour 
maps of the MSt and the top of the Maiolica Fm., and used to depict the 
3D geometry of the structures in the M. Vettore area and their cross- 
cutting relationships (Figs. 5 and 6). 

The contour map in Fig. 6a shows the isobaths of the MSt. Our model 
shows that the MSt mostly dips W to WNW, apart from the southern 
sector where it is mainly NW-dipping, consistent with the trace of the 
thrust at the surface. Regarding the dip angles, in the northern sector, a 
dip of ca. 22�–26� is obtained for the shallower part, gradually 
decreasing at depth to 8–12�; in contrast, in the southern part we ob-
tained higher dip values for the frontal part of the thrust (30–35�), 
probably due to a lateral ramp geometry. 

The MSt surface is cut by the main NNW-SSE trending F1 and F2 
faults, belonging to the Vf system (Fig. 6a), which exhibit predominant 
dip slip kinematics and merge south-east of M. Vettoretto (Fig. 3). The 
MSt surface is therefore divided in three main blocks: from east to west, 
the outer block located under the M. Vettore-Vettoretto area, in the 

footwall of the Vf system; the intermediate block, delimited by F1 and F2 
faults, and the western block, under the Castelluccio basin, which 
experienced the aggregate effect of tectonic subsidence due to both 
faults. 

The contour map of the top Maiolica Fm (Fig. 6b). shows a more 
complex geometry. In particular, the top Maiolica Fm gains its maximum 
culmination close to the M. Vettore peak, with an inferred structural 
elevation of ca. 2900 m, and a minimum elevation of 1100 m above sea 
level, in correspondence with the depocenter of the Castelluccio basin; 
therefore an elevation change of ca. 1800 m is estimated across both F1 
and F2. Iezzi et al. (2018) suggest that this localized area of high offset is 
related to an along-strike bend in the fault system. The south-eastern 
part of the Maiolica surface is characterized by a steep geometry cor-
responding to the overturned forelimb, with a gently NNW plunging 
culmination that is likely to be related to the occurrence of the steep 
lateral ramp of the MSt. 

4.3. Throw distribution 

The cutoffs of the reconstructed top Maiolica and MSt surfaces in the 
Vf hangingwall and footwall (SM3 in Supplementary material) have 
been used to construct the along-strike throw distribution of the Vf. The 
along-strike variation of throw of the two surfaces, across both F1 and 
F2, along with the cumulative throw, is shown in Fig. 7. The average 
value of throw has been calculated using both structural surfaces in the 
hangingwall of the MSt in the northern sector (from 0 to 5.5 km pro-
gressive distance in Fig. 7), where the Maiolica Fm. crops out. In the 
southern sector of the MSt footwall (from 5.5 to 9 km in Fig. 7), the 
throw values were estimated using only the displacement of the MSt. 

In the first 5.5 km of the studied Vf, the top Maiolica and the MSt 
have similar throw variation. Here an average value has been calculated 
taking into account both the surfaces (dashed black line in Fig. 7). The 
average throw for both the faults is characterized by an almost flat ge-
ometry, with a subtle increase towards the south. In particular, the 
throw along F1 increases from ca. 900 m up to maximum of 1000 m 
(cross-section B–B0). The throw along F2 ranges from ca. 200 m (section 
M-M0) to a maximum of 300 m (section C–C’). In the southern sector, 
starting from the distance of 5.5 km, we note a marked increase of the 
throw along F1 corresponding to a decrease along F2, with the latter will 

Fig. 6. Contour structural maps of the MSt (a) and the top of Maiolica Fm. (b). The maps have been constrained by the geological cross-sections (thin black lines) and 
outcropping stratigraphic and tectonic contacts (geological map by Pierantoni et al., 2013). (a) Contour map of the MSt cut by the seismogenic Vf system represented 
by F1 and F2. The white curved lines are the surface evidence of the thrust, which constrains the model. The eastern sector of the MSt surface is extrapolated over the 
topography. (b) Contour map of the top Maiolica Fm. surface. The black curve represents the outcrop traces of the MSt. The top Maiolica Fm. in the Vf footwall block 
was extrapolated using the average thickness of the Basinal Unit. See the text for further details. 
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decreasing to a throw of zero where it coalesces with F1 (Fig. 7). 
The cumulative throw across the two faults depicts a bow-shaped 

trend with the maximum throw of ca. 1380 m between sections B–B0

and C–C’ (Fig. 7), in correspondence of the M. Vettoretto segment. This 
is also the area where the maximum co-seismic throw was recorded after 
the Mw 6.5 mainshock (Iezzi et al., 2018; Villani et al., 2018a; Brozzetti 
et al., 2019). 

Towards the south, the cumulative throw decreases, reaching a value 
of ca. 600 m as estimated along the E-E’ cross-section within the Laga Fm 
(Fig. 7). The possible continuation of the Vf to the south is discussed 
below. 

5. Discussion 

The 3D reconstruction of the geometry and kinematics of the NNW- 
SSE-trending Vf and the arcuate pre-existing MSt reveals a clear cross- 
cutting relationship, where the well-exposed Vf cuts and displaces the 
MSt. In this section, we first discuss the reconstruction of the along- 
strike throw variation of Vf and its continuation to the south-east with 
respect to the MSt. Secondly, we analyse how the lithology may have 
controlled the distribution and the expression of the surface co-seismic 
ruptures. In the last section we compare the net geological and 
2016–2017 coseismic throw distributions, to discuss if the latter is 
representative of the long-term expression of the active fault. 

5.1. Throw gradient and fault propagation 

Most published geological maps show that the southern tip of the 
surface trace of the Vf is located in the vicinity of the MSt, and is 
organized in splays that appear to curve to the thrust trend (e.g. Pizzi 
and Galadini, 2009; Bonini et al., 2016). This has been interpreted in 
different ways, such as a steep displacement gradient near the tip in 
vicinity of the thrust, but with the normal fault displacing the thrust, or 
the surface expression of a normal fault that has the geometry of a splay 
that detaches onto the thrust surface. 

However, in contrast to the above interpretations, in our 3D recon-
struction the Vf cannot be a splay of the thrust that was reactivated in an 
extensional regime. In fact, the Vf clearly cuts the MSt and continues 
within the footwall of the MSt, i.e. within the Laga Fm. This hypothesis is 
supported by the location of the maximum throw of ca. 1380 m, which is 
within the range of throws across major active faults in the Apennines of 

ca. 1–2 km (Roberts and Michetti, 2004), yet is located within only 1–3 
km of the mapped intersection of the MSt, in the M. Vettoretto area. If 
the Vf has a typical tip displacement gradient, it is likely that the fault 
continues for a number of kilometres to the SE, beyond the point of 
intersection, otherwise the fault would have a very unusual, extremely 
high asymmetric displacement profile. For example, in the central 
Apennines, throw/length (d/L) ratios on faults are in the range of 
0.035–0.083 (Pizzi et al., 2002; Roberts and Michetti, 2004), and the 
faults tend to have symmetrical displacement profiles (see Fig. 8 of 
Roberts and Michetti, 2004), so these observations set typical values for 
tip gradients. For example, for faults in the dataset compiled by Roberts 
and Michetti (2004), the points of maximum throw occur at distances of 
21–31% of the total fault lengths away from mapped fault tips (Sup-
plementary material SM4a); the preferred interpretation in this paper is 
close to this, having a value of 13%. However, if the Vf terminated at the 
MSt near either M. Vettoretto or M. Macchialta (see Fig. 3), the implied 
value would be between 1 and 6% (Supplementary material SM4b), 
which we feel is not plausible. Thus, for the throw to decrease to zero 
exactly at the MSt it would imply an implausible, extremely high tip 
gradient that we do not recognize on other faults in the Apennines. 

Moreover, the variation of slip-directions can help to define the fault 
lengths because they vary with throw and distance (Ma and Kusznir, 
1995; Roberts, 1996; Michetti et al., 2000; Roberts and Ganas, 2000; 
Hampel et al., 2013). Throw gradients produce stretching of the ground 
surface along strike so slip-directions converge towards the 
hanging-wall to accommodate the stretching. Fault lengths should 
therefore be reflected in the length scale of the converging patterns of 
fault slip. For the Vf, there exists a wealth of published data on the 
slip-directions distributions (e.g. Ferrario and Livio, 2018; Iezzi et al., 
2018; Perouse et al., 2018; Villani et al., 2018b; Brozzetti et al., 2019). In 
particular, values for the slip vector azimuth measured by different 
authors on the fault planes after the August 24th and October 30th, 2016 
events (Amatrice and Norcia earthquakes respectively) range between 
N210� and N270�, with an average of N251� (Iezzi et al., 2018; Villani 
et al., 2018a), which is perpendicular to the overall fault strike and not 
influenced by the slope dip direction. None of the published data show 
any convergence of the slip directions in proximity with the supposed 
fault termination (i.e. the intersection with MSt) (Supplementary ma-
terial SM4c), suggesting that instead, the tip is located further to the SE 
in the poorly-exposed area of the Laga Fm. 

Taken together, the data regarding the throw gradient and slip- 

Fig. 7. Throw distribution along the two 
faults (F1 and F2) of the M. Vettore area. The 
green line is referred to the top of Maiolica 
Fm., whereas the red line to the MSt. The 
average throw calculated using these two 
reference surfaces is reported as dashed lines 
only in the northern sector. The cumulative 
throw is given by the sum of F1 and F2 and is 
indicated by black continuous line. The 
southern termination of the fault is not 
constrained by geological cross-sections. MSt 
(Fw): the MSt cutoff in the footwall of the Vf; 
MSt (Hw): the MSt cutoff in the hangingwall 
of the Vf. (For interpretation of the refer-
ences to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   

M. Porreca et al.                                                                                                                                                                                                                                



Journal of Structural Geology 131 (2020) 103938

10

directions suggest therefore that the fault must continue toward the 
south, in the MSt footwall, within the siliciclastic Laga Fm. We therefore 
have estimated the southern propagation of the Vf using typical throw 
gradient values of active normal faults of the central Apennines as 
measured by Roberts and Michetti (2004). The authors found an average 
dmax/L ratio of ca. 0.13 for these faults (where dmax is the maximum 
throw and L is the distance between the point of dmax and the nearest 
fault tip), whereas the highest ratio is of ca. 0.21. If we apply the highest 
ratio to the Vf, then a value of ca. 6.7 km represents the minimum dis-
tance of the SE fault termination with respect to the M. Vettoretto area 
(i.e. the location of dmax) (Fig. 8a). Thus, this implies that estimated tip 

point of the fault ought to be located beyond the intersection with the 
MSt. Furthermore, the typical tip gradient values we have used are 
consistent with the faults that we have traced in the geological map of 
Fig. 3 and also in agreement with the fault tips identified by Iezzi et al. 
(2018) and the fault continuation of Brozzetti et al. (2019). 

5.2. Lithological control on the surface co-seismic ruptures 

We suggest lithology may play a role in controlling the morpholog-
ical expression of the normal faulting and this may help to explain why 
debate surrounds the nature of relationship between the Vf and the MSt. 

Fig. 8. Comparison between geological and 
2016–2017 coseismic expressions. (a) Along-strike 
distribution curve of both cumulative net geologic 
and the October 30th Mw 6.5 coseismic surface 
rupture (Villani et al., 2018a) throws. Locations of 
MSt cutoff are reported; (b) along-strike distribution 
of the Mw 6.5 slip on fault plane at depth modeled 
from strong motion data (Scognamiglio et al., 2018); 
(c) Sketch of the southern pattern of the VBFS and its 
relationship with the MSt. The Mw 6.5 coseismic 
surface rupture is drawn in red (Villani et al., 2018a). 
Thick black lines indicate the F1 and F2 fault splays 
utilized for the geologic 3D model. MSt cutoff and 
possible Vf southern extension derived from the 
model are reported. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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The surface ruptures to the August 24th (Mw 6.0) and the October 
30th (Mw 6.5) 2016 earthquakes are far more spectacularly and 
continuously exposed in the MSt hangingwall, where carbonate rocks 
crop out at the surface, than in its footwall, characterized by outcrop-
ping siliciclastic rocks of the Laga Fm. (Livio et al., 2016; Pucci et al., 
2017; Ferrario and Livio, 2018; Perouse et al., 2018; Villani et al., 
2018a; Brozzetti et al., 2019). This difference might be due to a com-
bination of earthquake location near the rupture fault tip and the 
occurrence of a cover of colluvium above the flysch lithology that 
hampers the rupture propagation at surface. 

Also over a longer time scale (i.e. Quaternary), normal faults cutting 
carbonate rocks (e.g. M. Vettore, M. Bove ruptures Calamita and Pizzi, 
1992; Calamita et al., 1992; Calamita et al., 1994b) are characterized by 
clearer morphotectonic evidence compared to similar faults cutting sil-
iciclastic rocks. Boncio et al. (2004), for example, describing the Gor-
zano fault (Gf), reconstruct long-term total net displacement in excess of 
2000 m, with limited exposure of clear fault surfaces restricted to only 
the central part of the fault where marly limestones are exposed near the 
base of the Laga Fm. 

A similar morphological contrast characterizes other Quaternary 
faults of the Umbria-Marche region, like the Gubbio fault (Collettini 
et al., 2003; Pucci et al., 2003): the northern part of the fault, where the 
footwall consists of carbonate rocks, is characterized by well-preserved 
fault surfaces and prominent fault scarps, which lack in the southern 
portion of the fault, where Miocene turbidites crop out at the fault 
footwall. In this case, the southward decrease of the long-term throw, 
observed in the seismic profiles, possibly contributes to the different 
morphological expression of the fault (Pucci et al., 2003; Mirabella et al., 
2004). 

In part, the different morphology of the long-term, Quaternary faults 
might be explained by the different erodibility of the footwall rocks, 
which promote a better preservation of the fault scarps in the harder 
carbonates with respect to the softer turbidites. However, the differen-
tial erodibility cannot be invoked to explain the discontinuity or absence 
of surface ruptures, since they form quasi-instantaneously during the 
2016 mainshocks (Pucci et al., 2017; Wilkinson et al., 2017; Villani 
et al., 2018a). In this case the different expression of the coseismic 
ruptures affecting the hangingwall and footwall of the MSt can be 
explained by the combined effect of: i) diminishing fault displacement 
towards the southern termination of the fault and also ii) a less effective 
rupture propagation, from the deep seismic source up to its surface 
expression, possibly driven by lithological (¼ mechanical) control. The 
lithological control in promoting inelastic deformation is quite obvious: 
less competent rocks are commonly associated with a more distributed 
deformation; this is likely to be true for surface ruptures, as recently 
discussed for the surface faulting of the 2016–2017 seismic sequence by 
Carminati et al. (2019). In particular, the thickness of the overburden of 
loose sedimentary cover influences the surface expression of faulting, as 
observed in several surface faulting worldwide (Milliner et al., 2015; 
Teran et al., 2015; Zinke et al., 2014). Similarly to the Central Italy 2016 
surface ruptures, also the 1980 Irpinia Mw 6.9 earthquake produced 
surface ruptures were mainly affecting the carbonate sequences of the 
Southern Apennines. Also in this case, the Irpinia fault did not show any 
clear evidence of surface rupture where it affects soft turbidites units at 
the Sele Valley (Pantosti and Valensise, 1990). 

Also, accurate hypocentral locations of seismic events, including 
aftershocks, show that in the Umbria-Marche extensional belt the seis-
micity distribution is affected by the mechanical stratigraphy of the 
sedimentary cover, providing further evidence of the inelastic behavior 
of the Central Italy turbidites with respect to the underlying carbonates. 
For example in the 2016–2017 seismic sequences, the longitudinal 
sections published by Chiaraluce et al. (2017) (Fig. 3, sections 2b and 2c) 
and by Improta et al. (2019) (sections of Fig. 3) show that the seismicity 
shallower than 4 km abruptly disappears in the part of the section 
crossing the Laga deposits, between the MSt and the Gran Sasso thrust. A 
similar behavior has also been observed for the Gualdo Tadino 1998 

sequence (Ciaccio et al., 2005), as well as for the Pietralunga 2012 
sequence (Latorre et al., 2016): in both cases the seismicity seems to be 
distributed only in the carbonate and evaporite dominated lithologies 
and does not affect the uppermost part of the sedimentary cover, con-
sisting of the Marnoso-Arenacea turbidites. 

We are conscious that this is a relevant and critical topic, which is 
worthy of further investigation using a specifically dedicated approach 
aimed at describing the effects of the lithology on the deformation 
pattern (e.g. Peacock and Sanderson, 1992; Giorgetti et al., 2016). 
However, our main point is that it is likely that the debate about the 
exact relationship between the Vf and the MSt has been exacerbated by 
both the presence of less competent rocks and both coseismic and 
longer-term displacements decreasing towards the fault tip. 

5.3. Comparison between net geological and 2016–2017 coseismic 
displacements 

The coseismic expression of the 2016–2017 seismic sequence 
affecting the study region presents two main analogies with the long- 
term picture derived by our 3D geologic model: 1) the shape of the 
along-strike distribution curve of Vf displacements; 2) the Vf offset and 
displacement of the pre-existing MSt. 

Fig. 8 shows the comparison between the along-strike distributions 
of the net geological (black line) and the Norcia earthquake (October 
30th Mw 6.5) coseismic surface rupture (red line from Villani et al., 
2018a), the slip on fault plane at depth (modeled from strong motion 
data, from Scognamiglio et al., 2018), and their locations with respect to 
the southern part of the Vf and the MSt. 

Both net geological and coseismic displacements reach the maximum 
values where they involve carbonate rocks and in coincidence of the 
largest relief (Pizzi et al., 2017; Iezzi et al., 2018). As a consequence, the 
Maiolica surface shows the lowest elevation in correspondence of the 
eastern sector of the Castelluccio basin, where the maximum aggregate 
coseismic throw was observed at the surface (Iezzi et al., 2018; Villani 
et al., 2018b; Brozzetti et al., 2019). The minimum elevation of the 
Maiolica surface at the F1 hangingwall corresponds also to the 
maximum coseismic subsidence indicated by geodetic data for both the 
August 24th and October 30th, 2016 earthquakes (Lavecchia et al., 
2016; Cheloni et al., 2017; Xu et al., 2017; Walters et al., 2018; Tung and 
Masterlark, 2018). 

The coseismic surface rupture throw, most of which occurred on the 
F2 splay, decreases and extends south of the MSt footwall cutoff, where 
the fault affects loose landslide and siliciclastic deposits, while the net 
geological throw remains high (Fig. 8a). Moreover, the October 30th slip 
on fault plane at depth (Scognamiglio et al., 2018), although decreasing, 
appears to clearly extend well beyond (4–5 km) both the MSt (Fw) and 
MSt (Hw) cutoffs, with patches of values > 1.0 m (Fig. 8b and c). The 
resulting geologic model of Vf crosscutting the MSt is also in agreement 
with slip distribution modeled from geodetic and strong motion data of 
the August 24th Mw 6.0 Amatrice earthquake (Pizzi et al., 2017; Cirella 
et al., 2018). Thus, our overall point is that it appears that the long-term 
slip and coseismic slip in 2016 both continued beyond the point of 
intersection with MSt. 

6. Conclusions 

The 2016–2017 Central Italy earthquakes represent a unique well- 
observed geological example that sheds light on the spatio-temporal 
evolution of seismic sequences cross-cutting pre-existing tectonic dis-
continuities. In order to provide constraints onto the relationships be-
tween seismogenic faults (the Vettore fault, Vf) and inherited 
compressional structures (the M. Sibillini thrust, MSt), we have recon-
structed a 3D geological model of the first-order structural elements in 
this seismically area of the Apennines. This was possible thanks to a grid 
of 14 geological cross-sections drawn across an updated geological map 
of the area. Having a 3D model, independent from any a priori structural 
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interpretation, helped us to discriminate in an area of complex struc-
tures between various potential interpretations based largely on field 
data and 2D geological sections. 

The results of this work have clearly demonstrated that the seismo-
genic WSW-dipping Vf displaces the arcuate-shaped MSt with a vertical 
offset of more than 800 m. The Vf cuts the MSt and continues within the 
Messinian Laga domain, for at least 6 km from the location of the 
maximum throw given a typical throw gradient for normal faults of the 
Apennines. Throw variations along the Vf increase from its northern 
sector to its central part, depicting a rough bow-shaped curve that shows 
a maximum of almost 1400 m near M. Vettoretto, in proximity of the 
intersection with the MSt. Southward, the cumulative throw values 
decrease markedly reaching about 600 m within the Laga Fm. All the 
evidence presented and discussed in this study, such as the 3D 
geometrical model, the throw gradient, the long- and short-term 
behavior of the Vf, the co-seismic ruptures and their response to 
different lithologies, converge to the same scenario including a cross-cut 
relations between Vf and the MSt, and rejecting the hypothesis that the 
thrust was reactivated during the last seismic sequence. 

The significance of this observation goes beyond that of the local 
geology of Central Italy. We point out that identifying the lateral tips of 
normal faults is difficult because the point where the displacement de-
creases to zero may be challenging to identify if the fault is difficult to 
resolve in less-competent rock, yet defining the tip is critical to define 
the maximum expected magnitude. For example, databases detailing 
scaling relationships between maximum displacement, maximum 
magnitude and fault length are only as good as the data they contain 
pertaining to the locations of rupture tips (e.g. Wells and Coppersmith, 
1994; Leonard et al., 2010). We stress the need for detailed mapping and 
3D reconstruction near fault tips, as we have demonstrated in this paper. 

Ultimately, this case study illustrates the importance of the geolog-
ical cross-sections to construct a reliable 3D geological model and its 
value to constrain the sub-surface geometry of tectonic structures also 
for studies of earthquakes. This kind of model may represent the 
geometrical “box” to be filled by the data coming from different ap-
proaches (e.g. seismology, geodesy, well-stratigraphy) for next studies of 
important seismic sequences such as that of 2016–2017 Central Italy. 
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