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ABSTRACT

The Mt. Fema area is located within the 1:50,000 scale Sheet 325-Visso of the CARG project, in the Umbria-
Marche Apennines. Here, inherited pre-orogenic deformation and multi-layered mechanical stratigraphy affect
mountain belt evolution and cause along- and across-strike changes in structural architecture. Further complexity
is caused by post-orogenic extensional tectonics dissecting the fold and thrust belt. In this work, we combined
classical field methodologies with digital mapping and drone surveys to produce a 1:10,000 geological map of the
Mt. Fema area. The resulting map was integrated with a 10 m-cell size DEM in a 3D environment to construct four
balanced cross-sections that were used to document structural style and stratigraphic variations. One section
was restored to quantify the amount of deformation related to both Neogene orogenic shortening and multiple
extensional phases affecting the area. Ultimately, we built a 3D geological model to investigate the subsurface
geometrical arrangement of strata and faults of different generations, thus the overall structural architecture of
the fold and thrust belt. According to our interpretation, the Mt. Fema thrust system is characterised by relatively
limited displacement (cumulative dip separation ranging from ~100 m to the north in Val di Tazza to ~500 m to
the south in Valnerina). Reactivation of inherited normal faults was likely precluded because of their unfavourable
orientation with respect to W-dipping thrusts. Inherited basin structure and mechanical stratigraphy govern
folding by buckling mechanism, which in turn controls the locus of thrust propagation. Normal faults dissect the
crestal region of the Mt. Fema anticline. These structures do not show evidence of surface faulting during recent
seismic sequences, although earthquake epicentres fall within the study area. Our work provides new insights
into the 3D structural architecture, timing, and kinematics of a key sector of the Umbria-Marche Apennines, with
implications for a better understanding of the role of structural inheritance and subsequent extensional tectonics
in the evolution of fold and thrust belts.

KEY-WORDS: balanced geological sections, fold and thrust belts, 3D model, Northern Apennines,
extensional faulting.

INTRODUCTION

The study of orogenic systems can shed light on their dynamics and evolution by examining
the modes and timing of development of fold and thrust belts (Coward, 1983; Davis et al.,
1983; Butler & Mazzoli, 2006; Poblet & Lisle, 2011; Lacombe & Bellahsen, 2016; Pfiffner,
2017; Butler et al., 2018). Since the early 1900s, our understanding of orogenic systems has
evolved from detailed surface investigations (i.e., classical geological mapping, structural,
stratigraphic, and sedimentological analyses) to incorporating subsurface data through
geophysical surveys (e.g., Bally et al., 1986; Coward et al., 1999; Mele & Sandvol, 2003;
Sepehr & Cosgrove, 2004; Calamita et al., 2012; Butler et al., 2018). However, subsurface
data in fold and thrust belts is often incomplete due to difficulties in seismic acquisition and
interpretation, as well as limited deep well data. These limitations commonly result in gaps
in cross section interpretations, leading to uncertainty in tectonic styles and evolutionary
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scenarios (e.g., Tozer et al., 2002; Shiner et al., 2004; Butler et al.,
2006, 2018). Alternative techniques or methodological approaches
have been developed to address these limitations and reduce
uncertainty in the interpretations. Deformation history of fold and
thrust belts is typically reconstructed using analogue models,
balanced geological sections, and numerical models. These
approaches focus mainly on the amounts, modes, and shortening
rates through time. The development of the step-by-step evolution
of orogenic wedges through balancing and restoration techniques
started with Chamberlin (1910). Advances have been made
through multiproxy-based computer simulations (e.g., Schénborn,
1999; Tozer et al., 2002; Watkins et al., 2014; Jourdon et al., 2014;
Tavani et al., 2018; Balestra et al., 2019) and laboratory analogue
modelling (e.g., McClay, 1995; Bellahsen & Daniel, 2005; Di
Domenica et al., 2014; Santolaria et al., 2022), making balancing
and restoration techniques faster and more precise. However,
most of these efforts are limited to 2D reconstructions that do not
fully capture the geometry of the orogenic belt and the shortening
rates and structural style variations along the strike of the domains
(e.g., Mazzoli et al., 2005; King et al., 2010; Caricchi et al., 2015;
Castelluccio et al., 2016; Molli et al., 2018; Heydarzadeh et al.,
2022).

This paper focuses on the Apennines fold and thrust belt, where
several complexities hinder the understanding of its geometric and
kinematic evolution, such as (i) across- and along-strike changes in
structural style, (ii) inherited pre-orogenic deformation along with
facies differences and lateral thickness variations affecting the belt
evolution, and (iii) post-orogenic extensional tectonics dissecting
the fold and trust belt structure (e.g., Calamita et al., 1994; Coward
et al., 1999; Marchegiani et al., 1999; Deiana et al., 2002; Mazzoli
et al., 2002, 2005; Butler et al., 2004, 2006; Bigi & Costa Pisani,
2005; Scisciani, 2009; Tavarnelli et al., 2019). In the Apennines,
however, detailed balanced (and restored) cross-sections are
limited so far (Lavecchia, 1979; Barchi et al., 1988; Mazzoli et
al., 2005; Santini et al., 2021), as are also 3D models depicting
the (local) structural architecture (Borraccini et al., 2004), since
existing models are commonly of regional significance (Barchi et
al., 2021; Di Bucci et al., 2021).

This study aims to investigate the structural style, timing, and
amount of deformation occurring from the Pliocene to Present
in the Mt. Fema area (Umbria-Marche Apennines), within the
1:50,000 scale geological Sheet 325-Visso of the ltalian CARG
(Geological CARtography) project (Fig. 1). We integrate classical
field methodologies with digital mapping and drone surveys to
define the local stratigraphic and structural framework and to
create a geological map. The amount of deformation related to
both contractional and multiple extensional regimes (pre- and post-
thrusting) acting in the area was quantified through the restoration
of balanced geological cross-sections. Ultimately, the overall
structural architecture was investigated through the construction
of a detailed 3D geological model. Our results provide new insights
into the three-dimensional structural architecture of a sector of the
Umbria-Marche Apennines, with particular emphasis on the role of
structural inheritance and subsequent extensional tectonics in the
evolution of fold and thrust belts.
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GEOLOGICAL BACKGROUND

The Apennines are an arc-shaped fold and thrust belt
characterised by a series of NW-SE trending and NE-verging
asymmetric folds bounded by thrusts (Fig. 1). The evolution of the
Apennines orogenic wedge followed the orogenic collapse of the
Alpine belt of Corsica that formed during the Late Cretaceous to
Late Eocene collision between Adria microplate (African plate) and
Europe. From the Oligocene onwards, the rollback of the Adriatic
slab triggered the fragmentation of the European continental
margin with the formation of back arc basins and the drift of
continental blocks (e.g., Corsica-Sardinia block). The progressive
E-NE migration of the Apennines thrust front above foredeep
deposits (Ricci Lucchi, 1975) is followed by extensional exhumation
in the internal region since the Miocene. A slab rollback - upper
(Tyrrhenian) plate retreat model has been invoked to explain the
contemporaneous crustal shortening, in the mountain front, and
extension, in the inner portion of the chain (e.g., Elter et al., 1976;
Malinverno & Ryan, 1986; Royden, 1988; Faccenna et al., 1996;
Vai & Martini, 2001; Marroni et al., 2017).

The crustal shortening shaping the fold and thrust belt has
started during the Late Oligocene and, nowadays, has migrated
toward NE in the external sectors of the orogen and the adjacent
foreland (Calamita et al., 1994; Coward et al., 1999; Di Bucci &
Mazzoli, 2002; Scrocca et al., 2007; Bonini et al., 2014; Mazzoli
et al.,, 2015; Antonellini et al., 2020; Pezzo et al., 2020). The
orogenic stage has been preceded by multiple phases of normal
faulting: (i) Jurassic rift-related extensional tectonics affecting the
passive (Adria) continental margin (e.g., Marchegiani et al., 1999;
Tavarnelli et al., 2019), (ii) Cretaceous-Eocene syn-sedimentary
faulting, and (ii) Miocene pre-thrusting normal faulting induced by
the Neogene flexure of the foreland (Apulian) plate (e.g., Deiana
et al., 2002; Mazzoli et al., 2002). The post-orogenic extensional
regime has established since Late Miocene and is responsible for
the presently active normal faulting affecting the axial zone of the
chain (e.g., Cello et al., 1997; Barchi et al., 2000; Tondi & Cello,
2003; Pondrelli et al., 2006; Mariucci & Montone, 2020). Here,
instrumental and historical seismicity is characterised by moderate
to strong earthquakes (http://cnt.rm.ingv.it; Rovida et al., 2022).
Several normal-faulting seismic sequences recently struck the
Umbria-Marche Apennines, i.e., Colfiorito 1997 - Mw 6.0 - and
Gualdo Tadino 1998 - Mw 5.3 - (Cello et al., 2000; Deschamps
et al., 2000; Vittori et al., 2000; Chiaraluce et al., 2003; Barchi &
Mirabella, 2009) and Central Italy 2016 (Mw 6.5; Chiaraluce et al.,
2017; Galli et al., 2017; Civico et al., 2018; Villani et al., 2018).

Stratigraphy

The Umbria-Marche stratigraphic succession (Fig. 2) consists
of Mesozoic-Paleogene sedimentary units deposited above the
basement of the Adria plate, i.e., crystalline basement and overlying
Permo-Triassic continental siliciclastic deposits commonly referred
to as ‘Verrucano’ (VRR). The latter is constituted by sandstones
and phyllites (Aldinucci et al., 2008; Cassins et al., 2018). Neither
these units crop out in the study area, but they are documented in
the surrounding areas and through seismic studies and deep wells
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Fig. 1 - Geological sketch map of the Umbria-Marche Apennines (modified after Pierantoni et al., 2013). Black and red boxes show location of Sheet

325-Visso of the geological map of Italy and the study area, respectively.

(Boccaletti et al., 1969; Trevisan et al., 1971; Anelli et al., 1994;
Mele & Sandvol, 2003). The deformed passive margin succession
includes Upper Triassic evaporites (referred to as Anidriti di Burano,
BUR) and a Jurassic-Oligocene carbonate multilayer consisting of
shallow water carbonate platform deposits and of calcareous-marly
pelagic basin units. Anidriti di Burano is mostly made of anhydrites
and dolostones and, subordinately, limestones and marls. The calcari
e marne a Rhaetavicula Contorta fm. (RET, Norian p.p. - Rhaetian)
commonly mark the passage with the overlying carbonate multilayer,
and they are constituted by alternating black limestones and
marls. Calcare Massiccio (MAS, Hettangian — Pliensbachian p.p.)
is mainly constituted by c. 800 m-thick massive white limestones
and represents a peritidal platform developing in a shallow water
environment (Centamore et al., 1971; Pierantoni et al., 2013).

Extensional faulting during the Sinemurian age fragmented
the Jurassic depositional environment in structural highs (i.e.,
PCP, Santantonio, 1993, 1994) and lows (i.e., basin). This
morphotectonic setting induced the deposition of three different
types of (pelagic) successions: (i) condensed, (ii) complete, and
(iii) composite (Colacicchi et al., 1970; Centamore et al., 1971;
Deiana et al., 2002; Pierantoni et al., 2013). The complete
succession is calcareous-siliceous and continuous, and generally
onlap Jurassic fault scarps. It consists of several units deposited
from the Sinemurian p.p. to Tithonian age. Corniola (COI) is the
oldest in the complete succession (Sinemurian p.p — Toarcian
p.p.), and it consists of grey to dark brown micritic limestones with
nodules of white and grey chert. Its thickness is highly variable,
ranging from a few tens of metres to 500-600 m (in the Mt. Vettore

N



M. BASILICI ET AL.

| 361 26 | 06
2y 0B oy
R R
| 581 §8 | g8
on SR %)

|
|
|
|
| | 1
l

342

=500 m

—250 m

J-Om

area; Pierantonietal., 2013). Thisis overlain by Rosso Ammonitico
(RSA), which is made by 25-40 m-thick, dark red, pink, or green
nodular limestones and marly limestones deposited during the
Toarcian age. Next, there is Calcari e Marne a Posidonia (POD),
which is constitute of brown limestones and marly limestones
(Toarcian p.p. — Bajocian p.p.). Its thickness ranges from a few
tens of metres to 150-200 m. The complete succession ends with
Calcari Diasprigni (CDU, Bajocian p.p. - lower Tithonian), made by
green siliceous calcilutites alternated with green cherts and few
marly levels. The complete succession may be thicker than 400 m
(Chiocchini et al., 1976; Pierantoni et al., 2013). The condensed
succession is predominantly calcareous and discontinuous and
consists of only the Bugarone Group (BU, Lower Pliensbachian
- Lower Tithonian) that was deposited directly above Calcare
Massiccio. It is made of grey, brown, or pink nodular limestones
and marly limestones. The deposition of the condensed succession
occurred on the PCPs and on the submarine palaeo-escarpments
in the form of epi-escarpment deposits (Santantonio et al., 1996)
resting unconformably on the horts-block Calcare Massiccio, and
being unconformably overlain by the Sinemurian-to-Thithonian
hanging wall basin succession (Galluzzo & Santantonio, 2002),
and it does not exceed 40 m in thickness (Centamore et al., 1971;
Santantonio, 1993, 1994, Pierantoni et al., 2013). The composite
succession is constituted by Calcari Diasprigni overlaying by
the deposits of the condensed succession (BU). The composite
succession is limited to relatively narrow areas close to palaeo-
escarpments of Calcare Massiccio (Centamore et al., 1971;
Santantonio, 1993, 1994, Ciarapica & Passeri, 2001; Donatelli &
Tramontana, 2010; Pierantoni et al., 2013).

All types of succession are overlaying by Maiolica (MAI,
upper Tithonian-lower Aptian p.p.), which sutures the rift-related
extensional tectonics affecting the passive margin of Adria during
the Lower Jurassic. Maiolica is made of white and ivory micrites
containing nodules and lenses of black chert. Its thickness ranges
from 150-200 m when placed over the condensed succession,
up to 400 m when it is above the complete one. Above, there is
Marne a Fucoidi (FUC, lower Aptian p.p. - upper Albian p.p.),
which is composed of grey, green, and red marls, clayey marls,
and marly limestones, and its thickness ranges from 40-50
up to 80-100 m. It contains a bituminous level named ‘Livello
Selli’, which constitutes a regional marker (Cecca et al., 1994;
Pierantoni et al., 2013). Scaglia Bianca (SBI, upper Albian p.p.

Fig. 2 - Stratigraphic scheme of the Umbria-Marche succession showing
the complete, condensed, and composite successions (modified after
Pierantoni et al., 2013). Red lines represent faults related to multiple
phases of extension; purple lines are Jurassic fault scarps. Stratigraphic
units are identified according to the following abbreviations (Cita et al.,
2007): VRR, ‘Verrucano’; BUR, Anidriti di Burano; RET, calcari e marne
a Rhaetavicula Contorta fm.; MAS, Calcare Massiccio; COIl, Corniola;
RSA, Rosso Ammonitico; POD, Calcari e Marne a Posidonia; CDU, Calcari
Diasprigni; BU, Bugarone Group; MAI, Maiolica; FUC, Marne a Fucoidi;
SBI, Scaglia Bianca; SAA, Scaglia Rossa; VAS, scaglia variegata fm.; SCC,
Scaglia Cinerea; BIS, Bisciaro; SCH, Schlier; FCI, Camerino fm.
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- Turonian p.p.) overlies Marne a Fucoidi. It is made of c. 60-70
m-thick, white limestones and marly limestones with black chert
in the upper part. It contains a bituminous level named ‘Livello
Bonarelli’ (c. 1.5 m thick; Bonarelli, 1891), which is located close
to the passage with Scaglia Rossa (SAA). The latter was deposited
from the Turonian p.p. to the Lutetian p.p. age, and its thickness
in the study area varies from 150 to 450 m (e.g., Pierantoni et
al., 2013). It has been divided in three members: the lower one
(SAA)) is made by pink marly limestones and cherts nodules. The
middle member (SAA,) is characterised by red limestones without
chert. The upper one (SAA,) is made of red limestones and marly
limestones with red chert in nodules. The latter member may have
a minimum thickness down to a few metres. Several normal faults
terminate within this unit, indicating a phase of extensive faulting
(besides the Jurassic one) that ended during the Late Cretaceous
- early Paleogene (Chiocchini et al. 1976; Marchegiani et al.,
1999; Shiner et al., 2004; Pierantoni et al., 2013). The scaglia
variegate fm. (VAS) was deposited above Scaglia Rossa from the
Lutenian p.p. to Bartonian p.p. age, and it is usually composed of
red, grey, and green limestones and marly limestones, alternated
with grey and red marls and calcareous marls. Its thickness
ranges from 10 to 50 m. The younger Scaglia Cinerea (SCC;
Bartonian p.p. to the Aquitanian p.p.) represents the last unit of
the ‘scaglia’ succession. It consists of green and grey calcareous
marls, marls, and clayey marls. The thickness is 150-200 m. The
Bisciaro (BIS; Aquitanian p.p. - Burdigalian p.p.) consists of dark
grey marly and siliceous limestones, limestones with black cherts
nodules alternated with grey calcareous marls and clayey marls.
The thickness ranges from 50 to 150 m. This formation marks the
end of the pelagic basin succession. The Mt. Fema area lies in the
Camerino foredeep basin controlled by forebulge normal faults,
in which the Schlier (SCH, Burdigalian p.p. - Tortonian p.p.) was
deposited. This is constituted by an 80 to 250 m-thick alternation
of grey marls, clayey-silty marls, with calcareous marls and
shallow water carbonate environment located within the basin.
Here, pre-thrusting normal faults are associated with the flexure of
the (Adriatic) foreland (Ricci Lucchi, 1975; Calamita et al., 1979;
Cantalamessa et al., 1980; Deiana et al., 2002; Mazzoli et al.,
2002; Pierantonietal., 2013). This calcareous-marly pelagic basin
succession is stratigraphically overlain by Neogene deposits. The
sedimentation of large amounts of siliciclastic turbidites during
the Miocene suggests proximity to exposed lands. The Camerino
fm. (FCI; Tortonian p.p. - Messinian p.p.) is a turbiditic unit thick
up to 500 m, consisting of arenaceous, arenaceous-pelitic, and
pelitic-arenaceous lithofacies (Calamita et al., 1979; Pierantoni
et al., 2013). The orogenic phase shaping the fold and thrust belt
occurred during Miocene to the Early Pleistocene, with the thrust
front and related foredeep progressively migrating eastward over
time (in the Adriatic Sea), with extension following. In the study
area, the youngest thrust activity is Early Pliocene. The currently
active extensional regime affecting the axial zone of the chain
is reflected by the unconformable deposition of Quaternary
continental deposits over the peri-Adriatic marine succession
(Ricci Lucchi, 1987; Menichetti et al., 1991; Barchi, 2010; Bigi et
al., 2011; Guerrera et al., 2015).

Deformation Style

The geodynamic evolution of the Apennines fold and thrust belt
was interpreted, over time, using different styles of deformation,
which reflect different definitions of thin-skinned (detachment-
dominated) and thick-skinned (ramp-dominated) tectonics (e.g.,
Mazzoli et al., 2005 and references therein). The earliest models
envisioned thatthe basementis notinvolvedinthe deformation (thin-
skinned) with multiple thrust-related repetitions of the sedimentary
cover above the “undeformed” basement (e.g., Baldacci et al.,
1967; Decandia & Giannini, 1977; Bally et al., 1986; Calamita
& Deiana, 1986; Hill & Hayward, 1988). The ground behind this
interpretation was the presence of evaporites (décollement level)
at the base of the sedimentary cover, together with the absence
of crystalline basement in the outer part of the Apennines. These
models predicted displacements of several tens of kilometres for
the major thrusts (i.e., Umbria-Marche-Sabina thrust zone), in
accordance with a model of continuous and hundreds of km-long
faults. However, the CROPO3 deep seismic reflection experiment
(Barchi et al., 1998) led to the interpretation that the basement
is involved in thrusting, later supported by data on the magnetic
basement (Speranza & Chiappini, 2002), thus questioning the
validity of pre-existing deformation models. Balanced and restored
cross-sections that followed supported a thick-skinned model, at
least in the outer portion of the central-northern Apennines (e.g.,
Coward et al., 1999; Butler et al., 2004; Tavarnelli et al., 2004;
Mazzoli et al., 2005). These interpretations have led to a much
lower orogenic shortening, i.e., c. 7.5 km (Scisciani et al., 2014)
and c. 8.5 km (Butler et al., 2004), than that estimated by applying
a thin-skinned model, i.e., c. 50 km (Bally et al., 1986; Calamita et
al., 2012). This shortening range is consistent with the claim that
the main thrusts are composed of multiple, partially overlapping
fault segments rather than a single, continuous structure (Mazzoli
etal., 2005).

It is now clear that both thin- and thick-skinned styles
contribute to defining the overall architecture of the Apennines belt
(e.g., Coward et al., 1999; Barchi and Tavarnelli, 2022). Efficient
décollement levels are found at various structural levels in the
Apennines sedimentary succession (Triassic evaporites - BUR,
Marne a Fucoidi - FUC, Scaglia Cinerea - SCC). This produces a
multi-layered mechanical stratigraphy characterised by multiple
weak décollements horizons cut by thrusts involving part of the
succession, favouring thin-skinned compressional structures (e.g.,
Koopman, 1983; Massoli et al., 2006; Barchi and Tavarnelli, 2022).
A thick-skinned style prevails, instead, where compressional
structures are ramp-dominated and thrusts reactivate pre-orogenic
normal faults deeply rooted within the basement (e.g., Tavarnelli,
1996; Barchi et al., 1998; Coward et al., 1999; Barchi & Tavarnelli,
2022). In addition to across- and along-strike changes in structural
style, other factors hinder the comprehension of the geometric
and kinematic evolution of the Apennines fold and thrust belt. The
most critical are linked to multiple events of extensional faulting
that preceded the thrusting and have caused structural inheritance
along with facies differences and lateral thickness variations (e.g.,
Colacicchi et al., 1970; Centamore et al., 1991; Alvarez, 1990;
Coward et al., 1999; Marchegiani et al., 1999; Deiana et al., 2002;
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Mazzoli et al., 2002; Butler et al., 2006; De Paola et al., 2007;
Scisciani et al., 2014, 2019; Tavarnelli et al., 2019). Moreover, the
post-orogenic extensional regime established since Late Miocene,
and still active, dissect the axial zone of the fold and trust belt (e.g.,
Cello et al., 1997; Tondi & Cello, 2003; Pierantoni et al., 2013).

METHODOLOGY
Fieldwork and Photogrammetric survey

High-resolution geological mapping is the basic tool to shed
light on the subsurface in areas where seismic lines, deep wells,
or recorded seismicity are limited. Fieldwork was carried out in the
Mt. Fema area from April to December 2022 based on the 1:10,000
scale ‘Carta Tecnica Regionale’ from the Regione Marche database
(available at https://www.regione.marche.it/, last accessed
December 2022) integrated with Google Earth satellite imagery.
Specifically, the mapping allowed to define the local stratigraphic
units and their spatial relationships, including thickness and
lateral facies variations, the structural elements (e.g., faults, folds)
and their features, i.e., orientation, geometry, kinematics, and
crosscutting relationships, as well as geomorphic phenomena. In
this work, classical field methodologies were integrated with digital
mapping and drone surveys. The attitude of bedding and structural
elements was collected using the FieldMove Clino app (Petroleum
Experts) installed on reliable smartphones and tablets (e.g.,
Whitmeyer et al., 2010; Allmendinger et al., 2017). The magnetic
declination in the study area is 3° 54’ E, and it has been verified at
each survey.

When outcrops are made inaccessible by the considerable
height of rock walls, vegetation, or rivers, they were occasionally
studied using photogrammetric surveys. The resulting virtual
outcrop models allow, in fact, to obtain additional information
regarding the architecture of strata and structural elements (e.g.,
Corradetti et al., 2017; Del Sole et al., 2020; Volatili et al., 2022).
Unmanned Aerial Vehicle (UAV) imagery was collected using a DJI
Mini 2 drone, which is equipped with a 12Mp onboard camera, and
1/2,3-inch image sensor. In the field, the UAV flew at distances
between 150 and 200 m from the rock walls. The general Structure
from Motion (SfM) processing procedure used to construct the
virtual outcrop model follows the methods described by Volatili
et al. (2022). The virtual outcrop was created using the Agisoft
Metashape software (Agisoft LLC) and it consist of high-resolution
surface meshes built using 304 overlapping photos.

Balanced Cross-section Construction and Restoration

The resulting geological map of the Mt. Fema area was
integrated with a 10 m-cell size digital elevation model (Tarquini
et al., 2007) and located in a 3D environment using Move software
(Petroleum Experts Ltd) to construct a series of balanced geological
cross-sections. Four sections were traced perpendicular to the
trend of major folds, that is according to the best-fit great circle
approximating the distribution of the poles to bedding (i.e., folded
layers attitude data) and the related pole (i.e., r statistical fold axis;
Fig. 3). This allows for computing the thickness of outcropping
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rock units along the section (e.g., Tavani et al., 2018; Mazzoli et
al., 2022), when the possibility to calculate the thickness of some
rock formations was not available, we based on Pierantoni et al.
(2013). The stratigraphic and tectonic contacts were projected
onto the section trace using structural contours provided from the
geological map and dip-angle data (and dip domains).

The balancing procedure was performed using the balancing
analysis tool in Move. It basically follows the classical approach of
Dahlstrom (1969); however, the suite allows to check the quality
of the interpretation and identify locations where horizons are
missing or incorrectly interpreted, thus reducing uncertainty
in the resulting geological model. Specifically, the balancing
analysis tool automatically unfolds all the horizons in the section
to horizontal lines and calculates the difference in area between
fault blocks. Geological units of the Umbria-Marche succession
were reconstructed, even when they are not cropping out because
of erosion, under the assumption of constant thickness.

Once the balanced cross-sections were built, a representative
one was selected for sequential restoration. This is a widely applied
procedure tovalidate the cross-section balancingand toreconstruct
tectonic scenarios. The restoration procedure allows to quantify the
amount of shortening and/or extension related to different tectonic
events occurring in the study area. The polylines of the restored
section were constructed by linking the restored cut-off points by
applying a smoothing to avoid zigzag effects and, in any case, never
exceeding 0.5% of the original cut-off point position (e.g., Tavani et
al., 2018; Santini et al., 2020; Basilici, 2021; Mazzoli et al., 2022).
In this work, the algorithms Flexural slip, Fault Parallel Flow, and
Simple Shear were used to restore folding of beds over thrust planes,
movement on the thrusts, and on the normal faults, respectively.
Flexural slip mimics the well-known mechanism of folding defined
by Ramsay (1974) and Tanner (1989). It is generally used to restore
folds in sedimentary successions (unfolding), which requires
constant layer thickness and line-length preservation of horizons
(e.g., Castelluccio et al., 2016; Tavani et al., 2018; Masrouhi et
al., 2019; Santini et al., 2020; Basilici, 2021; Verwater et al.,
2021; Mazzoli et al., 2022). Widespread occurrence of striae and
calcite shear fibres on fold limb bedding surfaces, trending roughly
perpendicular to fold axis, supports the adoption of this folding
mechanism and algorithm. Fault Parallel Flow (Egan et al., 1999;
Kane et al., 1997) is based on the principle of particulate laminar
flow over a fault ramp. It permits to preserve the line-length and the
forelimb area, keeping the footwall undeformed. It is generally used
to restore movement on thrusts (e.g., Castelluccio et al., 2016;
Santini et al., 2020; Basilici, 2021; Mazzoli et al., 2022) because,
when a suitable angle of angular shear is constrained, it allows the
best estimation of the amount of shortening. Simple Shear (Gibbs,
1983; Verral, 1981; Withjack &Peterson, 1993) is generally used to
model penetrative deformation that occurs throughout the hanging
wall rather than a discrete slip vector between bedding planes.
Applying a vertical Simple Shear, it is possible to deform back the
hanging wall along a normal fault with a well-constrained geometry.
It permits to preserve the area of the hanging wall and the length
between the fault plane and a marker horizon (e.g., Castelluccio et
al., 2016; Basilici, 2021; Mazzoli et al., 2022).
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3D Geological Modelling

Accordingto Dahlstrom (1969), out-of-plane movements are not
considered in a 2D balanced cross-section. This assumption makes
2D balanced geological sections generally inadequate to discriminate
which geometry and kinematics are the most appropriate and to
reconstruct a reliable structural architecture (Roure & Sassi, 1995;
Deville & Sassi, 2006; Castelluccio et al., 2016; Tavani et al., 2018;
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Balestra et al., 2019; Basilici et al., 2020b; Santini et al., 2020,
2021; Mazzoli et al., 2022). In recent years, several attempts have
been made to construct geological models allowing to display the
subsurface geometric arrangement of rock formations and faults in a
three-dimensional space, thus considering out-of-plane movements
(e.g., Royer et al., 2015; Balestra et al., 2019; Basilici et al., 2020b;
Basilici, 2021; Di Bucci et al., 2021; Santini et al., 2021).
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Fig. 3 - Schematic geological map of the Mt. Fema area. See Fig. 1 for location. Lower-hemisphere equal-area projections of poles to bedding refer to the
following three structural domains: (1) hanging wall of the Mt. Fema Fault (MFF; backlimb and part of the crestal region of the Mt. Fema anticline, (2)
footwall of the Mt. Fema Fault (part of the crestal region and forelimb of the Mt. Fema anticline), and (3) footwall of the Mt. Fema Thrust (MFT). Plots show
best-fit great circle approximating the distribution of poles to bedding and the related pole (i.e., 7t statistical fold axis). Location of field pictures (Fig. 4)
and traces of the balanced cross-sections (Fig. 5) are also shown. The 1:10,000 scale geological map can be found in the Supplemental Materials S1.
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In this work, 29 projected cross-sections were built in Move
software under the constraints of the geological map, the digital
elevation model, and the four balanced geological cross-sections.
Then, the surfacesidentifyingthe faultsand the top ofthe BUR, MAS,
MAI, and SAA formations were created using a spline interpolation
between a series of linear horizons. Once a suitable 3D digital
model is created, different structural hypotheses can be tested
and quantified by manipulating the model. The 3D structural model
allows to display, at high-resolution, the subsurface arrangement
of strata and faults of different generations (pre-, syn-, and post-
thrusting), providing useful insights into the understanding of the
structural architecture, timing, and kinematics of the fold and
thrust belt in the Mt. Fema area (Umbria-Marche Apennines).

RESULTS
Geological Map

Three structural domains may be identified on the geological
map (Fig. 3; Supplemental Material S1). These are separated by
the main extensional structure (Mt. Fema Fault) and the more
continuous NNW-SSW-striking, WSW-dipping thrust (Mt. Fema
Thrust) of the study area. The resulting domains are the following:
(1) hanging wall of the Mt. Fema Fault (backlimb and part of the
flat top of the Mt. Fema box fold), (2) footwall of the Mt. Fema Fault
(part of the crestal region and forelimb of the Mt. Fema anticline),
and (3) footwall of the Mt. Fema Thrust. The sector outcropping
east of the Mt. Fema Thrust (Domain 3) is essentially constituted by
Schlier, Bisciaro, Scaglia Cinerea, and scaglia variegata formations.
Their strata are arranged in approximately N-S trending, adjoining
synclines and anticlines. The Mt. Fema Thrust trace is roughly
straight and continuous throughout the study area, from the
locality of Capodacqua (north) to Visso (south). Except when it is
covered by Quaternary alluvial deposits which are found, in slopes,
on top of all other units. The Mt. Fema Thrust, at surface, mostly
cuts through strata of Scaglia Cinerea and shear zones developing
therein facilitate the identification of the thrust surface (Fig. 4e).
The thrust also juxtaposes Scaglia Cinerea against Bisciaro. Further
west, in the southern sector, a (internal) blind thrust poses the
E-dipping beds o Calcare Massiccio against the pelagic units of
Calcari Diasprigni and Maiolica (Fig. 4a). In the hanging-wall (west)
of the Mt. Fema Thrust, there is a broad and asymmetric, ENE-
verging anticline (Mt. Fema anticline). This fold is characterised by
a steep, ENE-dipping forelimb and a wide crestal area (Domain 2).
The hinge line trends NNW-SSE. The Mt. Fema anticline essentially
consists, at outcrop, of the Scaglia Rossa pelagites. The older units
are exposed along two NE-SW trending valleys, the Val di Tazza, in
the north, and the Valnerina, in the south. Here, the core of anticline
is constituted by Calcare Massiccio and above, a composite
Jurassic succession (Bugarone and Calcari Diasprigni; Fig. 4a). The
west limb of the Mt. Fema anticline (Domain 1) is characterised
by a system of high-angle (60-80°) NW-SE to N striking normal
faults, the main of which is referred to as Mt. Fema Fault (Fig. 4b,
c). These faults are roughly parallel to the thrusts to the east. Most
faults belonging to this system dip towards SW to W, with minor
NE-dipping antithetic faults. These faults crosscut the Jurassic
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rift-related fault scarps delimiting the transition to the complete
succession, thus bordering the Jurassic structural high of Mt. Fema
towards SSW (i.e., Valnerina; Fig. 3). In map view, normal fault
traces are anastomosing, and they bend and branch in multiple
segments with an en-echelon geometry along strike, NW-ward and
SE-ward. They develop tip splays, both synthetic and antithetic.
Steep morphological scarps are commonly associated with these
faults and, in their proximity, the units older than Scaglia Rossa are
exposed, i.e., Scaglia Bianca, Marne a Fucoidi, and Maiolica.

Balanced and Restored Sections

Balanced cross-sections show a ramp-dominated deformation
style, characterised by low-angle (15-30°) reverse fault planes
(Fig. 5). These planes become steeper (up to c. 50°) upward,
whereas they tend to flatten downward. Here, they probably
become thrust flats reaching a basal detachment level. The thrust
is exposed along the forelimb of the major anticlinal structure,
which has a WSW-dipping axial plane. Generally, a syncline is found
in the immediate footwall of the thrust ramp. This is followed by a
roughly symmetric anticline that most probably grow above a blind
thrust (i.e., buried tip line) propagating, in the subsurface, up to
Rosso Ammonitico (Fig. 5a, b). The blind thrust is most probably
rooted in the same structural position as the Mt. Fema Thrust, and
they seem to branch out, down-dip, from the same décollement
level. The succession in the footwall of the thrust is dominated by
the complete type, whereas the condensed one dominates in the
hanging-wall. High-angle, mostly ENE-dipping, normal faults and
fault scarps, located in the hanging wall of the thrust, mark this
transition. These features are crosscut, down-dip, by the thrust,
whereas their upper tip lines are confined within the Upper Jurassic
basin units (i.e., they are blind faults).

Our interpretation suggests limited displacement (cumulative
dip separation) related to the thrusting, especially when considering
the sections in the northern (A-A’: 90 metres, Fig. 5a) and central
(B-B’: 47 metres, Fig. 5b; C-C’: 61 metres, Fig. 5¢) part of the Mt.
Fema area. The southernmost section, D-D’ (Fig. 5d), cuts along
the Valnerina, and it shows a composite succession. Here, the blind
thrust juxtaposes the gently E-dipping beds of Calcare Massiccio
against the pelagic units (Calcari Diasprigni, Maiolica) of the
overturned forelimb, suggesting the higher displacement in the
area, i.e., 440 metres. Here, the displacement along the Mt. Fema
Thrust has not been calculated since the section D-D’ do not cross
the thrust at surface, however it has been later estimated to be ~65
m, directly from the 3D model.

Balanced section C-C’ (Fig. 5¢) was selected as the most
representative of the overall structure of Mt. Fema. Sequential
restoration along section C-C’ (Fig. 6) shows the progressive
development of the Mt. Fema anticline, from present-day
configuration (t0) back to the late stage of post-thrusting
normal faulting (t-1), and the early stages of fold and thrust belt
development (t-2 and t-3). At stage t0, a starting horizontal
distance of 5915 m is defined by two fixed pin lines. At stage t-1,
the movement along the most recent normal faults was restored,
and the horizontal distance becomes 5725 m (3.3% elongation).
The movement along the thrust was restored at stage t-2. Here
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Fig. 4 - Virtual outcrop model of the northern slope of Valnerina (Nera River Valley) and field pictures (located in Fig. 3). (a) Blind thrust
superposing the Calcare Massiccio (MAS) and Bugarone Group (BU) onto overturned strata of the Calcari Diasprigni (CDU) and Maiolica (MAI)
formations in the core of the Mt. Fema anticline. Yellow lines show bedding traces. Panoramic (b) and detailed (c) view of the main extensional
structure of the study area (Mt. Fema Fault). (d) Chevron and kink folds in the Scaglia Rossa. (e) Thrust (red line) and associated tectonic fabric
in the Scaglia Cinerea in proximity of the main thrust (yellow lines show a faulted calcarenite bed). (Move Petroleum Experts academic licence,
not for commercial use).
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Fig. 5 - Balanced geological cross-sections. From north to south: (a) A-A’; (b) B-B’; (c) C-C’; (d) D-D’. The balancing error for each cross-section is the
following: A-A’ = 1.7%, B-B’ = 1.0%, C-C’ = 0.6%, D-D’ = 0.4%. Eroded geological units are shown in transparency above the topographic surface. Refer

to Fig. 2 for the stratigraphy.

the horizontal distance becomes 5785 m, corresponding to a 1%
shortening. After unfolding (t-3) the horizontal distance becomes
6100 m, corresponding to a shortening of 5.1%. The configuration
at t-3 indicates the presence of a ENE-dipping, pre-thrusting
normal fault and fault scarp. The restoration validates the cross-
section balancing.

High-angle normal faults dissect the crestal region of the
anticline, up to the scaglia variegata fm. (Fig. 5¢). They have also
been interpreted to crosscut the thrust and they do not necessarily
reach the surface (e.g., Fig. 5d). The displacement of normal faults
was analysed along the Mt. Fema Fault and other minor segments,
by means of a displacement-distance diagram (Fig. 7). Normal fault
displacement has been measured as the distance, along the fault
surface, between the hanging-wall and footwall cutoffs of a selected
marker horizon. Then, this value is plotted against the strike-
parallel distance. Maiolica was chosen as marker horizon because
it is well defined in the subsurface dataset, and it is quite laterally
continuous in outcrop. The displacement profile related to the Mt.
Fema Faultis overall bell-shaped, showing a maximum in the central
area (630 m at c. 4929 m of distance; 550 m at c. 3974), while it
diminishes rapidly (i.e., steep displacement gradient) toward the
southeast and less abruptly toward the northwest (Fig. 7). Toward
the northwest, the Mt. Fema displacement profile shows, after a
local minimum of 107 metres (at c. 2236 m of distance), another
(albeit smaller) sort of bell-shaped portion with local maxima of
242 metres (at c. 1672 m of distance) and 190 metres (at c. 968
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m of distance). Minor fault segments have smaller displacements,
which reach c. 275 m in the SW sector and c. 220 m in the NE
one. These splays are located toward the NW and SE terminations
of the Mt. Fema Fault; hence they contribute only to the ends of the
cumulative profile (Fig. 7). The latter mimics, in the central part, the
trend of the Mt. Fema displacement profile, whereas it shows two
peaks at the extremities (681 m at c. 5960 m of distance and 710 at
968 m of distance) because of the presence of splays.

3D Geological Model

The 3D geological model shows the overall structural
architecture of the fold and thrust belt in the Mt. Fema area.
The model portrays the outcropping geology and the subsurface
geometrical arrangement of main horizons of the Umbria-Marche
succession and major faults of different generations and their
mutual crosscutting relationships (Fig. 8; Supplemental Material
S2). The stratigraphic surfaces are (from top to bottom): top
Scaglia Rossa, top Maiolica, top Calcare Massiccio, and top
Anidriti di Burano. The most apparent feature of the 3D model, as
seen from SE or NW, is the fold and thrust structure affecting the
Jurassic-Lower Miocene carbonate multilayer and the overlying
Miocene siliciclastic deposits. The model shows the gentle and
open anticlinal structure of the Mt. Fema, which has a WSW-
dipping axial plane. Except for the presence of small-wavelength
morphological variations, the overall trend of the horizons is quite
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Fig. 6 - Sequential restoration of section C-C’ (Fig. 5¢c) showing the main
deformation stages affecting the study area. Horizontal distances were
measured between pin lines (black). Refer to Fig. 2 for the stratigraphy.

homogenous. The anticline is bounded by a NNW-striking thrust
along its ENE-dipping forelimb. The Mt. Fema Thrust surface is
roughly straight, continuous, and homogenously dipping toward
WSW at low angle (c. 20-30°) throughout the considered volume.
However, it becomes steeper (up to c. 50°) near the surface. In the

northern sector, a minor blind thrust segment splays out from the
Mt. Fema Thrust, in its footwall block, towards the foreland. The
blind thrust tip likely terminates at Rosso Ammonitico, propagating
a fold upward. This minor thrust converges with the Mt. Fema
Thrust towards the south, suggesting that they may laterally
connect. Moreover, in the SW sector of the study area, there is a
minor thrust located more internally than the Mt. Fema Thrust (i.e.,
in its hanging wall block), but having a similar direction. This thrust
crops out in Valnerina. Generally, thrusts tend to flatten down-
dip, where they probably merge at a basal décollement level. The
topography mimics well the overall strata architecture, particularly
in the central sector of the study area. In the thrust hanging wall
block the beds dip gently towards ENE as does the relief. The lowest
topography is found in the footwall syncline. However, the crestal
region is dissected by a set of normal faults that displace and lower
the strata toward the SW. This fault system is constituted, just at
the back of the relief, by a major fault (Mt. Fema Fault) with sinuous
surface, from which multiple synthetic and antithetic fault strands
branch off, developing tip splays at its NW and SE terminations.
Toward the SW, a minor fault segment parallel to the Mt. Fema Fault
exhibit similar features. In the proximity of these faults, the rock
horizons increase their roughness. Faults belonging to this system
do not necessarily reach the surface. In fact, in the southern sector
(Valnerina), two normal faults crosscut the thrust, though they end
in the Maiolica fm. (Fig. 5d). Moreover, from the model is apparent
an E-dipping high-angle normal fault that runs throughout the study
area, exhibiting with a sinuous surface. This fault is covered by the
Upper Jurassic to Lower Cretaceous units (Fig. 5a, d) and towards
south it is crosscut by the thrust.

Hereafter, we discuss our results in terms of structural
geometry, kinematic, timing, and the role of structural inheritance
and subsequent extensional tectonics in the evolution of the fold-
thrust belt in the Mt. Fema area (Umbria-Marche Apennines).

The overall structure of the Mt. Fema area reflects the
structural style of the Umbria-Marche Apennines (e.g., Barchi et
al., 1998; Butler et al., 2004). Our reconstruction goes all the way
to the base horizon of Calcare Massiccio (Figs. 5 and 8), then we
cannot discuss whether the basement is involved (thick-skinned)
or not (thin-skinned) in the fold and thrust belt. Based on our
sections, we can only argue that thrusts tend to flatten down-dip,
where they probably merge at a basal décollement level (Fig. 5).
However, it has become clear that thin- and thick-skinned tectonics
coexist in this region (e.g., Barchi & Tavarnelli, 2022). Along-strike
variations of the geological structures have been long recognised
in the Umbria-Marche Apennines (e.g., Mazzoli et al., 2005)
and in other fold-and-thrust belts (e.g., Mazzoli et al., 2022). For
instance, in the Mt. Fema area thrust displacement and shortening
varies from north to south (Fig. 5). According to our interpretation,
the Mt. Fema thrust system is characterised by relatively limited
displacement, i.e., the cumulative dip separation ranges from ~100
m to the north in Val di Tazza to ~500 m to the south in Valnerina;
unlike other interpretations in which multiple (carbonate) thrust
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Fig. 7 - Displacement-distance profile along the Mt. Fema Fault and associated splays (lower right inset shows map view).

sheets without basement involvement and defined by ‘ramp-on-
ramp’ structures accommodate larger amounts of contraction
(e.g., Bally et al., 1986; Calamita et al., 1994; Calamita et al.,
2012). An interpretation similar to the latter is made by Mirabella
et al. (2008), however, according to their model the thrust roots
into the basement westward. Instead, the solution proposed by
Tavarnelli et al. (2004) considers the involvement of basement in
the main thrust structure and limits the inferred amount of orogenic
contraction but considers the re-activation of pre-orogenic normal
faults by most thrust.

Thrust geometry also varies towards the south, where the
blind thrust in Valnerina cuts through the core of the anticline with
a concave downward geometry (i.e., slope decreases upward),
at the back of the Mt. Fema Thrust (Fig. 5d). These observations
demonstrate that along-strike variations may occur even at short
distances. An additional complexity is given by inherited pre-
orogenic deformation along with facies differences and lateral
thickness variations. The Umbria-Marche Apennines has recorded
multiple phases of extensional tectonics, including the Jurassic rift-
related normal faulting fragmenting the passive (Adria) continental
margin (e.g., Marchegiani et al., 1999; Tavarnelli et al., 2019). In
the Mt. Fema area, inherited E-dipping normal faults and fault
scarps once separating different palaeogeographic domains
(e.g., condensed vs. complete succession), presently produce
across-strike changes (e.g., Colacicchi et al., 1970; Centamore
et al., 1971; Deiana et al., 2002; Pierantoni et al., 2013). These
may profoundly affect fold-and-thrust belt development, since
the inherited basin conformation and the resulting competence
contrast produce the mechanical stratigraphy of the deforming

multilayer that, in turn, govern folding by buckling mechanism
(e.g., Lavecchia, 1981; Price & Cosgrove, 1990; Tavani et al.,
2021; Mazzoli et al.,, 2022). Recent studies (e.g., Butler et al.
2020) emphasised buckling as a primary generator of fold patterns
in thrust belt. These authors have argued that too much emphasis
has been put on kinematic models (e.g., Jamison, 1987) which
often overlook the importance of mechanical strength of layers.
For many years, these ideas were largely disregarded, but in
recent times there is a renewed appreciation of the importance of
understanding of folding mechanism of fold and thrust belts (e.g.,
Butler et al., 2018). The mechanically dominant member (Calcare
Massicio in this instance) played a fundamental role in regional
fold development as a result of buckling processes (Morley, 1994;
Mazzoli et al., 2001; Mazzoli et al., 2022) with fold wavelengths
normally determined by the thickness of the stalwart ‘control
units’ (Cobbold, 1975; Price & Corgrove, 1990). The calcareous
strata of the Umbria-Marche succession show a spaced disjunctive
pressure-solution cleavage generally perpendicular or at very high
angle to bedding. Often observed striae and calcite shear fibers
on bed surfaces are normally positioned to the bedding-cleavage
intersection lineation, which usually corresponds to fold hinges.
The field data shows that parasitic folds is dominant in the area,
caused by polyharmonic folding, which is based on the dissimilar
levels of mechanical viscosity and active layering on varied scales
(Ramsay & Huber, 1987). The development of cleavage at a high
angle relative to the bedding, leading to convergent cleavage fans
in folds, is an indication of the tangential longitudinal strain that is
present in strong layers and only minimum or no alteration of the
primitive cleavage produced by the initial layer-parallel shortening



3D MODEL OF MT. FEMA, UMBRIA-MARCHE APENNINES

Fig. 8 - Snapshots of the 3D geological model
(Supplemental Material S2). Red surfaces
are normal faults, blue surfaces are thrusts,
and purple surfaces are Jurassic fault scarps.
The maximum interpolation error between
3D surfaces and horizons traced in cross-
sections and maps is 30 m where structures
increase complexity. stratigraphic surfaces
are (from top to bottom): top Scaglia Rossa,
top Maiolica, top Calcare Massiccio, and top
Anidriti di Burano (Move Petroleum Experts
academic licence, not for commercial use).
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that occurred prior to the amplification of the mechanically active
multilayersin the fold (Ramsay, 1967). Cleavage patterns (I.E., finite
strain trajectories) and layer thickness variations in beds of differing
competence are all indicative of buckle folding (Ramsay, 1981).
Thus, the buckling may be favoured just at the transition among
condensed (westward) and complete (eastward) succession, and
more precisely in the immediate footwall block of the pre-existing
Jurassic normal fault (Fig. 5). Eventually, the fold controls the locus
of thrust propagation (e.g., Morley, 1994; Butler et al., 2020). In
the Umbria-Marche Apennines, others have already suggested
that buckles nucleate at pre-existing Jurassic normal faults (e.g.,
Tavarnelli, 1996). In the Mt. Fema area, E-dipping Jurassic normal
faults are not favourably oriented for re-activation by the thrusts,
that rather crosscut them (Fig. 5). Normal fault reactivation would
be enabled if they were W-dipping, the same as the thrusts (e.g.,
Butler, 1989; Barchi & Tavarnelli, 2022).

Here, we present one of the few available detailed 3D
geological models of the Apennines (e.g., Borraccini et al., 2004).
The high-resolution 3D model of the Mt. Fema area allows to
display the subsurface arrangement of strata and faults of different
generations (pre-, syn-, and post-thrusting), providing useful
insights into the understanding of the structural architecture. In
particular, it enhances the visualisation of along- and across-strike
variations of faults and folds characteristics, such as their geometry,
splays pattern, and zones of overlap and linkage. For example, the
overall trend of the surfaces representing the top of the geological
formations is quite homogeneous and laterally continuous (Fig. 8).
Except for the presence of small-wavelength morphological
variations, the folds that are found within the Structural Domains 1
and 2 may be termed as sub-cylindrical, following the classification
by Ramsay and Huber (1997). In fact, more than 90% of data point
(poles to bedding) fall within the 20° of the n-circle (Fig. 3). Folds
that are found in the Domain 3, instead, are non-cylindrical (i.e.,
less than 90% of the poles lie within the 20° of the n-circle). Small-
wavelength roughness of the surfaces in the 3D model (Fig. 8)
may be explained by the variability of folded layers attitude (Fig. 3;
Supplemental Material S1). A three-dimensional visualisation of
the geological model of the area also allows non-specialist users,
including decision-makers and engineers, to access the geological
information in support of planning and management of new
infrastructures. In this work, the construction of the 3D geological
model was carried out using field data, such as maps and cross
sections, as primary data source. The integration of geophysical
data (e.g., seismic, gravimetric, etc.) and well logs to the current 3D
model can be used to validate and improve our interpretation. The
next stage will be to extend this workflow to build a 3D geological
model for the entire area of the geological Sheet 325-Visso.

The normal faults observed in the western (back)limb of the
Mt. Fema anticline are post-orogenic since they crosscut much of
the contraction structures (e.g., Fig. 5d), as well as pre-orogenic
ones (Fig. 3). These normal faults are consistent in trend and
kinematics with post-orogenic structures dissecting the axial zone
of the chain and they were formed in the frame of a NE-SW trending
extensional regime established since Pliocene. These fault systems
control the Quaternary seismicity and active tectonics of the area
(e.g., Cello et al., 1997; Barchi et al., 2000; Tondi & Cello, 2003).
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In particular, the post-thrusting structures observed in the study
area belong the Norcia-Mt. Fema system, that further south also
displaces the western limb of the Mt. Patino anticline, and in a
few cases, they exceed 1000 m in throw (i.e., Mt. Vettore and San
Pellegrino-Collescille faults, e.g., Calamita & Pizzi, 1993; Calamita
et al., 1993; Porreca et al., 2020). The faults located within the
study area, instead, have a few hundred metres of displacement
(Figs. 5 and 7). The shape of the Mt. Fema Fault displacement
profile shows that this fault is constituted by two portions, each
having a (local) maximum (Fig. 7). A major strand is placed toward
the SE and a minor one toward the NW, the two being ‘separated’
by a local minimum displacement. This shape may suggest that
the Mt. Fema fault growth occurred through segment linkage,
i.e., fault interactions between two isolated neighbouring faults,
that may allow a rise of the displacement gradient (e.g., Nicol et
al., 2016). The contribution of the minor fault segments to the
cumulative displacement is visible only at the ends of the aggregate
displacement profile, whereas the latter match the trend of the Mt.
Fema Fault profile in its central portion. The splays have variable
amounts of overlap with the Mt. Fema Fault and their displacement
seems to increase away from the it. This may suggest that minor
fault segments branching from the Mt. Fema Fault terminations are
tip splays propagating away from the parent fault (e.g., Peacock et
al., 2017). However, we cannot rule out with certainty that these
segments are, instead, faults that approach and intersect the Mt.
Fema Fault. No evidence of surface fault reactivation has been
found during our fieldwork or others (Cello et al., 2000; Vittori et
al., 2000; Civico et al., 2018; Villani et al., 2018) despite several
normal-faulting seismic sequences recently struck this sector of
the Apennines (Cello et al., 2000; Deschamps et al., 2000; Vittori et
al., 2000; Chiaraluce et al., 2003, 2017; Barchi & Mirabella, 2009;
Galli et al., 2017), and several epicentres of weak earthquakes (M
< 3.5) fell in the vicinity of our study area (http://cnt.rm.ingv.it).

If on one hand post-orogenic extensional tectonics dissect the
Umbria-Marche fold and trust belt, hindering the understanding
of its geometric and kinematic evolution (e.g., Calamita et al.,
1994; Butler et al., 2004), the presence of pre-existing tectonic
discontinuities may in turn affect the development and geometry
of subsequent normal faults. In this work, the geometrical and
crosscutting relationships among Quaternary normal faults and
pre-existing reverse structures have not been investigated in depth.
However, we recognise that the Mt. Fema area may offer interesting
insights to elucidate (i) if normal faults do not displace the thrust
and are detached at depth on its low-angle portion (e.g., Bally et
al., 1986; Calamita et al., 1994), (ii) if the normal faults crosscut
the pre-existing fold and thrust belt (e.g., Mazzoli et al., 2005),
(iii) if inherited reverse structures are reactivated with extensional
kinematics (e.g., Bonini et al., 2016) and control the segmentation
of the seismogenic normal faults (e.g., Pizzi et al., 2017) or if,
instead, (iv) more than one scenario is valid at the same time. This
issue is still subject of debate since recent studies propose either
that the seismogenic normal faults displace the thrusts (e.g.,
Porreca et al., 2020) or that thrust portions could be reactivated
with extensional kinematics (Scognamiglio et al., 2018; Stendardi
et al., 2020; Barchi et al., 2021; Di Bucci et al., 2021).
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CONCLUSIONS

In this work we present a geological map, balanced and
restored cross-sections, and a 3D geological model of the Mt. Fema
area located within the 1:50,000 scale Sheet 325-Visso, in the
Umbria-Marche Apennines. The most striking element of the area
is an ENE-verging asymmetric anticline bounded by the NNW-SSE
striking Mt. Fema Thrust. The anticline core is constituted by the
Calcare Massiccio fm. outcropping in Val di Tazza and Valnerina.
The fold and thrust belt in this area was shaped during the Late
Miocene-Early Pleistocene orogenic phase. The cumulative dip
separation along the Mt. Fema thrust system ranges from ~100
m in the northern sector (Val di Tazza) to ~500 m in the south
(Valnerina). According to our interpretation, the thrust system
is characterised by relatively limited displacement, unlike other
interpretations where multiple thrust sheets, defined by ‘ramp-
on-ramp’ structures, accommodate larger amounts of orogenic
contraction. Whether the basement is involved or not in the main
thrust structure will be clarified in a future study. The Mt. Fema area
represents a key place to appreciate the Jurassic-age configuration
of the passive (Adria) continental margin and its effects on the
fold and thrust belt development. We do not find evidence of re-
activation of inherited (E-dipping) normal faults, most likely because
they were not favourably oriented with respect to the W-dipping
thrusts. However, we believe that thrust location is not coincidental.
Pre-existing normal faults and fault scarps produce across-strike
changes in the mechanical stratigraphy of the deforming multilayer
that, in turn, govern folding initiation by buckling mechanism.
Eventually, the fold controls the locus of thrust propagation.
Cross-section balancing and restoration highlights a phase of post-
orogenic (Quaternary) extensional faulting which is recorded by a
system of normal faults dissecting the flat top of the Mt. Fema box
fold. Their displacement reaches a maximum of 630 min the central
area. No evidence of recent fault reactivation has been found at
surface, despite recent seismic sequences hit central Italy. The
3D model of the Mt. Fema area enhances the visualisation of the
subsurface structural architecture, clarifies structural geometries
and kinematics of this sector of the Apennines, and may allow
non-specialists to access the geological information in support
of infrastructure planning and management. This work presents
among the few available balanced and restored cross-sections and
3D geological models of the Apennines.

ELECTRONIC SUPPLEMENTARY MATERIAL
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is available to authorised users.

ACKNOWLEDGEMENTS

Useful comments and suggestions by Italian Journal of Geosciences editors
(Federico Rossetti, Giulio Viola, and Angelo Cipriani) and two anonymous
reviewers. We acknowledge the use of Move software granted by Petroleum
Experts. Financial support by ISPRA (contract n. STI400052 — Progetto
ISPRA Foglio Visso — 2020 Pierantoni with the University of Camerino; Resp.
Pietro Paolo Pierantoni) is gratefully acknowledged.

REFERENCES

Aldinucci M., Gandin A. & Sandrelli F. (2008) - The Mesozoic continental
rifting in the Mediterranean area: insights from the Verrucano
tectofacies of southern Tuscany (Northern Apennines, Italy). Int. J.
Earth Sci., 97, 1247-1269, https://doi.org/10.1007/s00531-007-
0208-9.

Allmendinger R.W., Siron C.R. & Scott, C.P. (2017) - Structural data
collection with mobile devices: Accuracy, redundancy, and best
practices. J. Struct. Geol., 102, 98-112, https://doi.org/10.1016/].
jsg.2017.07.011.

Alvarez W. (1990) - Pattern of extensional faulting in pelagic carbonates
of the Umbria-Marche Apennines of central Italy. Geology, 18(5),
407-410.

Anelli L., Gorza M. & Pieri M. (1994) - Riva, M. Subsurface well data in the
Northern Apennines (Italy). Mem. Soc. Geol. It., 48, 461-471.

Antonellini M., Del Sole L. & Mollema P.N. (2020) - Chert nodules in
pelagic limestones as paleo—stress indicators: a 3D geomechanical
analysis. J. Struct. Geol., 132, 103979, https://doi.org/10.1016/j.
jsg.2020.103979.

Balestra M., Corrado S., Aldega L., Rudkiewicz J.L., Morticelli M.G., Sulli
A. & Sassi W. (2019) - 3D structural modeling and restoration of the
Apennine-Maghrebian chain in Sicily: Application for non-cylindrical
fold-and-thrust belts. Tectonophysics, 761, 86-107, https://doi.
0rg/10.1016/j.tecto.2019.04.014.

Baldacci F., Elter P., Giannini E., Giglia G., Lazzarotto A., Nardi R. &
Tongiorgi M. (1967) - Nuove osservazioni sul problema della falda
Toscana e sulla interpretazione dei flysch arenacei tipo “Macigno”
dell’Appennino settentrionale. Mem. Soc. Geol.lt., 6, 213-244.

Bally A.W., Burbi L., Cooper C. & Ghelardoni R. (1986) - Balanced sections
and seismic reflection profiles across the Central Apennines. Mem.
Soc. Geol. It., 35, 257-310.

Barchi M.R. (2010) - The Neogene-Quaternary evolution of the Northern
Apennines: crustal structure, style of deformation and seismicity. J.
Virt. Expl., 36(10), https://doi.org/10.3809/jvirtex.2010.00220.

Barchi M., Guzzetti F., Lavecchia G., Lolli O. & Bontempo R. (1988)
- Sezioni geologiche bilanciate attraverso il sistema a pieghe
UmbroMarchigiano: 1. La sezione Trevi-Valle dell’Ambro. Boll. Soc.
Geol. It., 107, 109-130.

Barchi M.R., De Feyter A., Magnani M.B., Minelli G., Pialli G. & Sotera
B.M. (1998) - The structural style of the Umbria-Marche fold and
thrust belt. Boll. Soc. Geol. It., 52, 557-578.

Barchi M.R., GaladiniF., Lavecchia G., Messina P., Michetti A.M., Peruzza
L., Pizzi A., Tondi E. & Vittori E. (2000) - Sintesi delle conoscenze
sulle faglie attive in Italia Centrale. Gruppo Nazionale per la Difesa
dai Terremoti, 21-23.

Barchi M.R. & Mirabella F. (2009) - The 1997-98 Umbria—Marche
earthquake sequence:“Geological” vs.“seismological” faults.
Tectonophysics, 476(1-2), 170-179, https://doi.org/10.1016/).
tect0.2008.09.013.

Barchi M.R., Carboni F., Michele M., Ercoli M., Giorgetti C., Porreca
M., Azzaro S. & Chiaraluce L. (2021) - The influence of subsurface
geology on the distribution of earthquakes during the 2016—-2017
Central ltaly seismic sequence. Tectonophysics, 807, 228797,
https://doi.org/10.1016/j.tect0.2021.228797.

Barchi M.R. & Tavarnelli E. (2022) - Thin vs. thick-skinned tectonics in
the Umbria-Marche fold-and-thrust belt: contrast or coexistence?
In: Koeberl, C., Claeys, P. and Montanari, A. (Eds.), From the
Guajira Desert to the Apennines, and from Mediterranean
Microplates to the Mexican Killer Asteroid: Honoring the Career
of Walter Alvarez, vol. 557. Geol. Soc. Am. Spec. Pap., https://doi.
org/10.1130/2022.2557(05.

393


https://doi.org/10.1007/s00531-007-0208-9
https://doi.org/10.1007/s00531-007-0208-9
https://doi.org/10.1016/j.jsg.2017.07.011
https://doi.org/10.1016/j.jsg.2017.07.011
https://doi.org/10.1016/j.jsg.2020.103979
https://doi.org/10.1016/j.jsg.2020.103979
https://doi.org/10.1016/j.tecto.2019.04.014
https://doi.org/10.1016/j.tecto.2019.04.014
https://doi.org/10.3809/jvirtex.2010.00220
https://doi.org/10.1016/j.tecto.2008.09.013
https://doi.org/10.1016/j.tecto.2008.09.013
https://doi.org/10.1016/j.tecto.2021.228797
https://doi.org/10.1130/2022.2557(05
https://doi.org/10.1130/2022.2557(05

M. BASILICI ET AL.

Basilici M. (2021) - Thermal Structure and Active Tectonics of the
Frontal Zone of the Zagros Fold and Thrust Belt in Western Lurestan,
Iran: New Insights from 3-D Geothermal Analytical Modelling and
2-D Structural Finite Element Modelling (doctoral dissertation).
Universita degli Studi di Urbino Carlo Bo, https://doi.org/10.13140/
RG.2.2.15087.51360.

Basilici M., Ascione A., Megna A., Santini S., Tavani S., Valente E. &
Mazzoli S. (2020a) - Active deformation and relief evolution in
the western Lurestan region of the Zagros mountain belt: New
insights from tectonic geomorphology analysis and finite element
modeling. Tectonics, 39(12), €2020TC006402, https:/doi.
0rg/10.1029/2020TC006402.

Basilici M., Mazzoli S., Megna A., Santini S. & Tavani S. (2020b) - 3-D
Geothermal Model of the Lurestan Sector of the Zagros Thrust Belt,
Iran. Energies, 13(9), 2140, https://doi.org/10.3390/en13092140.

Bellahsen N. & Daniel J.M. (2005) - Fault reactivation control on normal
fault growth: an experimental study. J. Struct. Geol., 27(4), 769-780,
https://doi.org/10.1016/).jsg.2004.12.003.

Bigi S., Casero P. & Ciotoli G. (2011) - Seismic interpretation of the
Laga basin; constraints on the structural setting and kinematics of
the Central Apennines. J. Geol. Soc., 168(1), 179-190, https://doi.
0rg/10.1144/0016-76492010-084.

Bigi S. & Costa Pisani P. (2005) - From a deformed Peri- Tethyan
carbonate platform to a fold-and-thrust-belt: an example from the
Central Apennines (Italy). J. Struct. Geol., 27, 523-539, https://doi.
0rg/10.1016/j.jsg.2004.10.005.

Boccaletti M., Ficcarelli G., Manetti P. & Turi A. (1969) - Analisi
stratigrafiche, sedimentologiche e petrografiche delle formazioni
Mesozoiche della Val di Lima. Mem. Soc. Geol. It., 847-922.

Bonarelli G. (1891) - Il territorio di Gubbio. Notizie geologiche: Tipografia
economica, Roma, p. 1-38.

BoniniL., Toscani G. & Seno S. (2014) - Three—dimensional segmentation
and different rupture behavior during the 2012 Emilia seismic
sequence (Northern ltaly). Tectonophysics, 630, 33-42, https://doi.
0rg/10.1016/j.tecto.2014.05.006.

Bonini L., Maesano F.E., Basili R., Burrato P., Carafa M.M.C., Fracassi
U., Kastelic V., Tarabusi G., Tiberti M.M., Vannoli P. & Valensise G.
(2016) - Imaging the tectonic framework of the 24 August 2016,
Amatrice (central Italy) earthquake sequence: new roles for old
players? Ann. Geophys., 59(5), https://doi.org/10.4401/ag-7229.

Borraccini F., De Donatis M., D’Ambrogi C. & Pantaloni M. (2004) - II
Foglio 280-Fossombrone 3D: un progetto pilota per la cartografia
geologica nazionale alla scala 1:50.000 in tre dimensioni. Boll. Soc.
Geol. It., 123, 319-331.

Butler R.W.H. (1989) - The influence of pre-existing basin structure on
thrust system evolution in the Western Alps. Geol. Soc. Sp. Publ.,
44(1), 105-122, https://doi.org/10.1144/GSL.SP.1989.044.01.07.

Butler R.W.H., Bond C.E., Cooper M.A. & Watkins H. (2018) - Interpreting
structural geometry in fold-thrust belts: Why style matters. J. Struct.
Geol., 114, 251-273, https://doi.org/10.1016/).jsg.2018.06.019.

Butler R.W., Bond C.E., Cooper M.A. & Watkins H. (2020) - Fold—thrust
structures—where have all the buckles gone? Geol. Soc. Sp. Publ.,
487(1), 21-44, https://doi.org/10.1144/SP487.7.

Butler R.W.H., MazzoliS., Corrado S., De Donatis M., Di BucciD., Gambini
R., Naso G., Nicolai C., Scrocca D., Shiner P. & Zucconi V. (2004) -
Applying thick-skinned tectonic models to the Apennine thrust belt
of Italy—Limitations and implications. In K. R. McClay (Ed.), Thrust
tectonics and hydrocarbon systems (Vol. 82, pp. 647—-667). AAPG
Memoir, https://doi.org/10.1306/M82813C34.

394

Butler R.W.H. & Mazzoli S. (2006) - Styles of continental contraction:
A review and introduction. In S. Mazzoli and R. W. H. Butler (Eds.),
Styles of continental contraction. Geol. Soc. Am. Spec. Pap., 414,
1-10, https://doi.org/10.1130/2006.2414(01).

Butler R.W.H., Tavarnelli E. & Grasso M. (2006) - Structural inheritance
in mountain belts: An Alpine—Apennine perspective. J. Struct. Geol.,
28(11), 1893-1908, https://doi.org/10.1016/}.jsg.2006.09.006

Calamita F., Centamore E., Chiocchini U., Deiana G., Micarelli A.,
Potetti M. & Romano A. (1979) - Analisi dell’evoluzione tettonico-
sidimentaria dei “bacini minori” del Miocene medio-superiore
nell’Appennino umbro-marchigiano e laziale-abruzzese: 7) Il bacino
di Camerino. Stud. Geol. Camerti, 5, 67-81.

Calamita F., Cello G., Deiana G. & Paltrinieri W. (1994) - Structural styles,
chronology rates of deformation, and time-space relationships in the
Umbria-Marche thrust system (central Apennines, Italy). Tectonics,
13(4), 873-881, https://doi.org/10.1029/94TC00276.

Calamita F. & Deiana G. (1988) - The arcuate shape of the Umbria-
Marche-Sabina Apennines (Central Italy). Tectonophysics, 146(1-
4),139-147.

Calamita F. & Pizzi A. (1993) - Tettonica quaternaria nella dorsale
appenninica umbro-marchigiana e bacini intrappenninici asso- ciati.
Stud. Geol. Camerti, Vol. spec., 1992/1, 17-26.

Calamita F., Pizzi A. & Roscioni M. (1993) - | “fasci” di faglie recenti ed
attive di M. Vettore-M. Bove e di M. Castello-M. Cardosa (Appen-
nino umbro-marchigiano). Stud. Geol. Camerti, Vol. spec., 1992/1,
81-95.

Cantalamessa G., Centamore E., Chiocchini U., Di Lorito L., Leonelli M.,
Micarelli A., Pesaresi A., Potetti M., Taddei L. & Venanzini D. (1980)
- Analisi tettonico-sedimentaria dei «bacini minori» torbiditici del
Miocene medio-superiore nell’Appennino umbro-marchigiano
e laziale-abruzzese: 9) Il bacino della Laga tra il F. Fiastrone-T.
Fiastrella ed il T. Fluvione. Stud. Geol. Camerti, 6, 81-133.

Caricchi C., Aldega L. & Corrado S. (2015) - Reconstruction of maximum
burial along the Northern Apennines thrust wedge (ltaly) by
indicators of thermal exposure and modelling. Geol. Soc. Am. Bull.,
127, 428-442, https://doi.org/10.1130/B30947.1.

Cassinis G., Perotti C. & Santi G. (2018) - Post-Variscan Verrucano-like
deposits in ltaly, and the onset of the alpine tectono-sedimentary
cycle. Earth-Sci. Rev., 185, 476-497, https://doi.org/10.1016/].
earscirev.2018.06.021.

Castelluccio A., Mazzoli S., Andreucci B., Jankowski L., Szaniawski
R. & Zattin M. (2016) - Building and exhumation of the Western
Carpathians: New constraints from sequentially restored,
balanced cross sections integrated with low-temperature
thermochronometry. Tectonics, 35(11), 2698-2733, https://doi.
0rg/10.1002/2016TC004190.

Cecca F., Marini A., Pallini G., Baudin F. & Begouen V. (1994) - A guide-
level of the uppermost Hauterivian (lower Cretaceous) in the pelagic
succession of Umbria Marche Apennines (central Italy): the Faraoni
Level. Riv. Ital. Paleont. Strat., 99, 551-568.

Cello G., Mazzoli S., Tondi E. & Turco E. (1997) - Active tectonics in the
central Apennines and possible implications for seismic hazard
analysis in peninsular Italy. Tectonophysics, 272(1), 43-68, https://
doi.org/10.1016/S0040-1951(96)00275-2.

Cello G., Deiana G., Ferelli L., Marchegiani L., Maschio L.,
Mazzoli S., Michetti A., Serva L., Tondi M. & Vittori T. (2000)
- Geological constraints for earthquake faulting studies in the
Colfiorito area (central Italy). J. Seism., 4, 357-364, https://doi.
0rg/10.1023/A:1026525302837.



https://doi.org/10.1130/2006.2414(01)
https://doi.org/10.1016/j.jsg.2006.09.006
https://doi.org/10.1029/94TC00276
https://doi.org/10.1130/B30947.1
https://doi.org/10.1016/j.earscirev.2018.06.021
https://doi.org/10.1016/j.earscirev.2018.06.021
https://doi.org/10.1002/2016TC004190
https://doi.org/10.1002/2016TC004190
https://doi.org/10.1016/S0040-1951(96)00275-2
https://doi.org/10.1016/S0040-1951(96)00275-2
https://doi.org/10.1023/A:1026525302837
https://doi.org/10.1023/A:1026525302837
https://doi.org/10.13140/RG.2.2.15087.51360
https://doi.org/10.13140/RG.2.2.15087.51360
https://doi.org/10.1029/2020TC006402
https://doi.org/10.1029/2020TC006402
https://doi.org/10.3390/en13092140
https://doi.org/10.1016/j.jsg.2004.12.003
https://doi.org/10.1144/0016-76492010-084
https://doi.org/10.1144/0016-76492010-084
https://doi.org/10.1016/j.jsg.2004.10.005
https://doi.org/10.1016/j.jsg.2004.10.005
https://doi.org/10.1016/j.tecto.2014.05.006
https://doi.org/10.1016/j.tecto.2014.05.006
https://doi.org/10.4401/ag-7229
https://doi.org/10.1144/GSL.SP.1989.044.01.07
https://doi.org/10.1016/j.jsg.2018.06.019
https://doi.org/10.1144/SP487.7
https://doi.org/10.1306/M82813C34

3D MODEL OF MT. FEMA, UMBRIA-MARCHE APENNINES

Centamore E., Chiocchini M., Deiana G., Micarelli A. & Pieruccini U.
(1971) - Contributo alla conoscenza del Giurassico dell’Appennino
umbro-marchigiano. Stud. Geol. Camerti, 1, 7-89.

Chamberlin R.T. (1910) - The Appalachian folds of central Pennsylvania.
J. Geol,, 18(3), 228-251, https://doi.org/10.1086/621722.

Chiaraluce L., Ellsworth W.L., Chiarabba C. & Cocco M. (2003) - Imaging
the complexity of an active normal fault system: The 1997 Colfiorito
(central Italy) case study. J. Geophys. Res.: Solid Earth, 108(B6),
https://doi.org/10.1029/2002JB002166.

Chiaraluce L., Di Stefano R., Tinti E., Scognamiglio L., Michele M.,
Casarotti E., Cattaneo M., De Gori P., Chiarabba C., Monachesi G.,
Lombardi A., Valoroso L., Latorre D. & Marzorati S. (2017) - The
2016 central Italy seismic sequence: A first look at the mainshocks,
aftershocks, and source models. Seism. Res. Lett., 88(3), 757-771,
https://doi.org/10.1785/0220160221.

Chiocchini M., Deiana G., Micarelli A., Moretti A & Pieruccini U. (1976)
- Geologia dei Monti Sibillini nord-orientali. Stud. Geol. Camerti, 2,
7-44.

Ciarapica G. & Passeri L. (2001) - Appennino umbro-marchigiano. Guide
Geologiche Regionali, 7(2), 267.

Cita Sironi M.B., Abbate E., Balini M., Conti M.A., Falorni P., Germani
D., Groppelli G., Manetti P. & Petti F.M. (2007) - Catalogo delle
formazioni. Unita tradizionali, Carta Geologica d’ltalia 1:50.000,
Quaderni serie lll, Volume 7, Fascicolo VI, 318. APAT - Dipartimento
Difesa del Suolo, Servizio Geologico d’ltalia, Roma.

Civico R., Pucci S., Villani F., Pizzimenti L., De Martini P.M., Nappi R.
& the Open EMERGEO Working Group (2018) - Surface ruptures
following the 30 October 2016 Mw 6.5 Norcia earthquake, central
Italy. J. Maps, 14, 151-160, https://doi.org/10.1080/17445647.20
18.1441756.

Cobbold P.R. (1975) - Fold propagation in single embedded layers.
Tectonophysics, 27(4), 333-351, https://doi.org/10.1016/0040-
1951(75)90003-7.

Colacicchi R., Passeri L. & Pialli G. (1970) - Nuovi dati sul Giurese
umbro-marchigiano e ipotesi per un suo inquadramento regionale.
Mem. Soc. Geol. It., 9, 839-874.

Conti P., Cornamusini G. & Carmignani L. (2020) - An outline of the
geology of the Northern Apennines (ltaly), with geological map
at 1:250,000 scale. Ital. J. Geosci., 139(2), 149-194, https://doi.
0rg/10.3301/1JG.2019.25.

Corradetti A., Tavani S., Russo M., Arbués P.C. & Granado P. (2017)
- Quantitative analysis of folds by means of orthorectified
photogrammetric 3D models: a case study from Mt. Catria, Northern
Apennines, ltaly. The Photogrammetric Record, 32(160), 480-496,
https://doi.org/10.1111/phor.12212.

Coward M.P. (1983) - Thrust tectonics, thin skinned or thick skinned, and
the continuation of thrusts to deep in the crust. J. Struct. Geol., 5(2),
113-123, https://doi.org/10.1016/0191-8141(83)90037-8.

Coward M.P., De Donatis M., Mazzoli S., Paltrinieri W. & Wezel F.C. (1999)
- Frontal part of the northern Apennines fold and thrust belt in the
Romagna-Marche area (ltaly): Shallow and deep structural styles.
Tectonics, 18(3),559-574. https://doi.org/10.1029/1999TC900003.

Dahlstrom C.D.A. (1969) - Balanced cross sections. Can. J. Earth Sci.,
6(4), 743-757, https://doi.org/10.1139/e69-069.

Davis D., Suppe J. & Dahlen F.A. (1983) - Mechanics of fold-and-thrust
belts and accretionary wedges. J. Geophys. Res.: Solid Earth,
88(B2), 1153-1172, https://doi.org/10.1029/JB088iB02p01153.

Decandia F.A. & Giannini E. (1977) - Studi geologici nell’Appennino
umbro-marchigiano: 2 - Le scaglie di copertura. Boll. Soc. Geol. It.,
96, 723-732.

De Paola N., Collettini C., Trippetta F., Barchi M.R. & Minelli G. (2007) - A
mechanical model for complex fault patterns induced by evaporite
dehydration and cyclic changes in fluid pressure. J. Struct. Geol.,
29(10), 1573-1584, https://doi.org/10.1016/j.jsg.2007.07.015.

Del Sole L., Antonellini M., Soliva R., Ballas G., Balsamo F. & Viola G.
(2020) - Structural control on fluid flow and shallow diagenesis:
insights from calcite cementation along deformation bands in
porous sandstones. J. Geophys. Res.: Solid Earth, 11(6), 2169-
2195, https://doi.org/10.5194/se-11-2169-2020.

Deschamps A., Courboulex F., Gaffet S., Lomax A., Virieux J., Amato A.,
Attara A., Castello B., Chiarabba C., Cimini G.B., Cocco M., Di Bona
M., Margheritini L., Mele F., Selvaggi G., Chiaraluce L., Piccinini D. &
Ripepe M. (2000) - Spatio-temporal distribution of seismic activity
during the Umbria-Marche crisis, 1997. J. Seism., 4, 377-386.

Deiana G., Cello G., Chiocchini M., Galdenzi S., Mazzoli S., Pistolesi
E., Potetti M., Romano A., Turco E. & Principi M. (2002) - Tectonic
evolution of the external zones of the Umbria—Marche Apennines in
the Monte San Vicino—Cingoli area. Boll. Soc. Geol. It., 1, 229-238.

Deville E. & Sassi W. (2006) - Contrasting thermal evolution of thrust
systems: An analytical and modeling approach in the front of
the western Alps. AAPG Bulletin, 90(6), 887-907, https://doi.
0rg/10.1306/01090605046.

Di Bucci D. & Mazzoli S. (2002) - Active tectonics of the Northern
Apennines and Adria geodynamics: new data and a discussion.
J. Geodyn., 34(5), 687-707, https://doi.org/10.1016/S0264-
3707(02)00107-2.

Di Bucci D., Buttinelli M., D’Ambrbogi C., Scrocca D. & the RETRACE-
3D Working Group (2021) - RETRACE-3D project: a multidisciplinary
collaboration to build a crustal model for the 2016-2018 central Italy
seismic sequence. B. Geofis. Teor. Appl., https://doi.org/10.4430/
bgta0343.

Di Domenica A., Bonini L., Calamita F., Toscani G., Galuppo C. & Seno
S. (2014) - Analogue modeling of positive inversion tectonics along
differently oriented pre-thrusting normal faults: an application to the
Central-Northern Apennines of Italy. Geol. Soc. Am. Bull., 126(7-8),
943-955, https://doi.org/10.1130/B31001.1.

Donatelli U. & Tramontana M. (2010) - The Castelluccio Jurassic
composite succession (Mt. Mura area, Umbria-Marche Apennines):
preliminary palaeogeographic and palaeotectonic considerations.
GeoActa, Special Publication, 3, 79-90.

Elter P., Giglia G., Tongiorgi M., Trevisan L. (1975) - Tensional and
compressional areas in the recent (Tortonian to Present) evolution of
north Apennines. B. Geofis. Teor. Appl., 17, 3-18.

Egan S.S., Kane S., Budding T.S., Williams G.D. & Hodgetts D. (1999) -
Computer modelling and visualisation of the structural deformation
caused by movement along geological faults. Computers &
Geosciences, 25(3), 283-297, https://doi.org/10.1016/S0098-
3004(98)00125-3.

Faccenna C., Davy P., Brun J.P., Funiciello R., Giardini D., Mattei M.
& Nalpas T. (1996) - The dynamics of back-arc extension: an
experimental approach to the opening of the Tyrrhenian Sea.
Geophys. J. Int., 126(3), 781-795.

Galli P., Castenetto S. & Peronace E. (2017) - The macroseismic intensity
distribution of the 30 October 2016 earthquake in central Italy (Mw
6.6): Seismotectonic implications: Tectonics, (36), 2179-2191,
https://doi.org/10.1002/2017TC004583.

Galluzzo F. & Santantonio M. (2002) - The Sabina Plateau: a new element
in the Mesozoic palaeogeography of the Central Apennines. Boll.
Soc. Geol. It., 121(1), 561-588.



https://doi.org/10.1016/j.jsg.2007.07.015
https://doi.org/10.5194/se-11-2169-2020
https://doi.org/10.1306/01090605046
https://doi.org/10.1306/01090605046
https://doi.org/10.1016/S0264-3707(02)00107-2
https://doi.org/10.1016/S0264-3707(02)00107-2
https://doi.org/10.4430/bgta0343
https://doi.org/10.4430/bgta0343
https://doi.org/10.1130/B31001.1
https://doi.org/10.1016/S0098-3004(98)00125-3
https://doi.org/10.1016/S0098-3004(98)00125-3
https://doi.org/10.1002/2017TC004583
https://doi.org/10.1086/621722
https://doi.org/10.1029/2002JB002166
https://doi.org/10.1785/0220160221
https://doi.org/10.1080/17445647.2018.1441756
https://doi.org/10.1080/17445647.2018.1441756
https://doi.org/10.1016/0040-1951(75)90003-7
https://doi.org/10.1016/0040-1951(75)90003-7
https://doi.org/10.3301/IJG.2019.25
https://doi.org/10.3301/IJG.2019.25
https://doi.org/10.1111/phor.12212
https://doi.org/10.1016/0191-8141(83)90037-8
https://doi.org/10.1029/1999TC900003
https://doi.org/10.1139/e69-069
https://doi.org/10.1029/JB088iB02p01153

M. BASILICI ET AL.

Gibbs A.D. (1983) - Balanced -cross-section construction from
seismic sections in areas of extensional tectonics. Journal of
Structural Geology, 5(2), 153-160, https://doi.org/10.1016/0191-
8141(83)90040-8.

Guerrera F., Martin-Martin M., Raffaelli G. & Tramontana M. (2015) - The
Early Miocene “Bisciaro volcaniclastic event” (northern Apennines,
Italy): a key study for the geodynamic evolution of the central-
western Mediterranean. Int. J. Earth Sci., 104, 1083-1106, https://
doi.org/10.1007/s00531-014-1131-5.

Heydarzadeh K., Hajialibeigi H. & Gharabeigli G.R. (2022) - Structural
geometry and evolution of the Dehdasht Basin in the Central Zagros
fold-and-thrust belt: Implications for the timing of oil generation and
trap formation. J. Petrol. Sci. and Eng., 208, 109254, https://doi.
0rg/10.1016/j.petrol.2021.109254.

Hill K.C. & Hayward A.B. (1988) - Structural constraints on the Tertiary
plate tectonic evolution of Italy. Mar. Petrol. Geol., 5(1), 2-16.

Jamison W.R. (1987) - Geometric analysis of fold development in
over thrust terranes. J. Struct. Geol., 9(2), 207-219, https://doi.
0rg/10.1016/0191-8141(87)90026-5.

Jourdon A., Rolland Y., Petit C. & Bellahsen N. (2014) - Style of Alpine
tectonic deformation in the Castellane fold-and-thrust belt (SW Alps,
France): Insights from balanced cross-sections. Tectonophysics,
633, 143-155, https://doi.org/10.1016/j.tect0.2014.06.022.

Kane S.J., Williams G.D., Buddin T.S., Egan S.S. & Hodgetts D. (1997)
- Flexural-slip based restoration in 3D, a new approach. In Paper
presented at the AAPG Annual Convention, 6—9 April, Dallas, Texas.

King R.C., Backé G., Morley C.K., Hillis R.R. & Tingay M.R. (2010) -
Balancing deformation in NW Borneo: Quantifying plate-scale vs.
gravitational tectonics in a delta and deepwater fold-thrust belt
system. Mar. Petrol. Geol., 27(1), 238-246, https://doi.org/10.1016/].
marpetgeo.2009.07.008.

Koopmann A. (1983) - Detacment tectonics in the central Apennines,
Italy. Geol. Rundsch., 30, 1-55.

Lacombe O. & Bellahsen N. (2016) - Thick-skinned tectonics and
basement-involved fold-thrust belts: Insights from selected Cenozoic
orogens. Geol. Mag., 153(5/6), 763-810, https://doi.org/10.1017/
S0016756816000078.

Lavecchia G. (1979) - Analisi cinematica del sovrascorrimento del F.
Fiastrone (Sibillini nord-orientali). Boll. Soc. Geol. It., 98(3-4), 457-468.

Lavecchia G.(1981) - Appunti per uno schema strutturale dell’Appennino
umbro-marchigiano: 3 - Lo stile deformativo. Boll. Soc. Geol. It., 100,
271-278.

Malinverno A. & Ryan W.B.F. (1986) - Extension in the Tyrrhenian Sea
and shortening in the Apennines as result of arc migration driven
by sinking of the lithosphere. Tectonics, 5(2), 227-245, https://doi.
0rg/10.1029/TC005i002p00227.

Marchegiani L., Bertotti G., Cello G., Deiana G., Mazzoli S. & Tondi E.
(1999) - Pre-orogenic tectonics in the Umbria—Marche sector of the
Afro-Adriatic continental margin. Tectonophysics, 315(1-4), 123-143.

Marroni M., Meneghini F. & Pandolfi L. (2017) - A Revised Subduction
Inception Model to Explain the Late Cretaceous, Double-Vergent
Orogen in the Precollisional Western Tethys: Evidence From the
Northern Apennines. Tectonics, 36, 2227-2249, https://doi.
org/10.1002/2017TC004627.

Mariucci M.T. & Montone P. (2020) - Database of Italian present-day
stress indicators, IPSI 1.4. Scientific Data, 7, 298, https://doi.
org/10.1038/s41597-020-00640-w.

Masrouhi A., Gharbi M., Bellier O. & Youssef M.B. (2019) - The Southern
Atlas Front in Tunisia and its foreland basin: Structural style and
regional-scale deformation. Tectonophysics, 764, 1-24, https://doi.
org/10.1016/j.tecto.2019.05.006.

Massoli D., Koyi H.A. & Barchi M.R. (2006) - Structural evolution of a fold
and thrust belt generated by multiple décollements: analogue models
and natural examples from the Northern Apennines (ltaly). J. Struct.
Geol., 28(2), 185-199, https://doi.org/10.1016/}.jsg.2005.11.002.

Mazzoli S., Barkham S., Cello G., Gambini R., Mattioni L., Shiner P. &
Tondi E. (2001) - Reconstruction of continental margin architecture
deformed by the contraction of the Lagonegro Basin, southern
Apennines, ltaly. J. Geol. Soc., 158(2), 309-319, https:/doi.
0rg/10.1144/jgs.158.2.309.

Mazzoli S., Basilici M., Spina V., Pierantoni P.P. & Tondi E. (2022) - Space
and time variability of detachment- versus ramp-dominated thrusting:
Insights from the outer Albanides. Tectonics, 41, e2022TC007274,
https://doi.org/10.1029/2022TC007274.

Mazzoli S., Deiana G., Galdenzi S. & Cello G. (2002) - Miocene fault-
controlled sedimentation and thrust propagation in the previously
faulted external zones of the Umbria—Marche Apennines, ltaly. EGU
Stephan Mueller Special Publication Series 1, 195-209.

Mazzoli S., Pierantoni P.P., Borraccini F., Paltrinieri W. & Deiana G. (2005)
- Geometry, segmentation pattern and displacement variations along
a major Apennine thrust zone, central Italy. J. Struct. Geol., 27(11),
1940-1953, https://doi.org/10.1016/).jsg.2005.06.002.

Mazzoli S., Santini S., Macchiavelli C. & Ascione A. (2015) - Active
tectonics of the outer northern Apennines: Adriatic vs. Po Plain
seismicity and stress fields. J. Geodyn., 84, 62-76, https://doi.
0rg/10.1016/j.jog.2014.10.002.

McClay K.R. (1995) - The geometries and kinematics of inverted fault
systems: a review of analogue model studies. Geol. Soc., Spec. Publ.,
88(1), 97-118.

Mele G. & Sandvol E. (2003) - Deep crustal roots beneath the northern
Apennines inferred from teleseismic receiver functions. Earth
Plan. Sci. Lett.,, 211, 69-78, https://doi.org/10.1016/S0012-
821X(03)00185-7.

Menichetti M., De Feyter A.J. & Corsi M. (1991) - Crop 03-ll tratto Val
Tiberina-Mare Adri-atico sezione geologica e caratterizzazione
tettonico-sedimentariadelleavanfosse dellazonaumbromarchigiano-
romagnola. Stud. Geol. Camerti, 1, 279-293.

Mirabella F., Barchi M., Lupattelli A., Stucchi E. & Ciaccio M.G. (2008)
- Insights on the seismogenic layer thickness from the upper crust
structure of the Umbria-Marche Apennines (central ltaly). Tectonics,
27(1), https://doi.org/10.1029/2007TC002134.

Molli G., Carlini M., Vescovi P., Artoni A., Balsamo F., Camurri F., Clemenzi
L., Storti F. & Torelli L. (2018) - Neogene 3-D structural architecture
of the north-west Apennines: The role of the low-angle normal faults
and basement thrusts. Tectonics, 37(7), 2165-2196, https://doi.
0rg/10.1029/2018TC005057.

Morley C.K. (1994) - Fold-generated imbricates: examples from the
Caledonides of Southern Norway. J. Struct. Geol., 16(5), 619-631,
https://doi.org/10.1016/0191-8141(94)90114-7.

Nicol A., Childs C., Walsh J.J., Manzocchi T. & Schopfer M.P.J. (2017) -
Interactions and growth of faults in an outcrop-scale system. Geol.
Soc., Spec. Publ., 439(1), 23-39, https://doi.org/10.1144/SP439.9.

Peacock D.C.P., Nixon C.W., Rotevatn A., Sanderson D.J. & Zuluaga L.F.
(2017) - Interacting faults. J. Struct. Geol., 97, 1-22, https://doi.
0rg/10.1016/j.jsg.2017.02.008.

Pezzo G., Petracchini L., Devoti R., Maffucci R., Anderlini L., Antoncecchi
I., Billi A., Carminati E., Ciccone F., Cuffaro M., Livani M., Palano
M., Petricca P., Pietrantonio G., Riguzzi F., Rossi G., Sparacino F.
& Doglioni C. (2020) - Active fold-thrust belt to foreland transition
in northern Adria, ltaly, tracked by seismic reflection profiles and
GPS offshore data. Tectonics, 39, e2020TC006425, https://doi.
0rg/10.1029/2020TC006425.



https://doi.org/10.1016/j.jsg.2005.11.002
https://doi.org/10.1144/jgs.158.2.309
https://doi.org/10.1144/jgs.158.2.309
https://doi.org/10.1029/2022TC007274
https://doi.org/10.1016/j.jsg.2005.06.002
https://doi.org/10.1016/j.jog.2014.10.002
https://doi.org/10.1016/j.jog.2014.10.002
https://doi.org/10.1016/S0012-821X(03)00185-7
https://doi.org/10.1016/S0012-821X(03)00185-7
https://doi.org/10.1029/2007TC002134
https://doi.org/10.1016/0191-8141(94)90114-7
https://doi.org/10.1144/SP439.9
https://doi.org/10.1016/j.jsg.2017.02.008
https://doi.org/10.1016/j.jsg.2017.02.008
https://doi.org/10.1029/2020TC006425
https://doi.org/10.1029/2020TC006425
https://doi.org/10.1016/0191-8141(83)90040-8
https://doi.org/10.1016/0191-8141(83)90040-8
https://doi.org/10.1007/s00531-014-1131-5
https://doi.org/10.1007/s00531-014-1131-5
https://doi.org/10.1016/j.petrol.2021.109254
https://doi.org/10.1016/j.petrol.2021.109254
https://doi.org/10.1016/0191-8141(87)90026-5
https://doi.org/10.1016/0191-8141(87)90026-5
https://doi.org/10.1016/j.tecto.2014.06.022
https://doi.org/10.1016/j.marpetgeo.2009.07.008
https://doi.org/10.1016/j.marpetgeo.2009.07.008
https://doi.org/10.1017/S0016756816000078
https://doi.org/10.1017/S0016756816000078
https://doi.org/10.1029/TC005i002p00227
https://doi.org/10.1029/TC005i002p00227
https://doi.org/10.1002/2017TC004627
https://doi.org/10.1002/2017TC004627
https://doi.org/10.1038/s41597-020-00640-w
https://doi.org/10.1038/s41597-020-00640-w
https://doi.org/10.1016/j.tecto.2019.05.006
https://doi.org/10.1016/j.tecto.2019.05.006

3D MODEL OF MT. FEMA, UMBRIA-MARCHE APENNINES

Pfiffner O.A. (2017) - Thick-skinned and thin-skinned tectonics: A
global perspective. Geosciences, 7(3), 71. https://doi.org/10.3390/
geosciences7030071.

Pierantoni P., Deiana G. & Galdenzi S. (2013) - Stratigraphic and
structural features of the Sibillini mountains (Umbria-Marche
Apennines, ltaly). Ital. J. Geosci., 132(3), 497-520, https://doi.
0rg/10.3301/1JG.2013.08.

Pizzi A., Di Domenica A., Gallovi¢ F., Luzi L. & Puglia R. (2017) - Fault
segmentation as constraint to the occurrence of the main shocks of
the 2016 Central Italy seismic sequence. Tectonics, 36, 2370-2387.
https://doi.org/10.1002/2017TC004652.

Poblet J. & Lisle R.J. (2011) - Kinematic evolution and structural styles of
fold-and-thrust belts: Geol. Soc., Spec. Publ., 349(1), 1-24, https://
doi.org/10.1144/SP349.1.

Pondrelli S., Salimbeni S., Ekstrdom G., Morelli A., Gasperini P. & Vannucci
G. (2006) - The Italian CMT dataset from 1977 to the present. Phys.
Earth Planet. In., 159(3-4), 286-303, https://doi.org/10.1016/j.
pepi.2006.07.008.

Porreca M., Fabbrizzi A., Azzaro S., Pucci S., Del Rio L., Pierantoni
P.P., Giorgetti C., Roberts G. & Barchi M.R. (2020) - 3D geological
reconstruction of the M. Vettore seismogenic fault system (Central
Apennines, ltaly): Cross-cutting relationship with the M. Sibillini
thrust. J. Struct. Geol., 131, 103938, https://doi.org/10.1016/j.
jsg.2019.103938.

Price N.J. & Cosgrove J.W. (1990) - Analysis of geological structures.
Cambridge University Press.

Ramsay J.G. (1967) - Folding and fracturing of rocks. McGraw-Hill.

Ramsay J.G. (1974) - Development of chevron folds. Geol. Soc. Am. Bull.,
85(11), 1741-1754.

Ramsay J.G. (1981) - Tectonics of the Helvetic Nappes. J. Geol. Soc., 9,
293-309, https://doi.org/10.1144/GSL.SP.1981.009.01.26.

Ramsay J.G. & Huber M.1. (1997) - The Techniques of Modern Structural
Geology. Volume 2. Filds and Fractures, Academic Press, London,
406.

Ricci Lucchi F. (1975) - Miocene paleogeography and basin analysis in

Periadriatic Apennines. Reprinted from Geology of Italy. P.E.S.L.,
Tripoli.

Ricci Lucchi F. (1987) - Semi-allochthonous sedimentation in the
Apenninic thrust belt. Sedim. Geol., 50(1-3), 119-134.

Rovida A., Locati M., Camassi R., Lolli B., Gasperini P. & Antonucci A.
(eds), (2022) - Italian Parametric Earthquake Catalogue (CPTI15),
version 4.0. Istituto Nazionale di Geofisica e Vulcanologia (INGV),
https://doi.org/10.13127/CPTI/CPTI15.4.

Royden L. (1988) - Flexural behavior of the continental lithosphere in
Italy: Constraints imposed by gravity and deflection data. J. Geophys.
Res.: Solid Earth, 93(B7), 7747-7766, https://doi.org/10.1029/
JB093iB07p07747.

Royer J.J., Mejia P., Caumon G. & Collon P. (2015) - 3D and 4D
Geomodelling Applied to Mineral Resources Exploration—An
Introduction. In: Weihed, P. (eds) 3D, 4D and Predictive Modelling of
Major Mineral Belts in Europe. Mineral Resource Reviews. Springer,
Cham. https://doi.org/10.1007/978-3-319-17428-0 4.

Roure F. & Sassi W. (1995) - Kinematics of deformation and petroleum
system appraisal in Neogene foreland fold-and-thrust belts. Petrol.
Geosci., 1(3), 253-269. https://doi.org/10.1144/petgeo.1.3.253.

Santantonio M. (1993) - Facies associations and evolution of
pelagic carbonate platform/basin systems: examples from the
ltalian Jurassic. Sedimentology, 40(6), 1039-1067, https://doi.
0rg/10.1111/j.1365-3091.1993.tb01379.x.

Santantonio M. (1994) - Pelagic carbonate platforms in the geologic
record: their classification, and sedimentary and paleotectonic
evolution. AAPG Bull., 78(1), 122-141, https://doi.org/10.1306/
BDFF9032-1718-11D7-8645000102C1865D.

Santantonio M., Galluzzo F. & Gill G. (1996) - Anatomy and
palaeobathymetry of a Jurassic pelagic carbonate platform/basin
system. Rossa Mts, Central Apennines. Boll. Soc. Geol. It, 121(1),
561-588.

Santini S., Basilici M., Invernizzi C., Jablonska D., Mazzoli S., Megna A.
& Pierantoni P.P. (2021) - Controls of Radiogenic Heat and Moho
Geometry on the Thermal Setting of the Marche Region (Central
Italy): An Analytical 3D Geothermal Model. Energies, 14(20), 6511,
https://doi.org/10.3390/en14206511.

Santini S., Basilici M., Invernizzi C., Mazzoli S., Megna A., Pierantoni
P.P., Vincenzo S. & Teloni S. (2020) - Thermal Structure of the
Northern Outer Albanides and Adjacent Adriatic Crustal Sector,
and Implications for Geothermal Energy Systems. Energies, 13(22),
6028, https://doi.org/10.3390/en13226028.

Santolaria P., Granado P., Wilson E.P., de Matteis M., Ferrer O., Strauss
P., Pelz K., Konig M., Oteleanu A.E., Roca E. & Mufoz J.A. (2022)
- From Salt-Bearing Rifted Margins to Fold-And-Thrust Belts.
Insights From Analog Modeling and Northern Calcareous Alps
Case Study. Tectonics, 41(11), e2022TC007503, https://doi.
0rg/10.1029/2022TC007503.

Schénborn G. (1999) - Balancing cross sections with kinematic
constraints: The Dolomites (northern ltaly). Tectonics, 18(3), 527-
545, https://doi.org/10.1029/1998TC900018.

Scisciani V. (2009) - Styles of positive inversion tectonics in the Central
Apennines and in the Adriatic foreland: Implications for the evolution
of the Apennine chain (ltaly). J. Struct. Geol., 31(11), 1276-1294,
https://doi.org/10.1016/j.jsg.2009.02.004.

Scisciani V., Agostini S., Calamita F., Pace P., Cilli A., Giori I. &
Paltrinieri W. (2014) - Positive inversion tectonics in foreland fold-
and-thrust belts: A reappraisal of the Umbria—Marche Northern
Apennines (Central Italy) by integrating geological and geophysical
data. Tectonophysics, 637, 218-237, https://doi.org/10.1016/j.
tecto.2014.10.010.

Scisciani V., Patruno S., Tavarnelli E., Calamita F., Pace P. & lacopini
D. (2019) - Multi-phase reactivations and inversions of Paleozoic—
Mesozoic extensional basins during the Wilson cycle: case studies
from the North Sea (UK) and the Northern Apennines (ltaly). Geol.
Soc., Spec. Publ., 470(1), 205-243, https://doi.org/10.1144/SP470-
2017-232.

Scognamiglio L., Tinti E., Casarotti E., Pucci S., Villani F., Cocco M.,
Magnoni F., Michelini A. & Dreger D. (2018) - Complex fault geometry
and rupture dynamics of the MW 6.5, 30 October 2016, central Italy
earthquake. J. Geophys. Res.: Solid Earth, 123, 2943-2964, https://
doi.org/10.1002/2018JB015603.

Scrocca D., Carminati E., Doglioni C. & Marcantoni D. (2007) - Slab
retreat and active shortening along the central-northern Apennines.
In Thrust belts and Foreland Basins: from fold kinematics to
hydrocarbon systems (pp. 471-487). Springer Berlin Heidelberg,
https://doi.org/10.1007/978-3-540-69426-7_25.

Sepehr M. & Cosgrove J.W. (2004) - Structural framework of the Zagros
fold—thrust belt, Iran. Mar. Petrol. Geol., 21(7), 829-843, https://doi.
org/10.1016/j.marpetge0.2003.07.006.

Shiner P., Beccacini A. & Mazzoli S. (2004) - Thin-skinned versus
thick-skinned structural models for Apulian carbonate reservoirs:
constraints from the Val d’Agri Fields, S Apennines, Italy.
Mar. Petrol. Geol., 21(7), 805-827, https://doi.org/10.1016/).
marpetgeo.2003.11.020.

391


https://doi.org/10.1306/BDFF9032-1718-11D7-8645000102C1865D
https://doi.org/10.1306/BDFF9032-1718-11D7-8645000102C1865D
https://doi.org/10.3390/en14206511
https://doi.org/10.3390/en13226028
https://doi.org/10.1029/2022TC007503
https://doi.org/10.1029/2022TC007503
https://doi.org/10.1029/1998TC900018
https://doi.org/10.1016/j.jsg.2009.02.004
https://doi.org/10.1016/j.tecto.2014.10.010
https://doi.org/10.1016/j.tecto.2014.10.010
https://doi.org/10.1144/SP470-2017-232
https://doi.org/10.1144/SP470-2017-232
https://doi.org/10.1002/2018JB015603
https://doi.org/10.1002/2018JB015603
https://doi.org/10.1007/978-3-540-69426-7_25
https://doi.org/10.1016/j.marpetgeo.2003.07.006
https://doi.org/10.1016/j.marpetgeo.2003.07.006
https://doi.org/10.1016/j.marpetgeo.2003.11.020
https://doi.org/10.1016/j.marpetgeo.2003.11.020
https://doi.org/10.3390/geosciences7030071
https://doi.org/10.3390/geosciences7030071
https://doi.org/10.3301/IJG.2013.08
https://doi.org/10.3301/IJG.2013.08
https://doi.org/10.1002/2017TC004652
https://doi.org/10.1144/SP349.1
https://doi.org/10.1144/SP349.1
https://doi.org/10.1016/j.pepi.2006.07.008
https://doi.org/10.1016/j.pepi.2006.07.008
https://doi.org/10.1016/j.jsg.2019.103938
https://doi.org/10.1016/j.jsg.2019.103938
https://doi.org/10.1144/GSL.SP.1981.009.01.26
https://doi.org/10.13127/CPTI/CPTI15.4
https://doi.org/10.1029/JB093iB07p07747
https://doi.org/10.1029/JB093iB07p07747
https://doi.org/10.1007/978-3-319-17428-0_4
https://doi.org/10.1144/petgeo.1.3.253
https://doi.org/10.1111/j.1365-3091.1993.tb01379.x
https://doi.org/10.1111/j.1365-3091.1993.tb01379.x

M. BASILICI ET AL.

SperanzaF. & Chiappini M. (2002) - Thick-skinned tectonicsinthe external
Apennines, Italy: new evidence from magnetic anomaly analysis. J.
Geophys. Res., B11, 2290, https://doi.org/10.1029/2000JB000027.

Stendardi F., Capotorti F., Fabbi S., Ricci V., Silvestri S. & Bigi S. (2020)
- Geological map of the Mt. Vettoretto-Capodacqua area (Central
Apennines, Italy) and cross-cutting relationship between Sibillini Mts.
Thrust and Mt. Vettore normal faults system. Geological Field Trips
and Maps, 12(2.2), 1-22, https://doi.org/10.3301/GFT.2020.04.

Tanner P.G. (1989) - The flexural-slip mechanism. J. Struct. Geol., 11(6),
635-655.

Tarquini S., Isola I., Favalli M. & Battistini A. (2007) - TINITALY, a
digital elevation model of Italy with a 10 m—cell size (Version 1.0).
Istituto Nazionale di Geofisica e Vulcanologia (INGV), https://doi.
org/10.13127/TINITALY/1.0.

Tavani S., Granado P., Corradetti A., Camanni G., Vignaroli G.,
Manatschal G., Mazzoli S., Munoz J.A. & Parente M. (2021) - Rift
inheritance controls the switch from thin- to thick-skinned thrusting
and basal décollement re-localization at the subduction-to-collision
transition. Geol. Soc. Am. Bull., 133(9-10), 2157-2170, https://doi.
org/10.1130/B35800.1.

Tavani S., Parente M., Puzone F., Corradetti A., Gharabeigli G., Valinejad
M., Morsalnejad D. & Mazzoli S. (2018) - The seismogenic fault
system of the 2017 M w 7.3 Iran—Iraq earthquake: constraints
from surface and subsurface data, cross-section balancing, and
restoration. J. Geophys. Res.: Solid Earth, 9(3), 821-831, https://doi.
0rg/10.5194/se-9-821-2018.

Tavarnelli E. (1996) - The effects of pre-existing normal faults on thrust
ramp development: an example from the Northern Apennines, Italy.
Geol. Rundsch., 85(2), 363-371.

Tavarnelli E., Butler R.W.H., Decandia F.A., Calamita F., Grasso M.,
Alvarez W. & Renda P. (2004) - Implications of fault reactivation and
structural inheritance in the Cenozoic tectonic evolution of Italy. In:
Crescenti, U., D’Offizi, S., Merlino, S., Sacchi, L. (Eds.), Geology of
Italy Special Volume of the Italian Geological Society for the IGC 32
Florence, pp. 209-222.

Tavarnelli E., Scisciani V., Patruno S., Calamita F., Pace P. & lacopini D.
(2019) - The role of structural inheritance in the evolution of fold-
and-thrust belts: insights from the Umbria-Marche Apennines, ltaly.
In: Koeberl, C., Bice, D.M. (Eds.), 250 Million Years of Earth History
in Central Italy: Celebrating 25 Years of the Geological Observatory
of Coldigioco. Geol. Soc. Am., Spec. Pap., 542, 191-211, https://doi.
org/10.1130/2019.2542(10.

Tondi E. & Cello G. (2003) - Spatiotemporal evolution of the Central
Apennines fault system (ltaly). J. Geodyn., 36(1-2), 113-128, https://
doi.org/10.1016/S0264-3707(03)00043-7.

Tozer R.S.J., Butler R.W.H. & Corrado S. (2002) - Comparing thin-and
thick-skinned thrust tectonic models of the Central Apennines,
Italy. EGU Stephan Mueller Special Publication Series, 1, 181-
194, https://smsps.copernicus.org/articles/1/181/2002/.

Trevisan L., Brandi G.P., Dallanl L., Nardi R., Raggi G., Rau A., Squarci
P., Taffi L. & Tongiorgi M. (1971) - Note illustrative della Carta
Geologica d’ltalia alla scala 1:100.000 foglio 105 (Lucca). ISPRA.

Verrall P. (1981) - Structural interpretation with applications to North
Sea problems. Joint Association for Petroleum Exploration Courses
(UK).

Vai G.B. & Martini I.P. (2001) - Anatomy of an orogen: The Apennines
and Adjacent Mediterranean Basins, Dordrecht, Netherlands,
Kluwer Academic Publishers, 637.

Verwater V.F., Le Breton E., Handy M.R., Picotti V., Jozi Najafabadi
A. & Haberland C. (2021) - Neogene kinematics of the Giudicarie
Belt and eastern Southern Alpine orogenic front (northern Italy).
J. Geophys. Res.: Solid Earth, 12(6), 1309-1334, https://doi.
org/10.5194/se-12-1309-2021.

Villani F., Civico R., Pucci S., Pizzimenti L., Nappi R., De Martini
P.M. & the Open EMERGEO Working Group (2018) - A database
of the coseismic effects following the 30 October 2016 Norcia
earthquake in Central Italy. Science Data, 5, 180049, https://doi.
org/10.1038/sdata.2018.49.

Vittori E., Deiana G., Esposito E., Ferreli L., Marchegiani L.,
Mastrolorenzo G., Michetti A.M., Porfido S., Serva L., Simonelli
A.L. & Tondi E. (2000) - Ground effects and surface faulting in the
September—October 1997 Umbria—Marche (Central Italy) seismic
sequence. J. Geodyn., 29(3-5), 535-564, https://doi.org/10.1016/
S0264-3707(99)00056-3.

Volatili T., Agosta F., Cardozo N., Zambrano M., Lecomte I. & Tondi
E. (2022) - Outcrop-scale fracture analysis and seismic modelling
of a basin-bounding normal fault in platform carbonates, central
Italy. J. Struct. Geol., 155, 104515, https://doi.org/10.1016/.
jsg.2022.104515.

Watkins H., Bond C.E. & Butler R.W. (2014) - Identifying multiple
detachment horizons and an evolving thrust history through
cross-section restoration and appraisal in the Moine Thrust Belt,
NW Scotland. J. Struct. Geol., 66, 1-10, https://doi.org/10.1016/j.

Whitmeyer S.J., Nicoletti J. & De Paor D.G. (2010) - The digital
revolution in geologic mapping. GSA Today, 20(4/5), 4-10, https://
doi.org/10.1130/GSATG70A.1.

Withjack M.O. & Peterson E.T. (1993) - Prediction of normal fault
geometries—A sensitivity analysis. AAPG Bull., 77, 1860-1873.



https://doi.org/10.1029/2000JB000027
https://doi.org/10.3301/GFT.2020.04
https://doi.org/10.13127/TINITALY/1.0
https://doi.org/10.13127/TINITALY/1.0
https://doi.org/10.1130/B35800.1
https://doi.org/10.1130/B35800.1
https://doi.org/10.5194/se-9-821-2018
https://doi.org/10.5194/se-9-821-2018
https://doi.org/10.1130/2019.2542(10
https://doi.org/10.1130/2019.2542(10
https://doi.org/10.1016/S0264-3707(03)00043-7
https://doi.org/10.1016/S0264-3707(03)00043-7
https://smsps.copernicus.org/articles/1/181/2002/
https://doi.org/10.5194/se-12-1309-2021
https://doi.org/10.5194/se-12-1309-2021
https://doi.org/10.1038/sdata.2018.49
https://doi.org/10.1038/sdata.2018.49
https://doi.org/10.1016/S0264-3707(99)00056-3
https://doi.org/10.1016/S0264-3707(99)00056-3
https://doi.org/10.1016/j.jsg.2022.104515
https://doi.org/10.1016/j.jsg.2022.104515
https://doi.org/10.1016/j.jsg.2014.05.001
https://doi.org/10.1016/j.jsg.2014.05.001
https://doi.org/10.1130/GSATG70A.1
https://doi.org/10.1130/GSATG70A.1

	_Hlk120808554
	_Hlk121838571
	OLE_LINK1
	_Hlk138161336
	_Hlk137728285
	_Hlk121742528
	_Hlk138511985
	_Hlk137654645
	_Hlk138518445

