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Abstract. Structural inheritance plays a significant role in
the evolution of fault systems in different tectonic settings.
Both positive reactivation of pre-orogenic extensional faults
and negative reactivation of synorogenic reverse faults dur-
ing orogenic cycles have been extensively studied and doc-
umented. By contrast, only a few studies have addressed
the impact of structural inheritance in regions undergoing
polyphasic tectonic histories. Here, we present the Monti
Martani Fault System (MMFS) case study (northern Apen-
nines, Italy) as a representative example of a seismically ac-
tive region where one can investigate the role of inherited
pre-orogenic structural features upon the post-orogenic tec-
tonic evolution. We collected outcrop-scale fault slip data
from there to constrain fault geometry and kinematics as in-
puts to paleostress analysis. Based on data from extensional
faults that controlled the Plio-Quaternary evolution of the
system, we propose that the MMFS does not consist of a
ca. 30 km long, L-shaped single normal fault, as previously
proposed in the literature, but is instead formed by a set of
several shorter NW–SE-trending extensional faults arranged
in an en echelon style. Paleostress analysis yielded three dis-
tinct extension directions during the Plio-Quaternary post-
orogenic extension, oriented NE–SW, NNE–SSW, and NW–
SE. We relate the first two directions to local orientation
fluctuations of the regional stress field interacting with the
moderately oblique inherited structural features and the latter
direction to a short-lived orogen-parallel extensional event
whose geodynamic causes remain unclear. We suggest that
the NE–SW regional post-orogenic extension direction con-
trols the orientation of most of the NW–SE-striking exten-
sional faults, while the morphostructural trend of the Monti
Martani Ridge and of its boundaries with the surrounding

Plio-Quaternary Medio Tiberino and Terni basins is con-
trolled by the strike of the ∼N–S and ∼E–W pre-orogenic
(Jurassic) inherited structural grain, rather than by the orien-
tation of the post-orogenic extension direction. We also dis-
cuss the implications of these observations on the seismotec-
tonics of the MMFS. Our findings suggest that, in contrast to
previous suggestions, the fault system cannot be classified as
an active and capable structural feature.

1 Introduction

In areas affected by polyphasic deformation, structural in-
heritance exerts a significant influence upon stress distribu-
tion and deformation partitioning, thus controlling the bal-
ance between reactivation of pre-existing structures and rup-
ture along newly formed faults (e.g., Viola et al., 2009, 2012;
Autin et al., 2013; Brune, 2014; Scheiber and Viola, 2018;
Wang et al., 2021; Hodge et al., 2024). While the role of syn-
orogenic structures is well documented for active and fossil
belts (e.g., Tavarnelli et al., 2004; Curzi et al., 2020; Del Ven-
tisette et al., 2021; Viola et al., 2022; Tavani et al., 2023), it
remains poorly understood how inherited pre-orogenic struc-
tural features are geometrically and kinematically linked to
the final architecture of the post-orogenic fault system. While
field-based structural studies have generally shown that the
spatial distribution and orientation of post-orogenic faults
tend to closely resemble those of the pre-orogenic inheritance
(e.g., Mercuri et al., 2024), insights from modeling on ex-
tended regions suggest, on the other hand, that complex pat-
terns of newly formed faults may also form in response to the
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imposed stress field, overprinting and reworking the original
pre-orogenic structural framework (Autin et al., 2013; Brune,
2014; Wang et al., 2021). The way post-orogenic faults inter-
act with the pre-orogenic setting has major implications for
tectonically active regions, as fault geometry and its orienta-
tion to the background stress field impact upon earthquake
recurrence (e.g., Cowie et al., 2012) and Coulomb stress
transfer during seismic events (e.g., Mildon et al., 2017;
Galderisi and Galli, 2020). Thus, it is particularly important
to understand and constrain the role of structural inheritance
in tectonically active regions that, as a result of complex and
polyphasic tectonic histories, have become saturated with
inherited structural features (e.g., Viola et al., 2009, 2012;
Scheiber and Viola, 2018; Hodge et al., 2024). It is useful to
be aware that the mechanical anisotropy defined by structural
inheritance is not limited to pre-existing faults, particularly in
polyphase tectonic regions. In such cases, it is more appro-
priate to refer to an “inherited structural grain”, which can
be defined as the summation of, for example, stratigraphic,
geometric, kinematic, and tectonic features that, as a whole,
express the bulk anisotropy of the crustal block being later
further deformed.

The Apennines are an excellent example of a tectonically
active region recording a series of tectonic events, spanning
from pre-orogenic rifting and synorogenic folding and thrust-
ing to post-orogenic extension (e.g., Cosentino et al., 2010;
Carminati et al., 2012; Cardello and Doglioni, 2015; Conti
et al., 2020). Many studies have documented the inversion
of inherited structures in the Apennines during both the syn-
orogenic and post-orogenic phases (e.g., Butler et al., 2004;
Tavarnelli et al., 2004; Scisciani, 2009; Calamita et al., 2011;
Di Domenica et al., 2012; Pace and Calamita, 2014; Curzi
et al., 2020; Del Ventisette et al., 2021; Viola et al., 2022; Ta-
vani et al., 2023). Accordingly, the current seismicity related
to the post-orogenic extensional regime in the inner part of
the belt is likely affected by the pre-existing structural frame-
work (e.g., Chiarabba and Amato, 2003; Buttinelli et al.,
2018; Barchi et al., 2021). Recent studies have even docu-
mented polyphasic reactivations of pre-orogenic extensional
faults during both positive and negative inversion (Mercuri
et al., 2024).

Such a complex structural framework and tectonic sce-
nario is well exemplified by the Monti Martani Ridge (MMR)
in the southernmost portion of the northern Apennines
(Fig. 1b), where a Mesozoic–Cenozoic sedimentary succes-
sion crops out, forming an ∼N–S structural ridge that is
bounded by intermountain basins (Medio Tiberino and Terni
basins) formed during post-orogenic extensional tectonics.

In this work, we present new field and structural data from
the MMR, the Monti Martani Fault System (MMFS), and the
associated Medio Tiberino and Terni basins. We performed
structural analyses of exposed fault surfaces deforming both
the Mesozoic units and the Plio-Quaternary deposits. Aim-
ing at constraining the local post-orogenic stress field at the
time of faulting, we carried out paleostress analysis on ex-

tensional faults. Our field-based structural geology approach
allows us to discuss the role of pre-orogenic structural inher-
itance on the Plio-Quaternary structuring of the area and to
explore the possible relationships between post-orogenic ex-
tensional faulting and the Plio-Quaternary continental units
to draw inferences on the current state of fault activity and
its potential for generating fault displacement hazard.

2 Geological setting

2.1 The northern Apennines

The northern Apennines of Italy (Fig. 1) are a seismically
active belt that results from a complex and polyphase evo-
lution that started in the Mesozoic. It recorded a Jurassic
rifting phase related to the opening of the Alpine Tethys, a
later Late Cretaceous to Neogene orogenic phase related to
Africa–Eurasia convergence, and a final post-orogenic exten-
sional phase that has affected the internal part of the orogen
since the Miocene (e.g., Boccaletti et al., 1971, 1985; Boc-
caletti and Guazzone, 1974; Principi and Treves, 1984; Vai
and Martini, 2001; Molli, 2008; Conti et al., 2020, and refer-
ences therein). Recent studies have also documented several
episodes of synsedimentary extensional tectonic activity be-
tween the end of the Tethyan rifting and the beginning of the
orogenic phase in the northern and central Apennines (e.g.,
Centamore et al., 2007; Cipriani and Bottini, 2019a, b; Capo-
torti and Muraro, 2021, 2024; Sabbatino et al., 2021).

The Jurassic rifting started in the Sinemurian, resulting
in the dismembering of an extensive carbonate platform and
the progressive separation of Europe from the Adriatic plate
(e.g., Bernoulli et al., 1979; Ziegler, 1988). On the Adria
margin, rifting led to the development of an articulated pa-
leogeography with intrabasinal horsts and grabens leading to
the deposition of pelagic successions in the grabens and of
condensed sequences on pelagic carbonate platforms (PCPs)
on horsts (e.g., Santantonio, 1993; Santantonio and Carmi-
nati, 2011; Cipriani et al., 2019, 2020; Santantonio et al.,
2020). In the northern and central Apennines, particularly
at their transition, the dominant strike of the Jurassic nor-
mal faults is ∼N–S and ∼E–W (e.g., Coltorti and Bosellini,
1980; Calamita et al., 1991; Cipriani et al., 2020). This in-
herited structural template was crucial for the localization of
deformation during the subsequent orogenic phase through
the positive inversion of the extensional pre-orogenic faults
bounding the Jurassic horsts (e.g., Butler et al., 2004; Pizzi
and Galadini, 2009; Scisciani, 2009; Pace and Calamita,
2014; Scisciani et al., 2014; Tavani et al., 2023; Curzi et al.,
2024).

Starting from the Late Cretaceous, Africa–Eurasia conver-
gence led to the progressive closing of the Alpine Tethys,
which culminated in the Eocene–Oligocene continental col-
lision leading to the structuring of the northern Apennine
fold and thrust belt (e.g., Doglioni et al., 1999; Rosenbaum
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Figure 1. (a) Schematic tectonic framework of the Italian peninsula with the location of the main thrust fronts and subdivision of the
main domains of the Apennine belt (modified after Zuccari et al., 2022). OA: Olevano–Antrodoco tectonic line. (b) Tectonic map of the
northern Apennines at the transition to the central Apennines, redrawn and modified after Conti et al. (2020). 1: Quaternary deposits;
2: Miocene–Pleistocene succession; 3: Ligurian units; 4: sub-Ligurian units (tectonic mélanges); 5: Tuscan Nappe; 6: Cervarola–Falterona
unit; 7: Rentella unit; 8: Tuscan metamorphic units; 9: Umbria–Marche–Romagna unit (turbidite successions of “minor” and outer basins);
10: Umbria–Marche–Romagna unit (turbidite successions of the inner basins); 11: Umbria–Marche domain (Triassic–Miocene succession);
12: Lazio–Abruzzi carbonate units; 13: magmatic rocks; 14: normal faults; 15: Martani Fault System; 16: thrusts; MTB: Medio Tiberino
Basin; TB: Terni Basin.

et al., 2004; Mantovani et al., 2009, and references therein).
This contractional phase caused the progressive stacking of
nappes of different paleogeographic domains from the for-
mer Adriatic margin of the Piemont-Liguria Ocean (e.g.,
Elter, 1975; Vai and Martini, 2001; Vezzani et al., 2010;
Cosentino et al., 2010; Conti et al., 2020). The eastward mi-
gration of NE-verging thrusting and folding (that is orthogo-
nal to the orientation of the present-day belt axis) controlled
the structural development of the belt toward the foreland.
This resulted in overthrusting of oceanic and transitional
units, originally located farther west, on top of the external
units (eastern side) belonging to the Adria microplate (Tus-
can domain, Umbria–Marche domain).

Starting in Miocene times, the internal part of the Apen-
nines underwent post-orogenic extension, resulting in the
opening of the Tyrrhenian Basin and of a series of intermon-
tane marine to continental basins on the Tyrrhenian side of
the belt (e.g., Malinverno and Ryan, 1986; Keller et al., 1994;
Cavinato and De Celles, 1999; Faccenna et al., 1997, 2001;
Rosenbaum and Lister, 2004; Patacca et al., 2008; Carminati
et al., 2012). The extensional front progressively migrated
E- and NE-ward through the activation of NW–SE-striking
normal faults. This tectonic regime still governs most of the
current seismicity (producing up to Mw= 7 events; ISIDe
Working Group, 2007; Fig. 2) of the hinterland and axial
regions of the Apennines (e.g., Cello et al., 1997; Mariucci
et al., 1999; Boncio et al., 2000).

2.2 The Monti Martani Ridge

The MMR is an ∼N–S-trending, ∼ 40 km long, L-shaped
mountain ridge located in the southern part of the north-
ern Apennines. It separates the Medio Tiberino Basin to the
W from the Umbria Valley Basin to the east (Figs. 1b, 2
and 3). To the south it is bounded by the Terni Basin. The
ridge is composed of a Meso-Cenozoic carbonate platform
transitioning upward to the pelagic deposits of the Umbria–
Marche succession (sensu Centamore et al., 1986; Fig. 4)
and a Miocene foreland basin succession (Accordi, 1966;
Barchi, 1991; Brozzetti and Lavecchia, 1995; Fig. 3). The
overall structural architecture of the ridge consists of an E-
verging anticline (in the west), exposing the Meso-Cenozoic
carbonate to marly succession and thrusting towards the ∼E
on an ∼N–S-trending syncline cored by Oligo-Miocene tur-
biditic units (Alfonsini et al., 1991; Calamita and Pieran-
toni, 1994, 1995; Alfonsini, 1995; Brozzetti and Lavecchia,
1995). On top of the Hettangian–Sinemurian platform car-
bonate (Calcare Massiccio Fm.), the Jurassic stratigraphic
succession reveals an articulated paleogeography. In fact, the
typical pelagic to hemipelagic Jurassic units of the com-
plete Umbria–Marche succession accumulated in the hang-
ing wall basins and are locally replaced by the condensed
succession of the Bugarone group, which deposited on top of
Jurassic horsts (Mariotti et al., 1979; Farinacci et al., 1981;
Barchi et al., 1991; Brozzetti and Lavecchia, 1995; Bruni
et al., 1995; Galluzzo and Santantonio, 2002; Fig. 4). Cipri-
ani et al. (2020) therefore proposed that the Monti Martani
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Figure 2. Digital terrain model of the Monti Martani Ridge and surrounding region with locations of the epicenters of the instrumental
(dots) and historical (stars) earthquakes with Mw> 3. Instrumental seismicity is from the INGV-ISIDe catalogue (see ISIDe Working Group,
2007). Historical seismicity is from the INGV-ASMI-CPTI catalogue (see Rovida et al., 2020, 2022). Earthquake focal mechanisms are from
the INGV-TDMT catalogue (see Scognamiglio et al., 2006), with the exception of the 1979 M= 4.9 Dunarobba earthquake, which is from
Gasperini et al. (1985). Main extensional fault systems and thrusts are from Calamita and Pierantoni (1995).

area was a Jurassic pelagic carbonate platform, suggesting
that the structural trends of the modern MMR (i.e., ∼N–S
and ∼WNW–ESE) are directly inherited from the Jurassic
rifting phase. Indeed, Jurassic faults have been documented
to trend N–S, N20°, E–W, and N110° (Bruni et al., 1995).
Moreover, a significant influence of pre-Pliocene∼N–S- and
∼W–E-trending structural features has been reported from
the easternmost sector of the MMR (Montebibico area) and

has been attributed to the inherited structural template of the
Jurassic extension (Coltorti et al., 1995).

The present-day regional stress field of the internal part
of the northern and central Apennines relates to an exten-
sional tectonic regime with a minimum horizontal stress axis
(Shmin) oriented NE–SW (Mariucci and Montone, 2024, and
references therein). However, local deviations are reported
from the Monti Martani area, where focal mechanisms of ex-
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Figure 3. Schematic geological map of the Martani Fault System (redrawn and modified after Bonini et al., 2003) with the location of our
structural stations. Traces of normal faults have been schematically redrawn according to original field observations presented in this study.
However, the full structural complexity of the MMR (i.e., within the ridge) is not reported here. The reader can refer to the geological maps
by Regione Umbria – Servizio Geologico (2013).
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Figure 4. Chronostratigraphy and lithostratigraphic log of the
Umbria–Marche succession (sensu Centamore et al., 1986) outcrop-
ping in the Monti Martani Ridge. Redrawn and modified after Curzi
et al. (2024). PCP: pelagic carbonate platform.

tensional earthquakes with an Shmin oriented N–S or E–W
have been reported (Pondrelli et al., 2006).

2.3 The Monti Martani Fault System

The MMR is bounded to the west and to the south by the
MMFS (also referred to in the literature as Faglia Mar-
tana by Brozzetti and Stoppa, 1995; Faglia dei Monti Mar-
tani by Brozzetti and Lavecchia, 1995; and Martana Fault
by Bonini et al., 2003), an extensional fault system sep-
arating the Meso-Cenozoic carbonate succession from the
Plio-Quaternary Medio Tiberino (to the west) and Terni (to
the south) basins. In the literature, this fault system is de-
scribed as a single L-shaped structure, with an ENE-facing
concavity, including an ∼ 30 km long N–S- to NNW–SSE-
striking segment extending from Grutti to San Gemini and an
∼ 10 km long WNW–ESE-striking segment extending from
Cesi to Trevi (Brozzetti and Lavecchia, 1995; Bonini et al.,
2003). Although this fault system is commonly represented
in the literature as a continuous fault, with the two segments
merging at the southwestern tip of the MMR, its surface ex-
pression is much more complex and ambiguous and does not
necessarily match the morphostructure of the western and
southern flanks of the MMR (see below). The cumulative
vertical displacement across the MMFS has been estimated

to be∼ 2000 m on a seismic cross-section across the northern
tip of the MMR, even though the thickness of the associated
Medio Tiberino Basin is only ∼ 500 m (Barchi et al., 1991).
Bonini (1998) proposed that the MMFS developed as an ex-
tensional reactivation of the ramp of an earlier Monti Martani
thrust.

The Medio Tiberino Basin is an N–S- to NNW–SSE-
trending graben to the west of the MMR and is filled by an
∼ 500 m thick Upper Pliocene–Quaternary continental suc-
cession (Conti and Girotti, 1977; Ambrosetti et al., 1978,
1987a; Barchi et al., 1991; Basilici, 1997). The lower part
of the succession consists of Upper Pliocene–Lower Pleis-
tocene fluvio-lacustrine clay, sand, and gravel, overlain by
∼ 50 m thick Lower Pleistocene bedded travertine (Barchi
et al., 1991). These deposits are locally overlain by slope
debris and volcanic/volcanoclastic deposits (Brozzetti and
Stoppa, 1995; Bonini et al., 2003) dated to the Middle Pleis-
tocene by the 39Ar/40Ar method (0.39± 0.01 Ma; Laurenzi
et al., 1994). This part of the succession is modeled by a pla-
nation surface which was eroded during the Middle Pleis-
tocene (Bonini et al., 2003) and has a smooth N–S topo-
graphic gradient. Reddish Upper Pleistocene slope debris
postdates the erosional surface and crops out extensively
along the western and southern slopes of the MMR (Bonini
et al., 2003). The Terni Basin is an E–W-trending graben ex-
posed to the south of the MMR and is considered the south-
eastern branch of the Medio Tiberino Basin, with which it
shares a common stratigraphic evolution (Basilici, 1993; Cat-
tuto et al., 2002). To the north, the Terni Basin terminates
against the ∼ESE-trending slopes of the southern termina-
tion of the MMR.

The Parametric Catalogue of Italian Earthquakes – CPTI
(Rovida et al., 2020, 2022) contains few historical earthquake
epicenters with Mw> 4 along the MMFS, with the strongest
being the 5.1 Mw 1751 CE Terni earthquake and no historical
earthquake reported in the N–S-striking segment of the fault
system (Fig. 2). Instrumental seismicity recorded since 1985
(ISIDe Working Group, 2007) highlights moderate seismic
activity (Mw≤ 3.5) along the MMFS, with two main clusters
located in the Massa Martana and Cesi/San Gemini sectors
(Fig. 2). Only three focal mechanisms have been resolved
along the MMFS for 3.5 Mw earthquakes (Scognamiglio
et al., 2006), and they show inconsistent fault plane solutions:
while the 2006 San Gemini earthquake yields an extensional
mechanism with a horizontal NE–SW extension direction
compatible with the current regional stress field, the 2014
Acquasparta earthquake yields an ∼N–S extension with a
slightly oblique dextral component, and the 2021 Massa Mar-
tana earthquake is associated with a compressional mech-
anism with N–S-striking planes and a W-plunging P axis
(Fig. 2). Although the latter event seems totally incongru-
ous with the overall regional stress field, it is quite consis-
tent with the N–S-striking planes with a sub-horizontal E–
W-trending P axis of the focal mechanism reconstructed for
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the 1978 Dunarobba earthquake on the western margin of the
Medio Tiberino Basin (Gasparini et al., 1985).

Despite the complexity of this seismic framework, only
the ∼ESE-striking segment bounding the northern margin
of the Terni Basin has been proposed as a potential seismo-
genic fault (Lavecchia et al., 2002). However, both segments
of the MMFS are regarded as active and capable faults in
the ITaly HAzard from CApable faults (ITHACA) catalogue
(ITHACA Working Group, 2019). Accordingly, Bonini et al.
(2003) suggested that the MMFS cuts through Upper Pleis-
tocene slope debris and displaces the archeological ruins of
the Roman town of Carsulae. However, this interpretation
was challenged by later archeological studies (Aringoli et al.,
2009; Bottari and Sepe, 2013).

3 Methods

In this work, we used a field-based approach to character-
ize fault geometry and kinematics and to make inferences
on the relationships between faulting and deposition of the
Plio-Quaternary basin infill. In particular, we focused our at-
tention on mapping the faults exposed along the morphologi-
cal boundary between the MMR and the Medio Tiberino and
Terni basins (i.e., along the trace of the supposed L-shaped
Martana Fault System; Fig. 3). We defined their orientation,
geometry, kinematics, and, when possible, cross-cutting re-
lationships between fault populations. Most of the measure-
ments were made in the Mesozoic carbonate succession of
the MMR (i.e., in the footwall of the supposed L-shaped
MMFS), while only a few structural stations were studied
in the Plio-Quaternary basin fill due to a substantial lack of
exposure (Fig. 3; Table S1 in the Supplement).

Statistical analysis of fault and striae populations in the
cumulative fault dataset was carried out with the Daisy v.4.1
software (Salvini et al., 1999; Fig. 5). Structural data were
plotted for each structural station (Fig. 6) on a Schmidt net,
and lower-hemisphere stereographic projections were drawn
with the Win-Tensor program (Delvaux, 1993). When suf-
ficiently abundant and statistically meaningful, these data
were used to perform paleostress analysis to reconstruct the
orientation of the paleostress tensor for each structural sta-
tion (Fig. 7). Paleostress analysis was performed with the
Win-Tensor program (Delvaux, 1993), which uses a refined
version of the Right Dihedron method (Angelier and Mech-
ler, 1977) and an iterative Rotational Optimization procedure
(Delvaux and Sperner, 2003). Data separation for tensorial
analysis followed the workflow described in Mattila and Vi-
ola (2014) and was first performed based on field observa-
tions (i.e., cross-cutting relationships between faults or sep-
aration of different kinds of structures, such as faults, veins,
and cleavage planes) and on a qualitative kinematic analysis
of the stereonets (i.e., definition of striae trend populations).
We then adopted an iterative approach by using the Right Di-
hedron method and the Rotational Optimization procedure in

sequence to compute a paleostress tensor while progressively
removing those data that turned out to be kinematically in-
compatible with the calculated stress model. In particular, we
removed all data with a slip deviation angle α > 30°, which
is defined as the acute angle between the measured slip vec-
tor on a fault plane and the theoretical optimal slip vector on
the same fault plane with respect to the computed paleostress
tensor. This parameter determines the robustness of the op-
timization procedure, since faults with α ≤ 30° are regarded
as compatible with the calculated reduced paleostress tensor.

4 Results

4.1 Cumulative fault data analysis

Merging of all fault datasets from the different structural sta-
tions allowed us to perform a cumulative statistical analysis
on fault data at the scale of the study area (Fig. 5). Distribu-
tion of fault azimuth reveals that there are two major trends in
fault strike (Fig. 5a). The dominant trend is represented by a
vast majority of NW–SE-striking faults (N125° and N300°),
while a second subsidiary fault population is composed of
fault planes striking ENE–WSW (N070°). Neither of these
two trends correlates with the orientation of the morphologi-
cal boundary between the MMR and the Medio Tiberino and
Terni basins (i.e., ∼N–S and ∼N100°, respectively).

Three pitch populations have been found for the slicken-
side striations measured on fault surfaces (73, 107, and 39°;
Fig. 5b). This distribution documents dominant dip-slip over
subordinate strike-slip kinematics. Analysis of striae azimuth
distribution on normal, oblique/normal, and strike-slip faults
identified five different populations (N232°, N327°, N184°,
N121°, and N048°; Fig. 5c). These populations define three
main directions of movement along fault planes: NE–SW
(populations 1 and 5 in Fig. 5c), NW–SE (populations 2 and 4
in Fig. 5c), and N–S (population 3 in Fig. 5c).

4.2 Fault data and paleostress analysis on single
structural stations

In the following, we describe the key structural features ob-
served at selected field stations along the trace of the sup-
posed L-shaped MMFS, starting from its northernmost tip
and progressing towards its southeastern end (Fig. 3).

The Viepri site (structural site no. 1 in Fig. 3) is character-
ized by an SW-dipping normal fault that separates the Juras-
sic micritic limestones of the Corniola Fm., in the footwall,
from the Eocene marls of the Scaglia Variegata Fm., in the
hanging wall (Fig. 8). The principal slip surface (PSS) of the
fault is marked by a fine-grained cohesive cataclasite formed
at the expense of the Jurassic carbonate (Fig. 8), while, above
the PSS, a layer of cataclasite and proto-cataclasite a few me-
ters thick was formed at the expense of the Eocene marly
lithotypes. These latter have a coarser grain size and are less
consolidated than those of the PSS and contain an exten-
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Figure 5. Cumulative fault data collected in this study. Polymodal Gaussian distribution statistics of the cumulative fault azimuth (a) and
the slickenside striations pitch (b) and azimuth (c). Statistical analysis was performed using the Daisy v.4.1 software (Salvini et al., 1999).
The Gaussian parameters are as follows: number of Gaussian peak (#), percentage of occurrence (%), normalized height (Nor.H.), maximum
height (Max.H.), and standard deviation (SD).

sional top-to-the-SW S-C fabric (sensu Berthé et al., 1979).
Slickenside striations on the PSS point to a normal to nor-
mal/oblique sense of shear with a sinistral component (stere-
onet no. 1 in Fig. 6). Cataclasites in the hanging wall of the
PSS and, locally, the PSS itself, are cut by centimeter- to
decimeter-thick NE–SW-trending sub-vertical calcite veins
(Fig. 8b). Sub-vertical calcite veining also occurs in marls of

the Scaglia Variegata Fm. in the hanging wall of the fault,
though with a more diffuse and pervasive spatial distribution
(Fig. 8c). The paleostress tensor reconstructed with data from
the PSS shows a sub-horizontal NE–SW-trending σ3 axis
(Fig. 7a), while the opening of tensile veins in the hang-
ing wall of the faults is compatible with an NW–SE-trending
σ3 axis (Fig. 7b).
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Figure 6. Equal-area stereoplots (Schmidt net, lower hemisphere) showing the attitude of the main structural features measured in the field
and drawn with the Win-Tensor program (Delvaux, 1993). Numbers refer to the sites of structural measurements shown in Fig. 3.

East of Massa Martana, on the western slope of the Monte
Castro (structural site no. 2 in Fig. 3), mesoscale NW–SE-
trending normal faults cut through the Lower Jurassic lime-
stone of the Calcare Massiccio Fm. (stereonet no. 2 in Fig. 6).
Due to the lack of striae on the fault surfaces, the dataset is

too small for a reliable paleostress analysis here. However,
at the first order, the strike of these few faults is generally
compatible with an NE–SW-trending direction of extension.
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Figure 7. Paleostress tensors calculated from the inversion of fault slip data using the Win-Tensor software (Delvaux, 1993). Stereograms are
Schmidt lower-hemisphere projections. In the stereograms, black arrows represent the measured hanging-wall slip vector on a fault plane;
purple arrows represent the theoretical optimal slip vector on a fault plane with respect to the computed paleostress tensor. Site numbers refer
to numbers of the structural stations in Fig. 3. In the Frohlich triangles, NF is pure normal faulting, TF is pure reverse faulting, SS is pure
strike-slip faulting, NS is transtension, TS is transpression, and UF is radial extension.

In the abandoned quarry to the east of Acquasparta (struc-
tural site no. 3 in Fig. 3), the Calcare Massiccio Fm. ap-
pears to be highly fractured and cut by an intricate tangle
of faults, including normal/oblique and sub-vertical sinistral
fault planes (stereonet no. 3 in Figs. 6 and 9). Intense fractur-
ing at the outcrop scale appears to be correlated with diffuse

strike-slip and reverse faulting likely related to the orogenic
contractional phase. Consequently, it is hard here to distin-
guish if the oblique/extensional planes are neoformed or re-
activated inherited slip surfaces. At this site, our difficulty in
identifying proper fault clusters related to specific tectonic
events precluded a reliable paleostress analysis.
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Figure 8. Extensional fault surface exposed in the Viepri area (site 1
in Fig. 3) (a) with examples of the calcite vein network hosted in the
cataclasite (b) and the hanging wall (c). Structural measurements
from this site are reported in stereonet no. 1 in Fig. 6.

In the Poggio Azzuano area (structural site no. 4 in Fig. 3),
at the southernmost tip of the N–S-trending segment of the
boundary between the MMR and the Medio Tiberino and
Terni basins, an S-dipping PSS is found along with exten-
sional top-to-the-S S-C structures within the marly lime-
stone of the Cretaceous Scaglia Rossa Fm. (stereonet no. 4 in
Figs. 6 and 10a–c). The paleostress tensor calculated at this
site shows an NNE–SSW direction of extension (Fig. 7c).
About 500 m to the SSE of this site, along the road to Cesi
(structural site no. 5 in Fig. 2), the computed paleostress ten-
sor is substantially different. The Scaglia Rossa Fm. is cut
there by N–S normal to normal/oblique faults with a sinis-
tral component (stereonet no. 5 in Figs. 6 and 10d). Pale-
ostress determination from this fault system yielded an ex-
tensional regime with an NE–SW-trending sub-horizontal
σ3 axis (Fig. 7d), compatible with that reconstructed from
the Viepri site.

In the western part of the Cesi village (structural site
no. 6 in Fig. 3), steeply dipping extensional fault planes cut
through cohesive cataclasites formed at the expense of the
fine-grained limestone of the Corniola Fm. All these faults
strike NW–SE and dip either to the NE with oblique nor-
mal/dextral striae or to the SW with oblique normal/sinistral
striae (stereonet no. 6 in Fig. 6). Tensorial analysis performed

on this dataset yielded an NE–SW-trending sub-horizontal
σ3 axis, with a steeply dipping σ1 axis and a gently dipping
σ2 axis (Fig. 7e). In this same area (structural site no. 7 in
Fig. 3), foliated cataclasites in the Corniola Fm. display a
penetrative S-C fabric (stereonet no. 7 in Figs. 6 and 10e).
This dataset did not allow us to perform a proper tensorial
analysis. However, the attitude of the S-C fabric is consistent
with an extensional tectonic regime with an NE–SW-trending
direction of extension.

At the karstic cave of the Grotta Eolia site in the Cesi vil-
lage (structural site no. 8 in Fig. 3), a complex network of
faults belonging to an extensional fault system juxtaposes
the Calcare Massiccio Fm. in the footwall against cataclas-
tic red marly limestone in the hanging wall (stereonet no. 8
in Figs. 6 and 10f). Rocks in the hanging wall can be tenta-
tively attributed to the Rosso Ammonitico Fm. Variably ori-
ented high- and low-angle faults inherited from the previous
orogenic phase are also present in the cave. NW–SE-striking
normal to oblique/normal faults, with striae pitch values be-
tween ∼ 70° and ∼ 100° (Fig. 10f), are compatible with an
extensional paleostress tensor with an NE–SW-trending sub-
horizontal σ3 axis (Fig. 7f), as are the other two sites in
the western part of the Cesi village described above (struc-
tural sites no. 6 and 7 in Fig. 6). By contrast, a substantially
different paleostress tensor has been obtained for NE–SW-
striking extensional faults exposed ∼ 1 km E of Cesi (struc-
tural site no. 9 in Fig. 3) and cutting through the micritic
limestone of the Maiolica Fm. (stereonet no. 9 in Fig. 6).
There, paleostress analysis resulted in an Andersonian ex-
tensional system with an NW–SE-trending direction of ex-
tension (Fig. 7g). This paleostress tensor is consistent with
that responsible for the formation of the tensile veins at the
Viepri site (site no. 1 in Figs. 6 and 7b).

About 1 km to the east of Cesi, the limestone of the Calcare
Massiccio Fm. exposed in an abandoned quarry (structural
site no. 10 in Fig. 3) appears intensely fractured and cut by a
dense network of high-angle normal, oblique, and strike-slip
faults (Fig. 11 and stereonet no. 10 in Fig. 6). Some NE-
dipping fault planes bear two sets of slickenlines, one related
to normal to oblique slip (pitch= 60–70°) and one related
to strike-slip (pitch ∼ 5–25°), with the latter post-dating the
first (Fig. 12). We performed tensorial analysis on a dataset
of more than 100 fault planes, most of which strike NW–
SE. After data treatment, we distinguished three data sub-
sets: (i) one including normal/oblique fault planes with NE–
SW-trending slickenlines, (ii) one characterized by sinistral
strike-slip faults with NW–SE-trending slickenlines, and (iii)
one with normal/oblique (with a sinistral component) fault
planes with NNE–SSW-trending slickenlines (Fig. 7j–l, re-
spectively). Tensorial analysis performed on these three data
subsets yielded three different Andersonian extensional pa-
leostress tensors, with a sub-vertical σ1 axis and a sub-
horizontal σ3 axis trending NE–SW, NW–SE, and NNE–
SSW, respectively (Fig. 7j–l). All these results have a satisfy-
ing slip deviation angle α < 30°. It is worth noting that these
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Figure 9. Examples of synorogenic structures in the Calcare Massiccio Fm. in the Acquasparta quarry (site no. 3 in Fig. 3; stereonet no. 3 in
Fig. 6). (a) Sub-vertical, NE–SW-, and NW–SE-striking strike-slip faults (marked by dashed red lines), with details of two fault surfaces (in
panels b and c) with strike-slip slickenlines marked by dashed white lines. (d) NW–SE-trending thrust fault marked by the dashed red line.
Note the diffuse brecciation and fracturing at the outcrop scale.

three paleostress tensors reconstructed from this large dataset
in a single location are consistent with those calculated in
other sites along the MMFS, where datasets are smaller and
tensorial analysis only gave one paleostress tensorial solution
for each site.

Sub-vertical NW–SE-striking normal/oblique fault planes
in the Calcare Massiccio Fm. have also been measured close
to the Madonna dell’Olivo Sanctuary in the Piedimonte area
(structural site no. 11 in Fig. 3; stereonet no. 11 in Fig. 6).
Unfortunately, the dispersion of planes is too small in this
dataset to perform a reliable tensorial analysis. At this same
location, Brozzetti and Lavecchia (1995) and Bonini et al.
(2003) reported mainly E–W- to WNW–ESE-striking nor-
mal/oblique (dextral) faults, compatible with an extensional
paleostress tensor with a sub-horizontal NE–SW σ3 axis
(Brozzetti and Lavecchia, 1995).

At structural site no. 12 (Fig. 3), NW–SE-striking exten-
sional fault planes cut through the limestone of Calcare Mas-
siccio Fm. (stereonet no. 12 in Fig. 6). The paleostress ten-
sor reconstructed at this site has an NE–SW-trending sub-
horizontal σ3 axis (Fig. 7h), even though the σ1 axis is not
exactly sub-vertical (dip angle 66°). An analogue set of faults
has been measured at structural site no. 13 (Fig. 3; stereonet
no. 13 in Fig. 6). These extensional faults cut through the
brecciated Corniola and are sutured by Upper Pleistocene
slope debris (Fig. 13). The brecciated Corniola Fm. consists
of a monomictic, angular, and heterometric breccia not ex-

ceeding 2–3 m in thickness. The clasts are derived from the
underlying bedrock and exhibit a chaotic fabric, suggesting
that the breccia formed locally (in situ), although a limited
remobilization of clasts cannot be entirely ruled out. Unfor-
tunately, no slickenlines were observed at this site, thus pre-
venting tensorial analysis.

A similar situation has been observed in the easternmost
structural site at the eastern tip of the MMFS (Rocca San
Zenone area, structural site no. 14 in Fig. 3), where exten-
sional, oblique, and strike-slip faults cut through the brec-
ciated Corniola Fm. and are sutured by Upper Pleistocene
slope debris (stereonet no. 14 in Fig. 6). On a single NW–SE-
striking and SW-dipping fault plane, three different genera-
tions of striae have been observed, pointing to a polyphase
reactivation of this fault plane with a normal, oblique (nor-
mal/dextral), and strike-slip movement (Fig. 14). However,
the dispersion of planes in this dataset is too small to gener-
ate a reliable tensorial analysis.

As to extensional deformation in the Plio-Quaternary fill
of the Medio Tiberino and Terni basins, brittle structures
were only observed in the San Gemini area cutting through
Upper Pliocene/Lower Pleistocene yellow sandy conglomer-
ates, likely belonging to the Fosso Bianco Fm. sensu Basilici
(1992, 1997) (Fig. 15). These structures consist of sub-
vertical fractures within the San Gemini area (structural site
no. 15 in Fig. 3; stereonet no. 15 in Fig. 6) and normal faults
exposed in an abandoned quarry south of San Gemini (struc-
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Figure 10. (a) S-dipping PSS of a normal fault cutting through the Scaglia Rossa Fm. in the Poggio Azzuano area (site no. 4 in Fig. 3;
stereonet no. 4 in Fig. 6), with detail of the extensional top-to-the-S S-C fabric developed within the cataclasite (b) and of a second-order
conjugate normal faults pair (c) in the hanging wall of the PSS. (d) Example of a W-dipping normal fault cutting through the Scaglia
Rossa Fm. E of Poggio Azzuano (site no. 5 in Fig. 3; stereonet no. 5 in Fig. 6). (e) Extensional top-to-the-SW S-C fabric within foliated
cataclasite formed at the expense of the Corniola Fm. cropping out W of Cesi (site no. 7 in Fig. 3; stereonet no. 7 in Fig. 6). (f) Extensional
SW-dipping PSS putting the Calcare Massiccio Fm. (in the footwall) in contact with the Rosso Ammonitico Fm. (in the hanging wall) in the
Grotta Eolia site in Cesi (site no. 8 in Fig. 3; stereonet no. 8 in Fig. 6); note the top-to-the-SW extensional S-C fabric developed within the
fine-grained cataclasite of the fault core and a second-order SW-dipping fault surface with dip-slip slickenlines (marked by the thin dashed
orange line) in the hanging wall of the PSS.

tural site no. 16 in Fig. 3; stereonet no. 16 in Fig. 6). Ten-
sorial analysis performed on this latter fault set provided an
extensional paleostress tensor with a sub-horizontal NE–SW-
trending σ3 axis (Fig. 7i).

4.3 Relationships between extensional faults and the
Plio-Quaternary sediments

In this study, for the Plio-Quaternary age of the continen-
tal sedimentary units of the Medio Tiberino and Terni basins,
we have adopted the stratigraphic schemes of Basilici (1997),
Bonini et al. (2003), and the 1 : 10.000-scale geological map

of the Regione Umbria – Servizio Geologico (2013). All
these studies agree on the age of the deposits described in the
San Gemini area and along the western and southern margins
of the MMR. The majority of the studied fault surfaces along
the MMFS cut through the Meso-Cenozoic carbonate se-
quences of the MMR. Very few faults have been documented
in the Plio-Quaternary infill of the Medio Tiberino and Terni
basins, and in no cases have faults been observed cutting
through deposits younger than the Upper Pliocene/Lower
Pleistocene. In the rare cases where the relationships between
continental deposits and fault planes can be clearly observed,
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Figure 11. Outcrop pictures from the Cesi quarry (site 10 in Fig. 3). Structural measurements from this site are reported in stereonet no. 10 in
Fig. 6. Red arrows indicate extensional fault planes in the Calcare Massiccio Fm. (a) Panoramic view of the western wall of the quarry, with
a south-dipping paleo-karstic network with speleothems developed in the faulted limestone of the Calcare Massiccio Fm.; note that Upper
Pleistocene slope debris sutures normal fault planes. (b) Example of a sub-vertical, non-faulted Quaternary fissure infill within the Calcare
Massiccio Fm. (c) Detail of the contact between a fissure infill and the Calcare Massiccio Fm. (see Fig. 5b for location); note that the faults
and fractures affecting the limestone do not propagate within the karstic infill of the fissure. (d) Example of Upper Pleistocene slope debris
suturing a normal fault cutting through the Calcare Massiccio Fm. Shaded gray polygons show fault surfaces, with black arrows showing the
slip direction of the hanging wall block.
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Figure 12. Examples of steeply dipping NW–SE-striking faults in
the Cesi quarry (site no. 10 in Fig. 3; stereonet no. 10 in Fig. 6)
with a later generation of strike-slip slickenlines (marked by dashed
white lines) overprinting an older generation of normal-to-oblique-
slip slickenlines.

the former appears to suture the faults. This is clearly vis-
ible at two sites located along the eastern part of the ESE-
trending segment of the slopes of the MMR in the Fontana
della Madonna and Rocca San Zenone areas (sites 13 and 14
in Fig. 3). There, Upper Pleistocene slope debris deposits su-
ture NW–SE-striking normal to oblique faults cutting lime-
stones of the Meso-Cenozoic substratum (Fig. 13a). In partic-
ular, in the Fontana della Madonna area (site no. 13 in Fig. 3),
a dark-brown paleosol developed at the transition between
the brecciated Mesozoic carbonate bedrock and the overly-
ing Upper Pleistocene (?) slope debris (Fig. 13b). This pa-
leosol is locally capped by a carbonate duricrust (calcrete)
that sutures SW-dipping normal faults cutting through the
brecciated Mesozoic carbonate substratum (Fig. 13c and d).
Moreover, in an abandoned quarry to the east of Cesi, a
paleo-karstic network is exposed (Fig. 11a). The orientation
of the paleo-karstic system seems structurally controlled by
NW–SE-trending normal to oblique faults. However, we ob-
served neither deformation on the exposed speleothems or in
the karst-filling sediments (Fig. 11b and c) nor displacement
within the overlying poorly consolidated Upper Pleistocene
reddish slope debris (Fig. 11d). No deformation has been ob-
served to affect the speleothems of the Grotta Eolia, either
(structural site no. 8 in Fig. 3).

Although extensional fault systems cutting through the
oldest deposits of the Plio-Quaternary sedimentary infill
and compatible with an NE–SW direction of extension are
reported in the literature (Brozzetti and Lavecchia, 1995;
Brozzetti and Stoppa, 1995; Basilici, 1997), very little evi-
dence of deformation has been found in the continental de-
posits of the Medio Tiberino and Terni basins, mainly due to
the general lack of informative outcrops. Most of the sites re-
ported in the literature are actually located in ancient or still-
active quarries. The only clear field evidence of Quaternary
deformation is in the southern part of San Gemini (structural
sites 15 and 16 in Fig. 3). There, E–W-trending sub-vertical
joints cut through well-consolidated Upper Pliocene/Lower
Pleistocene yellowish conglomerates (Fig. 15a and b; stere-
onet no. 15 in Fig. 6). These discontinuities are in turn su-
tured by poorly consolidated Upper Pleistocene (?) reddish
alluvial conglomerates (Fig. 15a). Moreover, in an aban-
doned quarry right to the south of San Gemini, NW–SE-
striking normal faults cut through the Upper Pliocene–Lower
Pleistocene conglomerate (stereonet no. 16 in Figs. 6 and 15c
and d). Some of these faults are characterized by a progres-
sive upward reduction in the vertical throw, thus suggesting
a synsedimentary fault activity (Fig. 15c).

5 Discussion

5.1 Discrepancy between the morphostructural trends
and the strike of single fault segments

After compiling the structural data along the trace of the
MMFS, a striking observation is that there is no evident cor-
relation between the morphostructural trend of the western
and southern margins of the MMR and the strike of the mea-
sured mesoscale structures. In fact, in only very few cases
does the strike of the measured extensional faults correlate
with the ∼N–S or WNW–ESE trends of the main inferred
segments of the MMFS. The dominant measured fault strike
is NW–SE (Fig. 5a). Moreover, ∼E–W-striking faults exist
along the ∼N–S segment of the fault system (as in the case
of the Poggio Azzuano area; structural site no. 4 in Fig. 3).
Also,∼N–S-striking faults occur along the WNW–ESE seg-
ment (as in the case of the Cesi or Rocca San Zenone areas;
structural sites no. 8, 12, and 13 in Fig. 3). This suggests,
therefore, that the morphostructural trend of the western and
southern margins of the MMR does not correspond to con-
tinuous and several-kilometer-long fault traces aligned along
the ∼N–S or WNW–ESE directions. Rather, the MMFS ap-
pears to be formed of several disconnected fault segments
with different orientations, most of which are aligned with
the main structural trend of the Plio-Quaternary extensional
structures of the northern and central Apennines (i.e., NW–
SE; e.g., Galadini and Galli 2000; Barchi, 2010).

Thus, our results show that the contact between the Upper
Pleistocene–Holocene deposits of the Medio Tiberino and
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Figure 13. Outcrops in the Fontana della Madonna area (site no. 13 in Fig. 3). (a) Example of extensional faults cutting through the
Mesozoic carbonate substratum and being sutured by Upper Pleistocene (?) slope debris, with stereographic projection (Schmidt net, lower
hemisphere) of fault data from this site. (b) Dark-brown paleosol at the contact between the brecciated Mesozoic bedrock and the overlying
Upper Pleistocene slope debris. (c, d) Carbonate duricrust (calcrete) locally hardening the paleosol between the brecciated Mesozoic bedrock
and the overlying Upper Pleistocene slope debris and suturing normal faults cutting through the carbonate substratum.

Terni basins and the Meso-Cenozoic carbonate and silici-
clastic rocks of the MMR is an unconformable stratigraphic
contact and not an extensional synsedimentary tectonic con-
tact as proposed by earlier studies (e.g., Ambrosetti et al.,
1987b; Bonini et al., 2003). In other words, we propose that
the MMFS somehow steered the deposition of (at least part
of) the Plio-Quaternary infill of the Medio Tiberino and Terni
basins, although this does not imply that this tectonic control
was exerted by one single major fault bounding the MMR.

In addition to the geometric misfit between the mor-
phostructure at the large scale and the faults observed in the
field as per the discussion above, the distribution of the epi-
centers of the major historical and instrumental earthquakes
from the area also corroborates this apparent misfit, as they
seem not to align along the morphostructural boundary be-
tween the MMR and the Medio Tiberino and Terni basins
(ISIDe Working Group, 2007; Rovida et al., 2020, 2022).
At least two clusters of epicenters can be identified east of
Massa Martana, in the inner part of the MMR, and in the
Terni area (Fig. 2). Moreover, the focal mechanisms of the
2006 San Gemini and 2014 Acquasparta earthquakes yield
fault plane solutions that are misoriented to the main struc-
tural trend of the western boundary of the MMR (Scog-
namiglio et al., 2006; Fig. 2). In any case, the clustering of
the instrumental epicenters in the study area is clearly not

coherent with the supposed L-shaped geometry commonly
attributed in the literature to the MMFS.

5.2 What does control the orientation of faults in the
Monti Martani Ridge? The role of structural
inheritance

If not governed by the active seismotectonics, the orienta-
tion of the main structural trends affecting the MMR and
its L-shaped geometry may instead possibly be regarded
as the long-lived expression of the inherited pre-orogenic
structural grain. In particular, we refer to the regional-scale
∼E–W- and ∼N–S-trending tectonic lineaments that are
thought to have controlled the Jurassic paleogeography in
the Monti Martani, Sabina, and Monti Reatini areas after
the dismembering of the Calcare Massiccio carbonate plat-
form during the Early Jurassic rifting phase (e.g., Coltorti
and Bosellini, 1980; Calamita et al., 1991; Cipriani et al.,
2020). These structural trends match those of the Jurassic
extensional faults described within the MMR (Bruni et al.,
1995; Coltorti et al., 1995). Several studies have suggested
that such structural inheritance may have influenced the nu-
cleation and geometry of the main orogenic fronts during the
Apennine nappe-stacking phase (e.g., Decandia and Tavar-
nelli, 1991; Tavarnelli, 1996; Butler et al., 2006; Scisciani,
2009, Scisciani et al., 2014; Tavarnelli et al., 2019; Curzi
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Figure 14. Example of a fault plane in the Trevi area cutting through the Mesozoic carbonate substratum and displaying three different sets
of slickenlines (site 14 in Fig. 3). Structural measurements from this site are reported in stereonet no. 14 in Fig. 6.

et al., 2024), including in the Monti Martani area (Calamita
and Pierantoni, 1994, 1995; Bruni et al., 1995; Bonini, 1998).
Remarkably, these studies have not reported any significant
changes in the orientation of the pre-orogenic features that
could be attributed to the synorogenic phase.

In light of these considerations, we suggest that, in this
area, the pre-orogenic Jurassic tectonic grain might have
exerted a fundamental structural influence not only on the
Apenninic convergent phase but also on the Plio-Quaternary
post-orogenic extensional phase, as suggested by recent stud-
ies in other portions of the Apennine belt (e.g., Tavani et al.,
2021; Mercuri et al., 2024). This would agree with previous
studies suggesting that the area of the Plio-Quaternary Terni
Basin represented an early ∼E–W-trending graben between
the Monti Martani and the Sabina Plateau pelagic carbon-
ate platforms already in the Jurassic (Cipriani et al., 2020).
This depression may have been reactivated during the post-
orogenic phase.

Numerical and analogue models of oblique rifting have
shown that, in the presence of inherited structural features
oriented at a substantial obliquity to the regional extension
direction (i.e., ∼ 45°), the bulk large-scale morphostructural
trend of the rift system is indeed governed by the orienta-
tion of the inherited structural grain rather than by the re-
gional tectonic trends (e.g., McClay and White, 1995; Keep
and McClay, 1997; Brune, 2014). These studies have also
shown that the strike of the neoformed normal faults tends

to be almost orthogonal to the regional σ3 direction (∼ 15°
of deviation; see Brune, 2014). However, analogue models
have also documented that, in the case of multiphase exten-
sion with different stretching direction, the impact of the in-
herited structures on the strike of the newly formed faults
depends on the amount of extension during the first rifting
phase (Wang et al., 2021). Numerical models have suggested
that, in such cases, in the absence of variations in the orienta-
tion of the regional stress field during rifting, fault kinematics
may evolve from a first stage dominated by normal faulting
to a second stage where normal, oblique/normal, and strike-
slip faulting coexist and where the strike of the faults may
vary from almost orthogonal to the regional σ3 direction to
broadly parallel to the direction of the inherited structural
features (Brune, 2014, 2016). This implies that the orien-
tation of locally derived paleostress tensors computed from
limited fault slip data may deviate during rift evolution from
the first-order regional stress field that determined the overall
tectonic regime.

The setting described by these models is comparable to the
context of the MMFS in the general tectonic framework of
the transition between the northern and central Apennines.
In fact, as discussed above, the MMR is characterized by
significant structural inheritance due to the Jurassic-rifting-
related ∼E–W and ∼N–S-striking faults. These structures
have a moderate obliquity to the Quaternary and present-day
regional σ3 direction related to post-orogenic extension in
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Figure 15. Examples of brittle structures within Upper Pliocene/Lower Pleistocene yellowish conglomerates in the San Gemini area. (a) Sub-
vertical fractures (indicated by red arrows) within Upper Pliocene/Lower Pleistocene conglomerates sutured by Upper Pleistocene (?) reddish
alluvial conglomerates in San Gemini (site 15 in Fig. 3; stereonet no. 15 in Fig. 6). (b) Detail of an irregular sub-vertical fracture within
Upper Pliocene/Lower Pleistocene yellowish conglomerates at the same site as panel (a); the red arrow points to a broken pebble straddling
the fracture plane. (c) NE-dipping normal faults within Upper Pliocene/Lower Pleistocene conglomerates exposed in an abandoned quarry
south of San Gemini (site 16 in Fig. 3; stereonet no. 16 in Fig. 6); note that upward fault throw appears progressively less evident. (d) Detail
of an NE-dipping normal fault in the same site as panel (c); note the broken pebbles marked by red arrows in the downward continuation of
the fault plane (marked by a dashed red line).

the internal part of the orogen that is NE–SW (e.g., Piccardi
et al., 1997; Montone et al., 2012; Mariucci and Montone,
2024, and references therein). We thus suggest that the ob-
served complex structural pattern of the MMFS might result
from the interaction between inherited pre-orogenic struc-
tural features and post-orogenic regional stress tensor ori-
ented obliquely to the pre- to synorogenic structural grain.

Mercuri et al. (2024) documented the reactivation of Juras-
sic normal faults belonging to an ∼ 10 km long fault sys-
tem (Celano–Ovindoli–Pezza Fault System) in an internal
portion of the central Apennines as extensional faults dur-
ing post-orogenic extension. In that case, the strike of the

inherited normal fault(s) (i.e., NNW–SSE) is only slightly
oblique to the ideal strike of normal faults formed as opti-
mally oriented in the framework of the post-orogenic exten-
sional stress field; that is, NW–SE. This might have mechan-
ically favored reactivation of pre-existing structures over the
formation of neoformed optimally oriented faults. By con-
trast, in the case of the MMR, the strike of the inherited Juras-
sic faults (i.e.,∼N–S and∼E–W; Bruni et al., 1995; Coltorti
et al., 1995) exhibits moderate to high obliquity to the NW–
SE direction, which would be the optimal direction for ne-
oformed normal faults in the present-day extensional stress
field. Thus, this might have favored neoformation of opti-
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Figure 16. Conceptual model for the development of post-orogenic
extensional faults in the Monti Martani area. Optimally oriented
structures are preferentially reactivated during post-orogenic exten-
sion and favor the formation of longer seismogenic normal faults.
By contrast, a non-optimally oriented inherited structural grain with
respect to the regional extensional stress field favors the activation
of shorter, neoformed normal faults which are approximately per-
pendicular to the regional extension direction.

mally oriented faults over reactivation of pre-existing mis-
oriented faults (Fig. 16). This would agree with the observa-
tion that most of the faults documented in this study strike
NW–SE (Fig. 5a) and that, accordingly, most of them have
dip-slip slickenlines with oblique to strike-slip striae being
clearly subordinate in our dataset (Fig. 5b). Also, the pres-
ence of a non-optimally oriented inherited structural grain
seems to have favored the formation of a very segmented
fault system composed of a patchwork of relatively short
(a few kilometers long?), optimally oriented normal faults
rather than the formation of long extensional faults, such
as those known in other parts of the internal domain of the
Apennines (Fig. 16). This interpretation might have relevant
implications on seismic hazard assessments, since the length
of seismogenic sources correlates linearly to the maximum
potential magnitude of earthquakes (e.g., Wells and Copper-
smith, 1994).

5.3 Paleostress evolution

Paleostress analyses on the acquired fault slip data re-
vealed three distinct reduced extensional tensors, with a
sub-horizontal σ3 oriented NE–SW, NNE–SSW, or NW–SE
(Figs. 7 and 17). Despite the fact that field observations did
not allow us to establish the relative chronology between

Figure 17. Extension directions calculated after paleostress anal-
yses of Plio-Quaternary faults of the Martani Fault System rep-
resented on a DTM of the study area. Orange arrows are from
Barchi et al. (1991), yellow arrows are from Brozzetti and Lavec-
chia (1995), red arrows are orogen-orthogonal directions from this
study, and green arrows are orogen-parallel directions from this
study. The dashed blue line marks the morphological boundary be-
tween the Monti Martani Ridge and the Medio Tiberino and Terni
Plio-Quaternary basins.

the two first extensional phases, the latter (i.e., the NW–SE
σ3) clearly postdates the first two. In fact, the extensional
paleostress tensor with a sub-horizontal σ3 oriented NW–
SE has been reconstructed in the Cesi quarry based on sub-
horizontal slickenlines that postdate normal to oblique/nor-
mal slickenlines on NW–SE-striking polyphase fault sur-
faces. The same relative chronology between normal/oblique
and sinistral strike-slip striae on ∼N–S-striking faults has
also previously been reported from other sites along the Mar-
tani Fault System (Bonini et al., 2003). Moreover, in the
Viepri area, sub-vertical calcite veins formed under NW–SE-
trending extension clearly postdate the formation of catacl-
asite related to normal faults formed under an NE–SW ex-
tensional regime (Fig. 8). Thus, compared to previous struc-
tural studies on the MMFS (Fig. 17), our work allowed us
to better define the evolution of the local paleostress tensor
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as belonging to a transition from orogen-orthogonal exten-
sion (from NE–SW to NNE–SSW directions of extension) to
a previously unknown local phase of orogen-parallel exten-
sion (NW–SE direction of extension).

The paleostress tensors with a sub-horizontal NE–SW and
NNE–SSW σ3 do not necessarily relate to two distinct tec-
tonic phases. In fact, as discussed above, numerical models
have shown that, in the case of oblique rifting, with the re-
gional extension direction oblique (∼ 45°) to inherited struc-
tures, the orientation of the local extensional stress tensor
may evolve through time and pass from slightly oblique to
the regional extension direction to almost perpendicular to
the inherited structures (Brune, 2014, 2016). Thus, both local
paleostress tensors might relate to the same phase of exten-
sion with a regional sub-horizontal minimum stress axis ori-
ented NE–SW and compatible with the overall post-orogenic
tectonic regime of the internal part of the northern and central
Apennines (Mariucci and Montone, 2024).

Irrespective of whether this interpretation is correct, this
mechanism cannot be used to explain the extensional pa-
leostress tensor with a sub-horizontal σ3 oriented NW–SE.
This paleostress tensor refers to an extensional tectonic event
that postdates the formation of the main NW–SE-striking
faults that developed under overall NE–SW extension. More-
over, all the measured faults are sutured by Upper Pleis-
tocene deposits (Fig. 11, 13, and 15), and no fault has been
observed to dislocate this latter sedimentary unit. Thus, the
paleostress tensor constraining NW–SE extension is likely
related to a short-lived tectonic pulse of orogen-parallel ex-
tension that took place at some point between the Early
and the Late Pleistocene. The geodynamic causes of this
orogen-parallel extensional event remain unclear. However,
this event may possibly correlate chronologically with a re-
gional phase of increased uplift rate and increased normal
fault activity affecting the northern Apennines during the
Early–Middle Pleistocene (Dramis, 1992).

The coexistence of orogen-parallel and orogen-orthogonal
extensional structures has already been documented in sev-
eral parts of the southern Apennines. There, some authors
proposed that orogen-parallel extension preceded orogen-
orthogonal extension and developed in response to the pro-
gressive thrust belt bending after the opening of the south-
ern Tyrrhenian Sea during Early Miocene–Pliocene times
(Oldow et al., 1993; Ferranti et al., 1996; Ferranti and Oldow,
1999). A similar interpretation cannot be applied to the
orogen-parallel extensional event of our study because oro-
clinal bending in the internal Umbria–Marche portion of
the northern Apennines that caused arcuation of the oro-
gen occurred during the Late Miocene–Pliocene (Caricchi
et al., 2014) and is thus older than the timing in which
we frame the orogen-parallel extensional event in the MMR
documented in this study. However, studies on recent seis-
mic sequences along the N–S-trending boundary between the
central and southern Apennines (Fig. 1a) have shown that
orogen-parallel and orogen-orthogonal extension can locally

coexist in an overall tectonic context of orogen-orthogonal
extension (Milano et al., 2002, 2008). This geological con-
text has much affinity with the tectonic setting of the Monti
Martani area in terms of orientation of the post-orogenic
extensional stress tensor and of the structural inheritance.
In fact, they document seismic sequences along a struc-
tural inheritance oriented N–S and subject to an NE–SW-
oriented post-orogenic extensional stress field. Similarly, the
area of the Monti Martani is located in the vicinity of the
Olevano–Antrodoco lineament, which represents the bound-
ary between the northern and central Apennines (Parotto and
Praturlon, 1975; Castellarin et al., 1978; Cosentino et al.,
2010; Fig. 1a) and also represents a strong N–S-oriented
structural inheritance and is subject to an NE–SW-oriented
post-orogenic extensional stress field.

Another possible explanation for the orogen-parallel ex-
tensional event documented in this study is that it represents
local perturbations of the regional stress field in relay zones
between extensional faults in a mature stage of their evolu-
tion. In fact, in classical examples of release faults in ex-
tensional settings (e.g., Destro, 1995; Roberts, 1996; Destro
et al., 2003), fault slip directions measured close to the main
fault tips or along cross faults can differ by almost 90° from
the regional direction of extension. Also, numerical mod-
els have shown that such perturbations of the regional stress
field preferentially occur at the tips of isolated faults or in
relay zones between overlapping faults (Kattenhorn et al.,
2000). This mechanism can also account for the coexistence
of orogen-orthogonal and orogen-parallel extensional seis-
micity in the internal part of the Apennines (as discussed ear-
lier in this section) in the overall regional tectonic context of
Quaternary orogen-orthogonal extension.

5.4 Active seismotectonics and fault displacement
hazard

The distribution of active seismicity suggests that the MMR
is a seismically active region that responds to the extensional
tectonic regime currently shaping the internal domain of the
Apennines. However, whether this ridge contains active and
capable faults remains a matter of debate. This debate has
practical implications on the estimate of fault displacement
hazard and related seismic risk, since several settlements and
civil infrastructures are built along and across the fault sys-
tem.

The IAEA (2010) guidelines propose that, in interplate set-
tings, a fault should be regarded as active and capable if it
has produced permanent surface deformation in the Upper
Pleistocene–Holocene time interval. Machette (2000) recom-
mends that the reliable definition of the state of activity of a
fault for seismic hazard assessment should consider a time
interval that includes several earthquake cycles. By apply-
ing this concept to the extensional domain of the Apennines,
Galadini et al. (2012) propose that a normal fault can be re-
garded as active and capable if it contains evidence of activa-
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tion since the Middle Pleistocene, unless it is sealed by land-
forms or deposits older than the Last Glacial Maximum (i.e.,
ca. 20 ka). The guidelines of the Italian Department for Civil
Protection consider a shorter time interval for the definition
of active and capable faults, which should be considered such
if they display evidence of surface rupture in the last 40 kyr
(Technical Commission on Seismic Microzonation, 2015).

The ITHACA catalogue, which applies the definition of
active and capable faults proposed by the IAEA (2010)
guidelines, regards the Martani Fault System as active and
capable by attributing a generic Pleistocene age to its activ-
ity (ITHACA Working Group, 2019). However, the support-
ing evidence for this statement is very dubious, since it is
based on a large-scale neotectonic map of Italy (Ambrosetti
et al., 1987b), which impacts its reliability. Based on the in-
terpretation of geomorphic features such as tectonically dis-
placed geomorphic markers, Bonini et al. (2003) suggested
that some segments of the MMFS cut through Upper Pleis-
tocene slope debris deposits and displace the Holocene to-
pography, with reactivated N–NNW-striking fault segments
showing oblique normal/sinistral kinematics and neoformed
NW–SE-striking fault segments having normal kinematics,
both affecting the Meso-Cenozoic carbonate bedrock. The
same study supports these inferences by interpreting ruptures
on the decumanus (i.e., a Roman road) at the archeological
site of Carsulae as the result of surface faulting during a his-
torical earthquake (around the fifth century CE). If these in-
terpretations are correct, the MMFS should be regarded as
active and capable. However, subsequent archeological and
geophysical studies have confuted this hypothesis by show-
ing that the surface deformation at the Carsulae site is related
to the collapse of a doline in the Lower Pleistocene travertine
during Roman times rather than to a seismic event (Aringoli
et al., 2009; Bottari and Sepe, 2013; Bottari et al., 2017).

Our field observations document no faulting in deposits
younger than the Lower Pleistocene. Where direct relation-
ships between faults and the most recent sedimentary units
were observed, faults always appear to be sutured by Upper
Pleistocene sediments (Figs. 11, 13, and 15). This implies
that the MMFS does not meet the requirements to be re-
garded as active and capable, and such a definition in the pub-
lic catalogues should therefore be reconsidered. This is sup-
ported by the fact that the only unquestionable extensional
faults cutting the Plio-Quaternary fill of the Medio Tiberino
and Terni basins affect the Upper Pliocene (?)–Lower Pleis-
tocene units (Brozzetti and Lavecchia, 1995; Brozzetti and
Stoppa, 1995; Basilici, 1997; this study).

6 Concluding remarks

We have shown that the structural grain inherited from the
Jurassic pre-orogenic rifting may still represent a major con-
trolling factor in the tectonic evolution of this portion of the
northern Apennines. In fact, although we did not document

a reactivation of the western and southern boundaries of the
Monti Martani paleo-horst, the present-day morphostructure
of the study area seems to be controlled by the structural
framework formed during the Early Jurassic rifting event.
This structural inheritance also influenced the structural pat-
tern of the Apennine orogeny in this sector. Most of the post-
orogenic extensional faults that we have documented in this
study are broadly orthogonal to the regional extension di-
rection (i.e., NE–SW). By contrast, the inherited ∼N–S and
∼E–W trends of the pre-orogenic structural grain have a sub-
stantial obliquity (∼ 45°) to the regional post-orogenic direc-
tion of extension (Fig. 16). This might suggest that, for high
obliquity between the inherited structures and the regional
stress field, the activation of neoformed structures with an
optimal orientation with respect to the stress field is mechan-
ically preferred over the reactivation of non-optimally ori-
ented pre-existing faults, as suggested by previous studies,
even though the dominant morphostructural trends can still
reflect the inherited structural template. This non-optimal
orientation between the local structural grain and the far-field
stress seems to also favor the formation of fault systems com-
posed of short (a few kilometers long) second-order or en
echelon faults rather than the formation of faults that are tens
of kilometers long (Fig. 16). This might have important im-
plications on seismic hazard estimates in this kind of context,
since fault length is linearly correlated with the maximum
potential magnitude of a seismogenic source.

This work also confirms the importance of field-based
structural geology approaches to determine the surface dis-
placement hazard related to complex active fault systems.
In fact, a detailed and careful field analysis on single fault
segments can confirm or disprove indications that can derive
from larger-scale studies or geomorphological inferences,
which often have a much lower resolution and/or more con-
troversial interpretations. This also makes it possible to gain
a better understanding of the evolution of the local stress
field through time, when a long-lasting stable tectonic regime
interacts with a non-optimally oriented inherited structural
template.

Code availability. Paleostress analysis was performed with the
Win-Tensor program (Delvaux, 1993), which uses a refined version
of the right dihedron method (Angelier and Mechler, 1977) and an
iterative rotational optimization procedure (Delvaux and Sperner,
2003). The program is available at http://damiendelvaux.be/Tensor/
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