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Abstract 

We report the first description of a ~ 15 km long NE-SW-striking transtensive fault network crosscutting the meta-
morphic units of the Ligurian Alps. The main fault zone, hereby named Horse Head Fault Zone, is up to 250 m thick, 
involves quarzite, metarhyolite, marble and alternation of dolostone and limestone and minor pelite. Relatively narrow 
(~ 1–3 m-thick) fault cores are characterized by gouge and cataclasites, surrounded by brecciated damage zones 
as thick as tens to hundreds of meters. Damage zones show widespread evidence for dilation in the form of dilation 
breccia, large calcite crystals and aggregates, and centimeter- to meter-thick veins. Moreover, the fault zone contains 
a multitude of polished slip surfaces with multiple sets of slickensides and slickenfibers. Oblique to strike-slip kin-
ematics dominates over the large part of the fault mirrors and both overprint and are overprinted by down-dip slip 
surfaces. The fault network includes dominant NE-SW right-lateral faults with a minor normal component and NW–SE 
left-lateral steep faults with a negligible reverse component, consistent with a km-size dextral NE-SW-striking Riedel 
shear zone, in turn representing an antithetic R’ of the regional sinistral shear zone constituted by the Ligurian Alps 
after the nappe stacking. The Horse Head Fault Zone accommodated km-scale displacement before the Early Miocene, 
as it is sealed by the sedimentary deposits of the Finale Ligure Basin, thus predating the Corsica-Sardinia drifting. 
Results of this work constraint the bending of the Ligurian Alps as part of the Western Alpine arc as accomplished 
through two consecutive, late Oligocene and Early Miocene, stages driven by the combination of Adria rotation 
and the rollback of the Apennine subduction.
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1 Introduction
We present the first description of a large fault zone in 
the Ligurian Alps in front of the northern margin of the 
Liguro-Provençal basin. It is a NE-SW striking network 
of faults, reaching ~ 15 km in length and up to 250 m in 
width. The fault zone was recognized during the sur-
vey conducted in the framework of the Italian geologi-
cal mapping project (CARG, Sheet 245—Albenga) and 
in the following we refer to it as Horse Head Fault zone 
from a peculiar morphology emerging on one main slip 
surface (Fig.  1B). The newly discovered large fault pro-
vides significant new constraints for the interpretation 
of the geometry and kinematics of the post-metamor-
phic fault network of the Ligurian Alps. The Horse Head 
Fault zone runs parallel to the northern margin of the 
Liguro-Provençal Basin (Figs.  1, 2), which opened since 
the Oligocene in response to the Alpine collision, the 
eastward Apennine migration and the Corsica-Sardinia 
drifting (Jolivet and Faccenna, 2000; Rosenbaum and 
Lister, 2004). The Ligurian Alps, as the southernmost 
termination of the Western Alpine arc, accommodated 
these movements through an anticlockwise rotation up 
to ~ 120° (Collombet et  al., 2002), whereas the underly-
ing post-collisional sediments of the Tertiary Piedmont 
Basin (TPB) record only a ~ 50° rotation (Maffione et al., 
2008) (Figs.  1A, 2). The reason of such discrepancy is 
debated, as it is interpreted as due to either two stages 
(the first one involving only Alpine metamorphic rocks, 
the second also TPB rocks) or local rotation (e.g. Col-
lombet et  al., 2002; Maffione et  al., 2008). This ambigu-
ity compromises the understanding of the role of Adria 
rotation and the rollback of the Apenninic slab in shaping 

the Alpine curvature (Schmid and Kissling, 2000; Handy 
et al., 2010; 2021; Vignaroli et al., 2010; Kästle et al., 2020; 
Ring et al., 2022).

Defining the geometry, the kinematic and the timing 
of the main structures that assisted the bending of the 
Ligurian belt is a key issue to improve our understand-
ing of the Alpine evolution. In this paper, we report and 
describe the meso-scale deformation pattern of a new 
large fault zone and interpret its timing in relation with 
the syn- to post-orogenic structures and the sedimentary 
record. We propose for this fault zone a major role in 
controlling the Oligocene–Miocene tectonic evolution of 
the Ligurian pivot.

We address the structural investigation integrating tra-
ditional field surveying methods with Digital Outcrop 
Models (DOMs). Traditional surveying allows character-
izing only small and accessible outcrop portions, whereas 
photogrammetry may perform high-resolution DOMs 
of large (and even inaccessible) areas supporting the col-
lection of large dataset (Bellian et  al., 2005; McCaffrey 
et al., 2005; Westoby et al., 2012; Menegoni et al., 2019). 
The use of Unmanned Aerial Vehicles (UAVs) applied to 
Digital Photogrammetry (UAV-DP) provides high-quality 
outcrop models from meter to kilometer scale, allow-
ing for accurate multiscale structural analysis (Cawood 
et al., 2017). However, mm-scale details, such as the steps 
associated with slickolites and slickenfibers, have yet to 
be physically verified on the rock. Human observation on 
the outcrop-scale structural investigation is still essen-
tial for such an evaluation of complex geometries and 
multiple kinematics. Structural findings on the inves-
tigated new fault zone highlight that the fault rocks are 

Fig. 1 A Simplified structural map of the West Mediterranean area. Yellow star indicates the study area within the Ligurian Alps (Fig. 2B). B 
Outcrop close to the Boissano village (Latitude 44.132299, Longitude 8.211948) of one of the main polished slip surfaces of the fault network 
with the peculiar horse head (white arrow) morphology that gives the name to the fault
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characterized by multiphase switches among compres-
sive-, extensional- and strike-slip-dominated regimes. 
Deciphering the deformation evolution of such a com-
plex fault zone is a tectonic challenge. Heterogeneities 
from mechanical anisotropies and variations in lithol-
ogy, depths of burial, metamorphism, fluid availability, 
orientation of stress field and so on (e.g. Fossen et  al., 
2019; Maino et al., 2021), concur to mix the deformation 
outputs, making hard the reconstruction of the step-by-
step evolution. Furthermore, deformation may evolve 
progressively or through distinct deformation phases 
separated by periods of tectonic quiescence. A robust 
deformation history requires the reconstruction of the 
overprinting relationships correlated with the variations 
of kinematics and rheological behavior through time. We 

present a structural investigation aiming to combine the 
mm-scale details with a large amount of structural data 
in order to merge accuracy and statistically sounding 
analysis.

2  Background
2.1  Tectonic setting
The Ligurian region in NW Italy records a complex geo-
logical history comprising several rifting and orogenic 
phases that developed since the Cambrian up to now, as 
it still represents a tectonically active margin (e.g. Vanossi 
et al., 1984; 1994; Larroque et al., 2011; Soulet et al., 2016; 
Maino et  al., 2013; 2019; Mueller et  al., 2020; Morelli 
et al., 2022; Fig. 2). During the Cenozoic evolution of the 
central Mediterranean, the Ligurian region represented 

Fig. 2 A Tectonic sketch of the Alps (modified from Schmid, 2004). B Zoom of the main paleogeographic domains of the Ligurian Alps (from Bonini 
et al., 2010). C Simplified structural map of the Ligurian Alps between Finale Ligure and Ceriale (Liguria, NW Italy). HHF Horse Head Fault zone, ZF 
Zuccarello Fault zone. The study areas are indicated with orange and yellow marks (Respectively, Verzi and Monte dei Marmi). Offshore faults are 
derived from Morelli et al. (2022). A-A’ indicates the trace of the geological cross-section. D Geological cross-section through the study area
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the knot pivoting the opposite movements of the Alps 
and Apennines orogenic systems (e.g. Laubascher et  al., 
1992; Vanossi et  al., 1994; Rosenbaum et  al., 2002; 
Vignaroli et  al., 2008; Crispini et  al., 2009; Molli et  al., 
2010; Mosca et al., 2010; Maino et al., 2013; Schmid et al., 
2017). Such divergent motion resulted from the oblique 
NW-directed Adria-Europe collision and the eastward 
migration of the Apennine arcs (Faccenna et  al., 2004; 
Handy et al., 2010; Le Breton et al., 2021).

Since the Eocene, nappe stacking, folding and heteroge-
neous metamorphism (from eclogite to epizone) resulted 
from the convergence between Adria and Europe and the 
subduction of the interposed Ligurian-Piedmont Ocean 
(Trümpy, 1960; Dewey et al., 1989). Since the early Oli-
gocene transition between the subduction and collision 
phases, the counterclockwise rotation of Adria has a 
major role in determining the present day structure of the 
Alps (Dewey et  al., 1989; Platt et  al., 1989; Laubascher, 
1992; Ford et  al., 2006; Ring and Gerdes, 2016). The 
Adria indentation and rotation beneath the Europe is 
thought to have promoted the right-lateral motion in the 
Western and Central Alps (e.g. Insubric Line, Simplon-
Rhone Line, Pennine Basal Thrust, Briançonnais Front, 
Strura and Preit Lines), as well as the tightening and 
arcuate shape of the Western Alps (Mancktelow, 1992; 
Giglia et al., 1996; Schmid et al., 1996; 2004; Sue and Tri-
cart, 2003; Handy et al., 2010; Champagnac et al., 2006; 
Malusà et al., 2009; Campani et al., 2010; Perrone et al., 
2011; Campani et  al., 2014; Cardello et  al., 2016; Ring 
et al., 2022).

However, a major role in modifying the post-Oligocene 
structure of the Alps is also attributed to the evolution 
of the coeval Apennines–Maghrebides subduction (e.g. 
Malinverno and Ryan, 1986; Doglioni, 1991; Jolivet and 
Faccenna, 2000; Maffione et al., 2008; Fig. 1A). The retreat 
of the slab resulted in a progressive trench rotation from 
a NE-SW direction (i.e., parallel to the European passive 
margin) to a N-S trending (e.g. Carminati et  al., 2012). 
This geodynamic process drove the eastward Apennines 
nappe stacking and migration (Castellarin, 2001). In the 
Northern Apennine, such rotation was accommodated 
by curvilinear thrusts and strike-slip faults (e.g. Villav-
ernia-Varzi Faults, Ottone-Levanto Fault; Marroni et al., 
2009; 2019).

The rollback of this west Mediterranean subduction 
zone caused the opening of several Oligo-Pliocene back-
arc basins (i.e. the Alboran sea, Algerian basin, Valencia 
Trough, Liguro-Provençal basin, Thyrrenian sea; Rollet 
et al., 2002; Rosenbaum and Lister, 2004; Faccenna et al., 
2004; Jolivet and Faccenna, 2000; Carminati et al., 2012; 
Fig. 1A).

The inception of the Ligurian-Provençal basin is doc-
umented by the volcanic record at ca. 32–30 Ma, above 

the previously thickened continental European crust (De 
Voogd et  al., 1991; Séranne, 1999; Réhault et  al., 2012 
and references within). The oceanic spreading associated 
with the Liguro-Provençal opening is dated between ~ 22 
and 15 Ma (Carminati et al., 1998; Speranza et al., 2002; 
Siravo et  al., 2023) coeval with the drifting of the Cor-
sica-Sardinia block (Rosenbaum et al., 2002; Rosenbaum 
and Lister, 2004; Gattacceca et al., 2007; Maffione et al., 
2008; Maino et  al., 2013; van Hinsbergen et  al., 2014). 
In the Late Miocene-Quaternary, the Appenines back-
arc extension switched to the Tyrrhenian Sea spreading 
(Patacca et  al., 1990; Jolivet and Faccenna 2000), while 
the Ligurian Alps experienced uplift (Foeken et al., 2003; 
Larroque et al., 2009; Morelli et al., 2022).

2.2  Structure and stratigraphy of the study area
The investigated portion of the Ligurian Alps shows 
a stack of tectonic units (Monte Carmo, Mallare and 
Arnasco-Castelbianco; Fig.  2C) pertaining to the Bri-
açonnais and Prepiedmont domains, which, in the Meso-
zoic times, were part of the European continental margin 
in front of the Piedmont-Ligurian oceanic realm (Fig. 2B, 
C); e.g. Vanossi et  al., 1984; Bonini et  al., 2010; Mueller 
et al., 2020). Briançonnais and Prepiedmont units are ide-
ally constituted by a Palaeozoic basement (Maino et  al., 
2012, 2019), a Permian volcano-sedimentary succession 
(Dallagiovanna et al., 2009) and a more or less complete 
Meso-Cenozoic cover (Decarlis and Lualdi, 2011; Decar-
lis et al., 2013; Maino and Seno, 2016). The studied fault 
zone involves orthogneiss, metarhyolite and Triassic 
to Jurassic quartzite, dolostone, limestone and marble 
(Fig. 3).

As a consequence of the Alpine subduction and colli-
sion, the Briançonnais and Prepiedmont units experi-
enced heterogeneous metamorphism from epizone to 
blueschists (Goffè and Bousquet, 2004; Seno et al., 2005; 
Maino et al., 2012). All investigated units followed a com-
mon deformation history, comprising two main Eocene 
ductile deformational phases (D1-2) with opposite tec-
tonic vergence (SW and NE, respectively, associated with 
folding and backthrusting (Bonini et  al., 2010; Maino 
et al., 2015a, b; 2020). A third ductile deformation phases 
(D3) produced large amplitude, open, upright folding 
characterizing the final exhumation of the deep-seated 
rocks after collision, constrained in the earliest Rupelian 
(35–32 Ma; Maino et al., 2012a; 2015a, b). While the syn-
collisional structures of the study area are well-described 
in literature, a few post-metamorphic faults are reported 
only in the 1:100′000 scale geological map (Servizio Geo-
logico d’Italia, 1971).

In the study area, since the Oligocene, a carbonate-
siliciclastic coastal wedge sedimented in the Finale Lig-
ure Basin, unconformably covered part of the Alpine 
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Fig. 3 Lithostratigraphic map of the main segment of the HHF zone. The field data were collected in the framework of the CARG project (Sheet 
245–Albenga). Location of the fault mirror shown in Fig. 1B is indicated by the horse head symbol
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metamorphic units (Fig. 2C; Boni et al., 1968; Brandano 
et  al., 2015; Della Porta et  al., 2022). Sedimentation 
started with a 10 to ~ 100  m thick, undated breccia fol-
lowed by sands, conglomerates and marls with Aquita-
nian to Burdigalian age (Basal Complex of Finale Ligure 
Limestone Fm; Boni et  al., 1968; Dallagiovanna et  al., 
2011). Up section, a ~ 250  m thick succession of Lang-
hian to Serravallian bioclastic limestone constitutes the 
Finale Ligure Limestone Fm (Boni et al., 1968; Dallagio-
vanna et al., 2011; Brandano et al., 2015; Dalla Porta et al., 
2022). Due to the lack of deformation evidence—includ-
ing faulting—it is traditionally considered as a low-strain 
domain (Boni et  al., 1968; Dallagiovanna et  al., 2011; 
Dalla Porta et al., 2022). However, recently Mueller et al. 
(2023) discovered and described co-seismic deformations 
in the shallow sediments (a mix of cm- to m- size soft 
sediment deformation structures, clastic dikes and shear 
bands) allowing to constrain multiple seismic input in 
the Langhian-Serravallian times, coeval with the oceanic 
spreading of the Liguro-Provençal basin and the Corsica-
Sardinia drifting.

North of the study area, the sediments of the TPB 
started to cover the metamorphic rocks of the Ligurian 
Alps in the early Oligocene (Fig.  2B; Gelati et  al., 1998; 
Dallagiovanna et  al., 2010). During the Oligocene–Mio-
cene, the TPB accumulated a sedimentary succession up 
to ~ 4 km thick that recorded multistage deformation. A 
first Rupelian–early Chattian stage of extension driven 
by NW-directed faults was followed by a late Chattian 
drowning of the basin controlled by transtensional NE- 
to ENE-striking faults (Maino et al., 2013; Federico et al., 
2020). In the Early Miocene, minor evidences of locally 
developed transpressive tectonics are documented in the 
basin (Carrapa et al., 2003; Crispini et al., 2009; Federico 
et al., 2014; Maino et al., 2013).

After the Messinian salinity crisis, incision of valley 
along the Ligurian paleo-coast occurred, while during the 
earliest Pliocene the river valleys were flooded by the sea 
and transformed into a series of coastal embayment filled 
by large Gilbert-type deltas (Boni et  al., 1985; Clauzon 
et  al., 1995). The heterogeneous fine- (Ortovero mud-
stone Fm) and coarse-grained (Monte Villa conglomer-
ate Fm) facies and the depositional architecture of the 
infilling sequences outline a complex interaction between 
eustatic sea-level variation and tectonic activity. The 
depositional setting is described as resulting from the 
interaction of fast sea-level rise and steep-gradient shelf 
developed between the uplifting Alpine hinterland and 
the subsiding Ligurian basin under an extensional regime 
(Boni et al., 1985; Marini 2000; Foeken et al., 2003; Breda 
et  al., 2007; 2009). Offshore, Pliocene–Pleistocene com-
pressional reactivation of older extensional structures is 
well documented by the WSW–ENE-elongated Imperia 

Promontory and the subparallel intra-slope basin along 
the Ligurian margin (Chaumillon et  al., 1994; Eva and 
Solarino, 1998; Calais et al., 2001; Larroque et al., 2011; 
Morelli et  al., 2022). The focal mechanisms of the pre-
sent-day earthquakes reveal a dominant transpressional 
regime (Eva and Solarino, 1998; Calais et  al., 2001; Lar-
roque et al., 2011; Morelli et al., 2022).

2.3  Rotation of the Ligurian Alps
The Ligurian Alps record the most prominent bend-
ing of the Western Alpine arc, which is outlined by the 
inversion of about 180°of the orogen around a verti-
cal axis (Figs.  1A, 2A). Paleomagnetic data from the 
Western Alps, including the Ligurian segment, recog-
nized a southward increasing counterclockwise rota-
tion, from ~ 47 to ~ 117° (Thomas et al., 1999; Collombet 
et  al., 2002). Such rotation is constrained as occurred 
after the main ductile deformation and metamorphic 
phases, therefore since the late Rupelian times (Maino 
et al., 2012; 2015a, b; Amadori et al., 2023). Further pale-
omagnetic investigation, instead, reveals that the TPB 
rotated ~ 50° counterclockwise in Early-Middle Miocene, 
whereas both Ligurian Alps and TPB have undergone no 
paleomagnetic rotation since the Late Miocene times. It 
remains unclear if the Ligurian Alps experienced rota-
tion with different timing (Oligocene plus Miocene) and 
geodynamics with respect to the TPB (only Miocene), or 
the whole Western Alps rotated by ~ 50° in early Miocene 
and the Liguria underwent an additional local ~ 70° coun-
terclockwise rotation.

The rotation mechanism causing the tightening of the 
Western Alpine arc is interpreted as driven by either (i) 
Adria rotation causing dextral faulting in the Central alps 
and left-lateral shear of the southern Western Alps or, (ii) 
nappe stacking of the Alpine wedge underlying the TPB 
that rotated along with Corsica-Sardinia in response to 
the rollback of the Apenninic slab (Schmid and Kissling, 
2000; Collombet et al., 2002; Maffione et al., 2008; Vign-
aroli et  al., 2008; Pleuger et  al., 2012; Ring and Gerdes, 
2016; Kästle, 2020). However, the paleomagnetic data 
are insufficient to discriminate between the possible 
mechanisms, mainly because of the poor recognition and 
understanding of the structures leading the rotation.

3  Methods
In this study, we present a structural analysis that inte-
grates the structural field survey with the Unmanned 
Aerial Vehicle (UAV)-based Digital Outcrop Model. The 
field dataset was compiled during extensive mapping at 
the 1:5′000 scale, in the framework of the Italian geologi-
cal mapping CARG project (CARG “Foglio 245-Albenga”; 
https:// www. ispra mbien te. gov. it/ Media/ carg/). Field-
work was performed at the outcrop scale, aimed at 

https://www.isprambiente.gov.it/Media/carg/
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investigating individual contacts between lithologies and 
tectonic structures, including folds, thrusts and faults. 
Faults recognized in the field have been characterized 
in terms of geometry, distribution of damage, type and 
composition of fault rocks and kinematics (Woodcock 
and Mort, 2008). We carried out UAV-based Digital Out-
crop Model on the largest outcrop of faulted rocks (lat. 
44.157870N, long. 8.238764), i.e. an abandoned quarry 
where a complex faults network is well exposed, because 
it has a scarce and dangerous accessibility and with the 
aim to collect statistically significant data.

3.1  Structural field analysis
The structural field survey was conducted by compass-
clinometer measuring the orientation of faults and frac-
tures. In this study, we refer to fracture as fault when the 
morphology or kinematic indicators are clearly visible. 
For what concerns the faults, the availability of various 
types of carbonate slickenfibers allowed us to measure 
the rake and sense of the fault slip vector. The acquired 
fault slip dataset was then analyzed using the software 
FaultKin 8 (Marrett and Allmendiger, 1990; Allmendiger 
et al., 2011). The dataset of the fracture orientation was 
analyzed using the software Stereonet 11 (Allmendiger 
et al., 2011).

3.2  UAV photogrammetric survey and digital outcrop 
model development and analysis

The UAV photogrammetric survey was conducted in 
November 2022 in the abandoned quarry close to Verzi 
village (Fig.  2) using a DJI Phantom 4 RTK (P4RTK) 
quadcopter, equipped by a 20 Megapixel camera and a 
Real Time Kinematic-Global Navigation Satellite Sys-
tem (RTK-GNSS), following the procedure described in 
Menegoni et al., (2022a). In Table. 1 the quadcopter spec-
ification are described.

Due to the near vertical attitude and complex geom-
etry of the study outcrop we performed the UAV flights 
and photo capturing manually using a variable camera 
pitch, ranging from 85° (near horizontal camera view) to 
65° (gently inclined camera view, around 30°), and a mix-
ture of strips and independent/convergent acquisition 
models (Menegoni et  al., 2018). Three different acquisi-
tion missions were performed in order to acquire three 
photogrammetric datasets of different image resolution 
(Fig.  4): DOM1, 7.07  mm/pixel; DOM2, 2.79  mm/pixel; 
DOM3, 1.22  mm/pixel. The specification of the UAV-
photogrammetric missions are reported in Table. 2.

The possibility to combine the P4RTK with the DJI 
D-RTK 2 GNSS antenna allowed us to use the RTK-
positioning setting. Using it, the P4RTK works as RTK-
GNSS rover antenna and the DJI D-RTK 2 as RTK-GNSS 
base station and, therefore, it is possible to measure the 

camera capture positions with high accuracy (< 1.5  cm 
according manufacturer). In this study, we did not use 
Ground Control Points (GCPs) because for the study 
aims a high relative accuracy (DOM orientation and 
scale) is needed, whereas a high absolute accuracy (DOM 
positioning) was unnecessary. Menegoni et  al. (2019) 
and (2020) show that a correct UAV photogrammetric 
survey executed without GCPs can achieve a high rela-
tive accuracy with errors in orientation and scale lower 
than 1° and 0.05%, respectively. Moreover, several stud-
ies (Peppa et  al., 2019; Taddia et  al., 2019; Stott et  al., 
2020; Štroner et al., 2020; Taddia et al., 2020) show that 
using the quadcopter P4RTK, together with the D-RTK2 
GNSS base station, it is possible to obtain absolute accu-
racies lower than 7 cm that is considered largely accept-
able for the aims of this study. The UAV imagery dataset 
was then used to process with the Metashape software 
Agisoft (2019) to obtain the DOMs (Fig. 4). The process-
ing was performed following the procedures described in 
Inama et  al. (2020) and using the image full resolution. 
The DOMs were then analysed following the procedure 
described in Panara et  al. (2022a) and Menegoni et  al. 
(2022b). It consists in the use of the open-source soft-
ware CloudCompare (CloudCompare, 2019) and its tools 
and plugins for the spatial measurements. In particular, 
to perform the fault orientation and slip vector digital 
analysis we used the Plane tool and Lineation tool of the 
Compass plugin (Thiele et  al., 2022). The Digital Fault 
(DF) data were then analyzed as the Field Fault (FF) data 
through the use the software FaultKin 8 (Marrett and All-
mendiger, 1990; Allmendiger et al., 2011).

3.3  Fault‑slip data inversion
Inversion of fault-slip data is meant to reconstruct the 
orientation of the local stress field from the study of the 
kinematics of an array of faults (e.g. Angelier 1989, 1990; 

Table 1 Specification of the UAV used to perform the Digital 
Photogrammetric survey

Type DJI Phantom 4 RTK

Weight (payload included) 1391 g

Camera sensor type CMOS

Camera sensor size 1 inch

Camera sensor resolution 20 megapixels

Camera focal length 8.8 mm (35 mm format 
equivalent: 24 mm)

Camera shutter Mechanical

Gimbal type Mechanical 3-axis

Inertial Measurements Unit (IMU) accuracy  < 2°

GNSS type Real time kinematic (RTK)

GNSS accuracy  < 1.5 cm
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Delvaux and Sperner, 2003; Vanik et al., 2018). The first 
assumption of this method is that all the fault surfaces in 
the analyzed system formed under the same stress field. 
Other authors (e.g. Marrett and Allmendinger, 1990; 
Twiss and Unruh, 1998; Marrett and Peacock, 1999) 
claim that the result from the inversion are the axes of 
the incremental strain tensor and not the principal axes 
of stress. Actually, strain is related to stress by a consti-
tutive relation that depends on the rheological behavior 
of the medium. The principal stress and strain axes are 
parallel only if the medium is isotropic, that is only if the 
two quantities are linearly dependent. In the following, 
this assumptions holds, and we will refer in the text to the 
directions of the principal strain axes.

The software that we used to perform fault-slip data 
inversion is Faultkin 8. It determines graphically the 
directions of the principal strain axes that correspond 
to the input fault-slip data (Marrett and Allmendinger, 
1990; Allmendinger et  al., 2011). The software uses the 
dynamic “P & T Dihedra Method” and the kinematic 
“P” (shortening) and “T” (extension) axes. The direc-
tions of the principal strain axes are calculated through 
the Bingham linked statistical distribution (Angelier and 
Mechler, 1977; Angelier 1990). Faultkin 8 allows to visu-
alize the data on the directions of principal strains using 
the Bingham linked statistic to find the fault plane solu-
tion and plotting it on a stereonet. On the stereonets, 
the compressional domain is white-colored, while the 
extensional domain is in grey. Also the directions of the 

Fig. 4 Horizontal and orthographic view (view direction is 30°N) of DOM1 (abandoned quarry close to Verzi, lat. 44.157870N, long. 8.238764) 
where the areas covered by the DOMs with higher resolution (DOM2 and DOM3) are marked

Table 2 Specification of the different aerial-photogrammetric surveys

UAV type Flight mode Number of 
flights

Camera pitch Mean camera—terrain 
distance

Mean resolution Number 
of 
photos

DOM1 Manual 2 65–85° 30.20 m 7.07 mm/pixel 664

DOM2 Manual 1 84–90° 11.10 m 2.79 mm/pixel 379

DOM3 Manual 1 81–90° 4.79 m 1.22 mm/pixel 225
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strain axes are visualized on the plot with small squared 
dots of different colors. In the following, blue is the color 
of the dots representing the first strain axis, yellow is for 
the dots representing the intermediate axis and red for 
the dots of the minor strain axis, which are numbered 1,2 
and 3, respectively.

4  Results
4.1  Fault architecture
The Horse Head Fault zone is a NE-SW ~ 15  km-long 
fault network encompassing a number of variably ori-
ented fault segments, with lengths varying from a 
few tens of meters up to ~ 5  km (Fig.  2C). Fault zones 
developed across the tectonic units of Monte Carmo, 
Castelvecchio-Cerisola, Mallare, Case Tuberto and 
Arnasco-Castelbianco (Fig.  2C) representing also a 
major tectonic boundary among the units. The nappe 
pile changes its architecture across the two sides of the 
main fault, but the absence of clear stratigraphic or 
structural correlations prevents the determination of 
the real fault displacement. Along the major lineament, 
the SE termination of the Monte Carmo unit shrinks 
toward east showing horsetail geometry (Figs.  2C, 3). 
Horsetail terminations are also common along minor 
fault zones. The multiple folding and thrusting experi-
enced by the rocks makes the determination of accurate 

fault displacement even along the minor fault segments 
difficult. However, cartographic reconstruction allows 
inferring vertical and horizontal displacement in the 
order of 10–300  m along secondary fault segments 
(Figs. 2C, 3). Collectively, azimuthal Gaussian distribu-
tion statistical analysis of the fault zones indicates one 
main peak at 50°E.

The studied fault network stops westward against 
a ~ 15 km-long, roughly E-W striking fault (“Zuccarello 
Fault”; Fig.  2C), for which a right-lateral transpressive 
kinematic postdating normal slip has been inferred 
(Vanossi, 1991). Eastward, the deposits of the Finale 
Ligure Basin unconformably overlain the faulted rock 
in the footwall (Fig. 2C).

The main fault zone reaches up to 250 m in thickness 
and tends to decrease towards the NE where it disap-
pears below the Finale Ligure Basin deposits. The other 
km-long faults show thickness up to 50  m, whereas 
minor fault segments (< 1 km) are characterized by cm- 
to a few meter wide fault zone.

4.2  Fault zone structure
The principal fault zone of the Horse Head Fault zone 
network encompasses several lithologies, including 
dolostone, limestone, marble, quartzite and metarhyolite 

Fig. 5 Detailed geological maps and related cross-sections crossing the HHF zone at Outcrop 1-Verzi (A) and Outcrop 2-Monte dei Marmi (B). Refer 
to Fig. 3 for the location of the outcrops and the lithology colors
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(Fig.  3). Here, we describe two well-exposed outcrops 
where the fault zone couples dolostone-metarhyolite and 
quartzite-dolostone-marble, respectively (Figs. 3 and 5).

4.2.1  Outcrop 1 (verzi quarry)
The first outcrop occurs in an abandoned quarry close to 
Verzi village (Figs. 2C, 3, 5A). Here the fault is structured 
as a 3 m-thick gouge in the core surrounded by a large, 
150–250  m thick, damage zone (Figs.  5A, 6A). Damage 
zone mostly developed within mainly carbonate rocks 
(alternation of dolostone, limestone and thin pelite lay-
ers), whereas dense shear planes and anastomosed frac-
tures run a few meters (2–5) within the metarhyolite at 
the contact with the carbonate. Triassic dolostone and 
limestone far from the fault zones are characterized by 
low to moderate fracturing associated with the NW–
SE-striking Alpine folding. The fault zone is instead 
characterized by a core made of a gouge of pulverized 
carbonatic material (including < 30% of 2–50 mm dolos-
tone and limestone clasts). The gouge of the core zone is 
bounded by thin (up to 30 cm width) cataclasitic walls of 
fine-grained rocks fairly homogeneous in size. In the sur-
rounding damage zone the fine-grained material envelops 
randomly distributed clasts heterogeneous in size (from 
mm- to m-width). These breccia bodies mostly consist of 
highly angular fragments often shaping “jigsaw” texture 
(Fig. 6C, G).

In the breccia domains, the larger clasts are angular, 
broken and contain several fractures with radial orien-
tation (Fig.  6E). The fracture meshes in and outside the 
clasts are dilational and filled with whitish/yellowish cal-
cite cement variably mixed with a comminute reddish 
matrix (Fig. 6B–E, G). The amount of cement may volu-
metrically exceed that of the fragments, particularly close 
to the main slip surfaces, locally accumulating in dila-
tional patches (Fig.  6C, G). Arrays of mm- to cm-thick 
veins are also common. Brecciated rocks are frequently 
reopened by cm- to m-thick arrays of fractures filled by 
large aggregates of euhedral calcite crystals (Fig. 6B).

All the damage zone is pervaded by a multitude of 
polished slip surfaces with exposed areas from a few 
 cm2 up to > 100  m2 (Fig. 7). Polished slip surfaces show 
multiple sets of striations and slickenlines (Fig.  7). 
The fibers and slickensides formed by the accretion of 

fibrous overgrowth. Slickenfibers indicating downdip, 
oblique or nearly pure strike-slip motions. Oblique to 
strike-slip kinematic dominates over the large part of 
the polished slip surfaces and commonly overprint the 
down-dip striation (Fig.  7). Locally, a progressive cur-
vature of the slickensides from downdip to oblique slip 
is observable (Fig. 7C, D). Nevertheless, in some cases, 
polished surfaces with oblique slickenfibers are over-
printed by new calcite cement overgrowths, in turn 
sheared by downdip slip surfaces (Fig. 7C-D).

4.2.2  Outcrop 2 (monte dei marmi)
The second studied outcrop of the Horse Head Fault 
zone is located near Boissano village, close to the sum-
mit of Monte dei Marmi (Fig. 2C). Here the fault zone 
couples Triassic quartzite with Triassic dolostone and 
limestone and Jurassic marble (Figs. 2C, 3, 5B). Quartz-
ite and dolostone bodies involved within the fault zone 
are up to ~ 80  m-tick, whereas the deformed domain 
of Jurassic marble is only ~ 5 m-tick. This latter is con-
stituted by a cataclasite with clasts of mm- to cm- size 
(Fig.  8A). Coarser clasts are often organized in layers 
enveloped by finer matrix. Outside this relatively thin 
deformation zone, marble displays only m-spaced frac-
tures and arrays of veins. Differently, the quartzite fault 
zone is characterized by a number of thin cores hosted 
by the larger damage zone (Fig.  8B). Fault cores con-
sist of cm- to dm-thick phyllosilicate-rich shear planes, 
rarely associated with polished slip surfaces (Fig.  8B, 
C).

Shear planes are mostly constituted by comminuted 
gouge, including a fraction of angular clasts hetero-
geneous (mm- to dm) in size (Fig.  8C–E). Brecciated 
texture characterizes instead the quartzite apparently 
lacking phyllosilicate content. Cohesive, chaotic 
quartzite breccia constitutes the wide damage zone 
branching small lenses of less deformed rocks where 
the polyphase metamorphic schistosities are preserved 
(Fig. 8D). Alternation of dolostone and limestone cross-
cut by the fault zone show the same characteristics of 
the Verzi outcrop, as they are characterized by well-
developed cohesive chaotic breccia crosscut by a num-
ber of polished slip surfaces. Also the kinematics of the 

(See figure on next page.)
Fig. 6 Main features of the Horse Head Fault zone exposed in the Verzi abandoned quarry. A Damage zone is constituted by alternation 
of brecciated dolostone, limestone and thin sheared pelite layers, including multiple polished slip surfaces (white arrow highlights one surface 
of tens of square meters). B Brecciated domain with dilational jogs filled by euhedral calcite crystals. C The grain size of the crush breccia 
and cataclasite decreases toward the fault core at the main slip surface (from left to right). D Cataclasite supported by a pinkish very fine-grained 
matrix. E Fault breccia with large and broken angular clasts containing fractures with radial orientation, pointed at by red arrows. F Heterogranular 
crush breccia of dolostone in the outer part of the damage zone. G Breccia bodies of highly angular fragments with “jigsaw” texture
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Fig. 6 (See legend on previous page.)
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Verzi outcrop is confirmed: dominant oblique-to strike-
slip slickenfibers generally overprint downdip striation, 
but are locally overprinted by relatively younger down-
dip slickenlines.

4.3  Fault slip data from the field survey
4.3.1  Outcrop 1 (verzi quarry)
Thirty-seven measurements of rake and sense of the fault 
slip vectors have been collected on exposed slip surfaces 
in the abandoned quarry close to Verzi village (Fig. 5A). 
The stereonet summarizing the strike and dip of the 
fault planes and the trend and plunge of the slickenlines 
is shown in Fig.  9. The faults measured the field survey 
in Verzi are labelled FFV (Field Faults Verzi). In the fol-
lowing, the strike of all the faults is always measured as a 
clockwise angle from the north.

In most cases, the slickenlines suggest that the faults 
experienced dominant strike-slip motion, although nor-
mal slip also occurred more seldom. Field measurements 
allow to distinguish two main fault groups with opposite 
kinematics, left- and right-lateral, respectively. The first 
group of faults (FFV1) has a main strike of 220°, and dip 
of 84° (Fig. 9A). The slickenlines trend has a main value of 
40°, with plunge of 13°. These nearly vertical fault planes 
have thus strike-slip right-lateral movement, with a neg-
ligible normal component. In Fig.  9B is shown a set of 
other four measurements of faults (FFV2) with similar 
attitude of planes and slickenlines. The main value of the 
strike of these faults is 230°, with a dip of 47.5°. The main 
trend of the slickenlines is 37° and the plunge is 13°. Both 
the orientation of the planes and the striation are very 
close to the ones shown in Fig.  9A, although less steep. 
The orientation of the striation suggests that the slip has 
a similar normal and right-lateral components.

A third set of faults with similar dip direction and stria-
tion trend (FFV3) is shown in Fig.  9C. The main strike 
of this set of faults is 285°. The dip of these faults is 75°. 
The main trend of the slickenlines observed on the fault 
mirrors is 98°, with a plunge of 25°. The field study on 
these surfaces suggest that the motion was left-lateral. 
This first family of faults is transpressional with a domi-
nant sinistral strike-slip component and a minor reverse 
component.

Another recognizable pattern of four fault orienta-
tions (FFV4) is shown in Fig.  9D. Fault surfaces have a 

main strike of 147° and a dip of 40°. The main slickenlines 
trend is 302°, while the plunge of the lineations is 23°. The 
analysis of these fault surfaces suggest that they are nor-
mal faults, with a comparable component of right-lateral 
strike-slip.

Figure 9E shows the orientation of all the thirty-seven 
FFV measurements in one stereonet. The orientations of 
all measured fault planes and slickenlines are reported. 
In white and grey, the compressional and extensional 
domains, respectively. The directions of the strain axes 
are consistent with the hypothesis that the shear zone 
is in the strike-slip regime. The first principal strain 
axis is directed NNW-SSE, while the third one is ori-
ented WSW-ENE. The intermediate strain axis is almost 
vertical.

The bedding in the area of Verzi has been determined 
through ten measurements, with a mean dip direction 
value of 170° and dip of 12° (Fig. 9F).

4.3.2  Outcrop 2 (monte dei marmi)
The field data collected in the area of Monte dei Marmi 
(Figs. 5B, 10) consist of seventy-five measurements of dip 
and dip direction of fractures (we called these measure-
ments FFM as in “Field Fractures Monte dei Marmi”). 
Through the use of the software Stereonet 11, it has been 
possible to individuate five sets of fracture planes that 
had similar attitude.

The first set, consisting in sixteen fracture planes 
(FFM1), is characterized by a main strike of 212° and a 
dip of 58° (Fig.  10B). The set FFM2 (thirteen measure-
ments) is strictly related to FFM1, since it has a main 
value of the strike of 218°, but the fractures dip on aver-
age at a higher angle, with a dip of 78° (Fig. 10C). Since 
their orientation is very similar, they are both colored 
with similar hues of green in Fig. 10A–C.

The third set of fractures (FFM3, consisting in thir-
teen measurements), has a main strike of 293° and a dip 
of 69° (Fig.  10D). The fourth set (FFM4, four measure-
ments), has a main value of the strike of 44° and dip of 
53° (Fig. 10E). The last recognizable pattern of fractures 
measured in Monte dei Marmi (FFM5, thirteen measure-
ments) has main strike of 132° and dip of 73° (Fig. 10F).

From the inspection of Figs.  9 and 10, it is possible 
to find a good agreement between the field measure-
ments collected in Verzi and those collected in the area 

Fig. 7 Representative kinematic features from polished slip surfaces of the Horse Head Fault zone. All pictures are taken from dolostone 
and limestone outcrops. A Oblique slickenlines are exposed on two conjugate fault walls. B Dominant oblique slickenlines are overlapped 
by the down-dip slickenlines, as highlighted in the inset E. C Polished slip surface showing progressive curvature of the slickenside from down-dip 
to oblique right-lateral motion. D Down-dip normal slickenside on cataclasite (1A) are overlapped by oblique right-lateral striations (1B). F Gentle 
curvature of the slickenline showing right-lateral motion

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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Fig. 8 Main features of the Horse Head Fault zone exposed at Monte dei Marmi (Fig. 2). A Cataclastic fault core in Jurassic marble. The domain 
enveloping the large angular clasts is constituted by fine-grained cataclasite. B Fault zone at the contact between dolostone-limestone (on the left) 
and quartzite (on the right). Carbonate rocks form mostly cataclasite of various grain size with slickensides whereas in quarzite fault gouge are 
dominant. C Detail of the contact in B showing the comminuted gouge in the fault core. D Quartz-dominated domain appears as cohesive breccia 
of angular clasts (black arrow) and cataclasite, whereas the phyllosilicate-rich layers form shear zones, with relicts (E, F) preserving the ductile Alpine 
D1-2 schistosities. G Another detail of quartzite gouge contacting large angular clasts
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of Monte dei Marmi. In fact, the sets FFM1 and FFM2 
from the field survey in Monte dei Marmi have almost 
the same orientation of sets FFV1 and FFV2 collected in 
Verzi. Moreover, the set FFM3 has almost the same ori-
entation as the set FFV3.

The average dip direction and dip of the bedding in the 
area of Monte dei Marmi, calculated from twelve meas-
urements collected during the field survey, are 150° and 
50°.

4.4  Fault slip data DOM (verzi quarry)
The fifty-five measurements of fault plane orientation 
with slickenlines and slip directions are shown in Fig. 11. 
This set of measures comes from the analysis of the 3D 
digital outcrop model (DOM) of the Verzi quarry (Fig. 4) 
outcrop made through the plane and lineation tools of 
the Compass function on the Cloud Compare software. 
The preferential strikes of the fault planes are WNW-ESE 
and WSW-ENE. In most cases, the striae on the fault 
planes suggest that they are strike-slip faults. The label of 
these faults is DF (DOM Faults).

The Digital Outcrop Model allowed the measurement 
of the orientation of fault slip surfaces that were not 
accessible during the field survey. Therefore, the results 
from the digital analysis bring to light different strikes of 
fault and slip orientations. In other cases, the DOM and 
the field measurements are similar and the main fault 
planes can be detected.

The most populated group consists of twenty faults 
with similar orientation, labelled DF1, and shown in 
Fig. 11A. The main strike of these faults is 307°, and the 
dip is 80°. The main trend of the slickenlines is 126° and 
the plunge is 25°. The dominant component of the slip 
for this set of fault surfaces is strike-slip, with a negligi-
ble reverse component. The kinematic indicators suggest 
that the slip was left-lateral.

The second main set of faults with similar plane and 
striation orientations, DF2, is shown in Fig.  11B. This 
data set consists of fourteen measures. The strike of these 
faults has a main value of 100°, while the dip is 82°. The 
slickenlines have a main trend of 103°, and the value of 
the plunge is 23°. These are almost vertical strike-slip 

faults, with a negligible reverse component. The sense of 
slip is left-lateral.

A third set of fault and slip directions is shown in 
Fig. 11C, with a total of six measurements with similar 
values (DF3). The main value of the strike of this set is 
245°, and the dip is 78°. The main striation trend is 62°, 
with a plunge of 14°. The slip that these faults experi-
enced is mainly strike-slip, but a modest normal com-
ponent of slip can be observed. The analysis of these 
surfaces on the digital model suggests that the sense of 
slip is right-lateral.

Another set of five plane direction measurements 
with the orientation of the slickenlines is shown in 
Fig. 11D, and is labelled as DF4. The main strike of the 
faults is 291°. The dip is 61°. The main trend of the line-
ation is 103°, while the plunge is 11°. In this case, the 
faults were characterized by a transpressional regime, 
having comparable strike-slip and reverse slip compo-
nents, with left-lateral sense of slip. If we compare the 
orientation of the planes and the sense of slip of these 
faults with those of Fig.  11A, we can notice that the 
two sets share the same surface direction. This set of 
reverse-left-lateral faults are less vertical than the pre-
vious ones. The field analysis of these fault planes sug-
gest that the two sets represent two different phases of 
deformation that happened consequently, with a first 
phase of reverse faulting followed by a rotation of the 
fault plane and a switch to the dominant strike-slip 
mechanism.

The last recognizable set of faults, DF5, consisting 
only in two measurements, is shown in Fig. 11E. These 
faults have a main strike of 263°, with a dip of 42°. The 
main trend of the lineation is 304°, and the plunge is 
11°. These reverse faults have only a negligible strike-
slip component. The sense of the slip is right-lateral.

In Fig.  11F, all the fifty-five DOM measurements 
are plotted in the same stereonet (equal-angle, lower-
hemisphere projection). First, all the orientations of the 
plane and the slickenlines are reported. Furthermore, 
the white and grey areas represent the fault plane solu-
tion of this set of measurements (in white, the compres-
sional domain, in grey the extensional domain), and the 
colored squares the orientations of the principal strain 

Fig. 9 Stereonets (equal-angle, lower-hemisphere projection) showing the faults mapped during the field survey in Verzi (FFV). The arrows indicate 
the trend and plunge of the slickenlines. A–D Stereonets showing the strike, dip, striae trend and plunge of the four main sets of measurements 
(FFV1, FFV2, FFV3, FFV4) and the standard deviations. The sense of slip can be normal (N), reverse (R), right-lateral (RL) or left-lateral (LL). Most sets 
represent NE-SW right-lateral faults and NW–SE left-lateral faults. E Stereonet showing P- and T- axes of all the measured faults. The white and grey 
areas represent the shortening and the extensional domains, respectively. The blue square represent the direction of the first principal strain axis 
(1, maximum shortening), the red square the third principal strain axis (3) and the yellow square the direction of the intermediate strain axis (2). F 
Stereonet showing the bedding in Verzi, with the mean value of its dip direction and dip

(See figure on next page.)
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Fig. 9 (See legend on previous page.)
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Fig. 10 A Stereonet (equal-angle, lower-hemisphere projection) showing the poles of all the fracture planes mapped in the area of Monte dei 
Marmi, on the Ligurian Alps, through the field survey (FFM). The contouring enlightens the concentration of plane poles. The main sets of fracture 
planes are also shown. B–F Main isolated fracture sets (FFM1, FFM2, FFM3, FFM4, FFM5), with plane direction and pole. The strike and dip 
with the standard deviation are detailed. Stereonet data are lower hemisphere, equal angle projections
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axes. The first principal strain axis is directed NNW-
SSE, while the third one is oriented WSW-ENE. The 
intermediate strain axis is almost vertically dipping. 
The plot suggests that the system is in the transten-
sional regime.

4.5  Fault slip data verzi, field and DOM
We can now unify the data collected during the field 
survey (Fig.  9) and those derived from the UAV photo-
grammetry (Fig.  11). The total number of the measure-
ments is ninety-two (Fig. 12), thirty-seven of which from 
the field survey (FFV measurements) and fifty-five from 
the Digital Outcrop Model (DF). The resulting stereonet 
plot (Fig. 12A) shows an ESE-WNW left-lateral set and a 
SSW-NNE right lateral set.

Figure  12A shows the orientations of all fault planes 
measured in Verzi, with arrows that indicate the slicken-
lines orientation and the sense of slip. Through the use 
of the Faultkin 8 software, the directions of the major, 
intermediate and minor strain axes (1,2,3) have been 
calculated (Fig.  12B). The linked Bingham statistics also 
allowed to determine the shortening and extensional 
domains. By a comparison of Fig. 12B, Figs. 9E, 11F, the 
direction of the principal strain axes calculated from 
the field data is very similar to that determined from the 
DOM.

As we can see in Fig. 12B, the shear zone is in the tran-
stensional regime with right-lateral kinematic. The major 
kinematic component is strike-slip, with a minor normal 
component. The first principal strain axis, or equivalently 
the P-axis, is oriented approximately ENE-WSW, while 
the T-axis is oriented NNW-SSE.

5  Discussion
5.1  The advantages and limitations of digital outcrop 

model in fault analysis
As already mentioned in previous work (Menegoni et al., 
2019; Inama et al., 2020; Panara et al., 2022b), the main 
advantage of the DOM technique respect to the field-
base survey is the possibility to digitally measure at any 
time and in any place fault and fracture geometry (orien-
tation, size and position) from all the accessible or inac-
cessible outcrop areas with a safer, quicker and more 

accurate technique. In addition, this study shows as 
DOM can be very useful for the fault kinematic analy-
sis: comparing the field and DOM measures of the Verzi 
quarry, it is clear that DOM allows to measure around 
50% faults orientation and kinematics (Figs. 9, 11) and to 
detect fault sets that can be crucial for the development 
of a structural model. Nevertheless, DOMs have also lim-
itations, such as the censoring of all the information that 
are below the DOM resolution and the impossibility to 
obtain direct-contact information as fault rock composi-
tion and texture (Figs. 6–8). Even if recent improvements, 
as the hyperspectral DOMs (Thiele et al., 2022), can help 
to overcome the rock composition limit, we think that 
in geological studies DOMs can improve the structural 
analysis but cannot replace the traditional field survey.

5.2  Lithology‑dependent internal structure of the horse 
head fault zone

Thicknesses up to 250 m of the major fault segments can 
be correlated with displacements in the order of several 
hundred of meters to kilometers (Faulkner et  al., 2011; 
Savage and Brodsky, 2011). The entire fault zone there-
fore accommodated a significant total displacement of 
several (at least 5–10) kilometers. The different litholo-
gies involved in the faulting processes display a variety 
of deformation textures. Limestone and dolostone char-
acterized by the presence of angular fragments with 
jigsaw texture and calcite-filled dilational patches and 
vein arrays (Figs.  6B and G) support the interpretation 
that the brecciated rock consist of dilation chaotic brec-
cia (Woodcock et al., 2007; Woodcock and Mort, 2008), 
associated with a net volume increase during formation 
(Tarasewicz et al., 2005). The main slip domains show a 
single, large (up to 3 m) gouge locally surrounded by the 
huge cataclasites and brecciated damage zone. Differ-
ently, the quartzite involved in the fault zone alternate 
m-sized brecciated bodies (chaotic breccia; Woodcock 
and Mort, 2008) with phyllosilicate-rich gouges. A fur-
ther different texture, characterized by cohesive fine 
grained cataclasite and absence of gouge, is preserved by 
the marble at the contact with the quartzite, consisting 
of thin proto-cataclasite. Such differentiated behaviors 

Fig. 11 Stereonets (equal-angle, lower-hemisphere projection) showing the DOM fault slip data (DF) from Verzi. Arrows indicate the trend 
and plunge of the striae. A–E Stereonets showing the main sets of faults (DF1, DF2, DF3, DF4, DF5), with strike, dip, striae trend and plunge 
and the standard deviations. Slip can be normal (N), reverse (R), right-lateral (RL) or left-lateral (LL). Most sets represent F left-lateral faults, one 
set represents NE-SW right-lateral faults and one consists in E-W normal faults. F Stereonet showing the P- and T- axes of all the measured 
faults. Grey and white areas represent the extensional and the compressional domains, respectively. The blue square represents the direction 
of the first principal strain axis (1, maximum shortening), the red square the third principal strain axis (3) and the yellow square the direction 
of the intermediate strain axis (2)

(See figure on next page.)
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Fig. 11 (See legend on previous page.)
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support a falloff of damage as a function of distance from 
the fault as dependent on the local lithology, aside the 
displacement. In particular, phyllosilicate-rich assem-
blages favor shear plane localization (Collettini et  al., 
2019), as well as heterogeneous composition (alternation 
of dolostone, limestone and pelite) correlates with wider 
damage zones with respect to more homogeneous rocks 
(i.e. marble).

5.3  A Riedel model for the horse head fault zone
Map trace of the NE-SW-striking Horse Head Fault Zone 
displays horsetail geometry resembling dextral transten-
sional structures. In the following, we attempt to link 
the orientations of the most recognizable sets of faults 

to the model of the Riedel shears. The Riedel model pre-
dicts the formation of subsidiary fractures with different 
orientations around a main fault (e.g. Berthè et al., 1979; 
Deng and Zhang, 1984; Davis, 2000; Taylor et  al., 2003; 
Katz et al., 2004; Li et al., 2016). R fractures form a small 
angle with the main fault Y, typically 15°, and they have 
the same sense of slip. P fractures are almost symmetrical 
to R fractures with respect to the direction of the main 
fault and they also have the same strike-slip sense. Two 
sets of antithetic fractures are R’ and X fractures. R’ frac-
tures, in particular, have the opposite sense of slip than 
that of the main fault and they typically form at an angle 
of about 75° with Y. X fractures have the same properties 
than R’ but they dip almost symmetrically to R’ fractures 
with respect to the direction of the main fault, only with a 
slightly smaller angle with Y.

Figure  13 summarizes the orientations of the main 
planes measured through both traditional field survey 
and UAV digital photogrammetry.

The fault zone is bounded by ~ 45°N striking fault walls 
with dextral kinematics. The sets FFV1 and FFV2 meas-
ured during the field survey of outcrop 1 (Verzi quarry) 
have a main strike between 220 and 230° (Fig. 13A) and 
right-lateral direction of slip. Considering set FFV1 and 
its standard deviation (about 10°), the orientation of the 
set forms an angle between 0 and 15° with the average 
orientation of the main fault. In this range, P fractures 
predicted by the Riedel model form. However, the over-
lapping confidence intervals make impossible to distin-
guish if consider FFV1 as either parallel to the main fault 
or as P fractures. The set FFV2 has a main strike very 
similar to that of the main fault. It may be interpreted as 
a part of the main fault or as the product of a precedent 
phase of deformation of FFV1. In fact, the analysis of 
orientation, dip, and slip direction of the sets FFV1 and 
FFV2 suggest that these sets may likely be products of 
two subsequent stages of deformation on the same fault 
plane. One exposed fault wall shows an orientation that 
lays between those of these two sets and two sets of line-
ation can be detected on it. One set of slickenlines indi-
cates clearly down-dip shearing, while the second is an 
indicator of right-lateral strike-slip motion (Figs. 7D, E).

The set of faults FFV3, with a main value of the strike 
around 285° and a standard deviation of 15°, consists 
of left-lateral faults (Fig.  13A). In this case, the angle 
between the set and the main fault is between 45° and 
75°. Since the sense of the slip is opposite to that of the 
main fault (Fig. 13A) and given the large angle measured 
between the main fault and these sets of secondary faults 
(around 60°), these faults can be interpreted as antithetic 
R’ fractures in the framework of the Riedel model. More-
over, if the orientation of set FFV1 was interpreted as the 
local orientation of the main fault in Verzi area, the angle 

Fig. 12 A Stereonet (equal-angle, lower-hemisphere projection) of all 
ninety-two measurements collected in Verzi, both through the field 
survey and through the DOM (FFV and DF, respectively). B Kinematic 
axes, fault plane solution and P- and T- axes of all the measured 
faults. The first principal strain axis (1, labelled in blue color) trends 
WSW-ENE, the third (3, labelled in red color) trends NNW-SSE. Blue 
arrows indicate the direction of compression, red arrows the direction 
of extension
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between this set and FFV3 may lay around the value of 
70° or higher, which is more consistent with the angle of 
the R’ shear fractures.

An additional reason to consider the set FFV1 as repre-
sentative of the local orientation of the main fault is that 
the data obtained through the field survey were taken in 
an area in Verzi (Fig.  2B), which was closer to the core 
of the main fault than those obtained through the digital 
model (Figs. 2B, 3). This may be the reason why the ori-
entation of the main trends of faults differ between the 
two datasets. It may also explain why some of the meas-
urements form the field survey appear to be parallel or 
sub-parallel to the average strike of the main fault.

Considering the measurements collected by DOM, 
the set DF1 of left lateral faults has a main strike of 307° 
(Fig. 13B). Also in this case, the large angle with the strike 
of the main fault (around 80°), and the opposite sense of 
slip suggest that these faults may also be interpreted as 
antithetic R’ fractures in the Riedel shear model. The set 
DF1 appears to be related to the set DF4, also consist-
ing in left-lateral faults with a thrust component. The set 
DF4, in fact, has a similar main strike (291°). As in the 
case of the sets of faults FFV1 and FFV2, the sets DF1 
and DF4 may represent two different phases of slip along 
the same fault plane. The fact that the same slip surface 
witnesses the presence of both downdip and strike-slip 
slickenlines indicates that faulting accomplished in two 

distinct stages. A fault that was initially reverse may have 
experienced a rotation that led to strike-slip movement.

The set DF2, striking at 100°, forms an angle of around 
55° with the orientation of the main fault (Fig.  13B). It 
has a sinistral kinematic that suggests that it may corre-
spond to a R’ fracture, although the angle with the main 
fault is lower than that typical of R’ Riedel fractures, even 
considering the standard deviation, of about 6°. The set 
DF2 is very close, both in orientation and sense of slip, 
to the field set FFV3 (Fig.  13A), which, as already dis-
cussed, may be interpreted as a R’ fracture in case the 
local direction of the main fault is 220° as the sets FFV1 
and FFV2. In this case, the angle between DF2 and the 
main fault could reach a value of about 65°, closer to the 
typical angle between the mean fault and the antithetic R’ 
fractures.

Finally, the set of right lateral faults DF3, with a main 
strike of 245° forms an angle of about 15° with the main 
fault (Fig. 13B). In the hypothesis that the angle of inter-
nal friction φ of this rock is around the typical value of 
30°, the angle between the main fault and the secondary 
faults corresponds to half the value of φ. This suggests 
that this set of faults are very likely the synthetic R frac-
tures of the Riedel framework.

Considering now the measurements collected during 
the field survey in the area of Monte dei Marmi, near the 
small town of Boissano, the interpretation of the frac-
ture orientations is presented in Fig. 13C. Sets FFM1 and 

Fig. 13 Interpretation of the measured fault slip data in the frame of a Riedel model (e.g., Berthè et al., 1979). See text for explanation. A FFVs are 
the main sets of faults measured in the Field from Verzi. B DFs are the main trends of faults from the Digital Outcrop Model of Verzi. C FFMs are 
the main sets of fractures measured in Monte dei Marmi
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FFM2, with main strike of 212° and 218° respectively, 
have both a very similar trend to that of the field set of 
faults FFV1 (main strike of 220°) (Fig. 13A and C). They 
form an angle of about 10° with the average direction 
of the main dextral strike slip faults, which is consist-
ent with the direction of P fractures. Since the standard 
deviation on this two sets of measurements is quite high 
(17° for set FFM1, 11° for set FFM2), and given the small 
difference with the main strike of the main fault, it is also 
possible that these sets of measurements represent the 
local orientation of the main fault.

The set FFM3, striking at 293°, may represent a set of 
antithetic R’ fractures, with an angle of 68° to the direc-
tion of the main fault (Fig. 13C). This set has a very simi-
lar orientation to that of the field set FFV3 and the DOM 
set DF2, collected in Verzi (mean strike of 285° and 100°, 
respectively) (Fig. 13A, B). It is worth noting that the set 
DF2 has a strike which differs from those of FFM3 and 
FFV3 of more than 180°. This is due to the fact that all 
three these sets of planes of discontinuities dip at a large 
angle, so that no significant difference in orientation 
exists between almost vertical planes striking at angles 
that differ of 180°.

The set FFM4, striking at 44°, has almost the same aver-
age orientation of the main fault (Fig. 13C). This suggests 
that the set of fractures FFM4 measured in Monte dei 
Marmi formed under the same stress conditions and in 
the same direction of the Horse Head fault (45°).

Finally, the set FFM5 strikes at 132°, very close to the 
strike of the DOM sets DF1 and DF4 (mean strike around 
300°), forms an angle of ~ 87° with the orientation of the 
main fault strike (Fig. 13B, C). Given a standard deviation 
on this set of measurements of about 20°, this suggests 
that also FFM5 fractures may be interpreted as R’ Riedel 
fractures.

From the inspection of Fig. 13, it is clear that the field 
measurements collected in Monte dei Marmi have a sur-
prisingly good agreement with both the field and DOM 
measurements collected in the area of Verzi. It is likely 
that the sets of fractures in Monte dei Marmi formed 
under the same state of stress than that responsible for 
the formation of the fault system discovered in Verzi.

5.4  Kinematics of the horse head fault zone
Overall, the fault slip data and analysis indicate that the 
fault network encompassed by the Horse Head Fault 
Zone is compatible with a ~ 15  km-wide Riedel shear 
zone formed under a dominant dextral strike-slip regime. 
The horsetail geometry envisaged by the map-view of 
the fault network thus confirms the presence of a large 
transtensional structure, running roughly parallel to 
the present coastline (Fig.  2C). However, the dominant 
right-lateral kinematic was pre- and post-dated by fairly 

normal faulting as evidenced by the superimposition of 
different generations of slickenlines (Fig. 7). In particular, 
both FFV1, FFV2 and FFV3 sets locally show progres-
sive curvature of the slickenlines from downdip to the 
dominant oblique motion. On the other hand, slicken-
lines associated with the strike-slip movement are locally 
superimposed by new calcite fibers shared by downdip 
striations (Fig.  7). Therefore, it results that the Horse 
Head Fault Zone kinematic experienced either multiple 
changes in the local orientation of the stress fields, a rota-
tion of the structure or a combination of the two. In fact, 
due to the lacking of absolute ages, it is impossible to dis-
criminate if the different kinematic was associated local 
flips of stress axes during the same event (e.g. Cardello 
and Mancktelow, 2015) or, differently, as a marker of dis-
crete deformation phases.

5.5  Timing
The development of the Horse Head Fault Zone clearly 
postdates the schistosities (Fig. 8E, F) associated with the 
ductile phases recognized in the Ligurian Alps (D1-3; 
Vanossi et al., 1984; Seno et al., 2005; Bonini et al., 2010). 
On the other hand, we cannot exclude that the present-
day structure may be the result of the partial reactivation 
of the inherited compressional architecture (e.g. Tavar-
nelli et al., 2004; Butler et al., 2006). In fact, the strike of 
the Horse Head Fault is parallel to the main direction of 
tectonic transport (from NE to SW) and coincides with 
the boundary between the different tectonic units. It may 
be thus speculated that the precursors of the Horse Head 
Fault Zone were tear faults accommodating the move-
ments of the thrust sheets occurring at different rates of 
propagation due to differential shortening of the nappe 
stack (Bonini et  al., 2010). Nappe stacking and related 
folding are dated in the Ligurian Alps in the late Eocene—
early Oligocene times. In particular, zircon (U-Th)/He 
dating of the Penninic Front constrains at ~ 28–32 Ma the 
thrust propagation in the external Ligurian Alps (Maino 
et al., 2015a, b). The integration of the depositional ages 
of the post-collisional sediments (TPB and Finale Ligure 
Basin; Boni et al., 1968; Gelati et al., 1998; Dallagiovanna 
et al., 2010) with the thermochronological dataset (Car-
rapa et al., 2003; Maino et al., 2012; Amadori et al., 2023) 
confirms that the Ligurian orogen accomplished the 
exhumation path from depth to the shallow crustal level 
in the Rupelian (~ 35–32 Ma) although unusual high geo-
thermal gradient (40–50 °C/km), associated with mantle 
upwelling, affected both the TPB and Ligurian orogen 
up to the Chattian (~ 28 Ma; Amadori et al., 2023). Dur-
ing the Chattian time, TPB deposits record a switch from 
extensional to transtensional faulting at few km of depth 
(Maino et al., 2013; Federico et al., 2014; 2020). Since the 
Miocene, evidence of deformation are limited to local 
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transtensive/transpressive faulting and folding of the 
stratigraphic record (Piana et  al., 2006; Federico et  al., 
2014). The absence of significant strike-slip displace-
ment of the Miocene deposits of the Finale Ligure Basin 
(Fig.  2C) indicates that the main activity of the Horse 
Head Fault Zone predates the Miocene. On the other 
hand, syn-depositional normal faulting is recorded by the 
Pliocene deposits both onshore and offshore (e.g. Foeken 
et al., 2003; Larroque et al., 2009; Morelli et al., 2022).

Overall, the integration of geological and thermochro-
nological constraints, suggests that the main strike-slip 
activity of the Horse Head Fault Zone occurred in the 
Late Oligocene, coeval with the transtensional faulting 
in the TPB. Without absolute dating, the evidence of 
extensional kinematic, both preceding and following the 
strike slip activity, cannot be confidentially linked to a 
specific tectonic stage. However, normal faulting predat-
ing the HHF strike-slip activity is largely recorded in the 
late Rupelian—early Chattian TPB deposits, soon after 
the end of the main Alpine ductile tectono-metamorphic 

phases (Maino et  al., 2012; 2013; 2015a; Amadori et  al., 
2023).On the other hand, post-Oligocene deformation in 
the study area are documented in the Early-Middle Mio-
cene shallow deposits of the Finale Ligure basin (Mueller 
et al., 2023), as produced by multiple seismic inputs coe-
vally with the oceanic spreading of the Liguro-Provençal 
basin and the Corsica-Sardinia drifting. However, the 
seismically-related soft-sediment deformation structures 
are not diagnostics of the related deep fault kinematics. 
Later in the Pliocene, extensional faulting is instead doc-
umented as driving the sedimentation in the Messinian 
paleo valleys (Boni et al., 1985; Marini 2000; Foeken et al., 
2003; Breda et al., 2007; 2009). Further investigations on 
the relationships between deep faults and shallow shear 
bands within the Miocene-Pliocene deposits, as well as 
the offshore record, are needed to fully describe the pos-
sible switch between dip-slip and strike-slip faulting in 
the Ligurian margin since the Miocene.

Fig. 14 A–C Evolutionary sketches of the curvature of the Western Alps; green, red and grey colored lines represent the Alpine fronts at 30 Ma, 
23 Ma and present day, respectively. Dotted lines indicate the location of the shear zone of the Ligurian Alps at 23 (red) and present day (grey). 
D Regional tectonic sketch locating the Horse Head fault zone within the mega shear zone (Riedel scheme) represented by the entire Ligurian 
Alps. The other major fault zones are shown, including BSM Breil-Sospel-Monaco fault, MFS Marcel Fault System, NLFS North Ligurian Fault System, 
NPDZ Northern Principal Deformation Zone, SL Stura line, comprising the Stura and Preit faults, SPDZ Southern Principal Deformation Zone, ST 
Saorge-Taggia fault, TPB Tertiary Piedmont Basin, ZF Zuccarello fault. Modified from Maino et al. (2013), Federico et al. (2014), Morelli et al. (2022). E 
Reconstruction of the paleo-orientation of the Ligurian Alps shear zone, restoring the rotation throughout the Chattian and Early Miocene stages
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5.6  Tectonic model in the frame of the alpine dynamic
The Horse Head Fault Zone is a ~ 15  km size right-lat-
eral Riedel shear zone inserted in a regional framework 
displaying several major faults with different strike and 
kinematics (Figs. 13 and 14). Toward north, the Ligurian 
Alps are bounded by the WNW-striking Stura and Preit 
lines (SL in Fig. 14D) that are described as sinistral strike-
slip faults, accumulating about 40–50 km of displacement 
since the Oligocene (Fig.  14; Ricou et  al., 1986; Giglia 
et al., 1996). The internal Western Alps experienced Oli-
gocene to Early Miocene extensional mostly parallel to 
the axial belt associated with dominant right-lateral dis-
placement along the major faults, such as the Chamo-
nix Line, Pennine Basal Thrust, Briançonnais Front, the 
Insubric Line and the Simplon-Rhone Fault (Fig. 14; e.g. 
Sue and Tricart, 2003; Champagnac et al., 2006; Malusà 
et al., 2009; Molli et al., 2010; Campani et al., 2010; Per-
rone et al., 2011; Schmid et al., 2017).

To the east, the Ligurian Alps were bounded by the 
Sestri-Voltaggio Fault Zone, which acted as a transpres-
sive mylonitic shear zone during the metamorphic Alpine 
phases (D1–D3), and then evolved toward an Oligo-Mio-
cene dextral strike-slip brittle fault system (Capponi et al., 
2009; Federico et al., 2009; 2014). East to the Sestri-Volt-
aggio Fault, the Villalvernia-Varzi Fault and the Ottone-
Levanto Fault acted as a sinistral transpressional shear 
zones during the Late Eocene-Early Oligocene (Fig.  14; 
Marroni and Treves, 1998; Marroni et al., 2019). The Vil-
lalvernia-Varzi evolved as a major left-lateral transpres-
sive fault in the late Oligocene/Early Miocene (e.g. Elter 
and Pertusati, 1973; Laubscher et  al., 1992; Miletto and 
Polino, 1992). In this framework, the Sestri-Voltaggio and 
Ottone-Levanto faults represent minor Riedel faults kin-
ematically related to the Villalvernia-Varzi Fault (Fig. 14; 
Spagnolo et al., 2007; Crispini et al., 2009).

Other important structures in the western Ligurian 
Alps are two major sub-vertical conjugate strike-slip 
fault systems: the NE-SW sinistral Breil–Sospel–Monaco 
(BSM) line and the dextral NW-SW Saorge Taggia (ST) 
(Gèze and Lanteaume, 1963; Bulard et  al., 1975, Decar-
lis et al., 2014). Offshore, the arcuate (from E-W to N-S 
trending) compressive fronts of the Marcel Fault System 
(MFS) and North Ligurian Fault System (NLFS), cross-
cut the roughly E-W left-lateral Northern and Southern 
Principal Deformation Zone (NLFS), affecting the Ligu-
rian-Provençal basin (Larroque et al., 2009; Morelli et al., 
2022).

The present-day configuration of this fault networks fits 
with a mega left-lateral shear zone, where the Horse Head 
Fault Zone represents a R’ antithetic fault. Therefore, we 
argue that the Ligurian segment of the Western Alps 
accumulated km-scale of main left-lateral displacement 

during the Late Oligocene times, in agreement with the 
TPB record (Maino et al., 2013; Federico et al., 2014).

On the basis of this geometry and the estimated rota-
tion of the Ligurian Alps and TPB (~ 117 and ~ 50°, 
respectively; Collombet et  al., 2002; Maffione et  al., 
2008), the following evolutionary model composed of 
two consecutive rotational processes is proposed for 
Ligurian Alps. Soon after the Adria-Europe collision 
at ~ 35 Ma (Schmid et al., 1996; Ford et al., 2006; Handy 
et  al., 2010; Kästle, 2020; Le Breton et  al., 2021), NW 
dipping subduction zone in west Mediterranean started 
to roll back while Adria rotated counterclockwise with 
respect to Europe causing NW- and North- directed 
shortening at its northern margin. The first manifesta-
tion of Liguro-Provençal Basin-related magmatism are 
dated at 32–30 Ma, coeval with extension in the Ligu-
rian Alps, TPB and Corsica-Sardinia (De Voogd et  al., 
1991; Serrane, 1999; Brunet et al., 2000; Rossetti et al., 
2001; Réhault et  al., 2012; Maino et  al., 2013). The 
down-dip striations crosscut by the strike-slip ones 
on the HHF fault mirrors may represent relics of this 
early Oligocene extensional regime developed in a such 
broad area. Since the late Rupelian (~ 30  Ma), strike-
slip tectonic in the Ligurian Alps, as well as in the rest 
of the Western Alps accommodates the relative rota-
tion between the Adriatic and European plates. Dur-
ing this period, the progressing east migration of the 
Apennine subduction trench caused the opening of the 
back-arc basins and the Adria and Western Alps coun-
terclockwise rotation (e.g. Carminati et al., 2012). Rota-
tions increased toward the Ligurian Alps that acted as 
a mega left-lateral shear zone bounding the southern 
tip of the Western Alps. The dominant strike-slip kin-
ematic recorded by the HHF testify this tectonic phase 
were displacements of several tens of kilometers were 
accomplished. We argue that a large part (~ 60–70°) 
of the ~ 117° counterclockwise rotation recorded by 
the Ligurian Alps after the metamorphic deformation 
was accomplished in this time span (from 30 to 23 Ma; 
Fig. 14).

Since the Aquitanian, left-lateral shearing went out, 
and the ~ 50° of rotation recorded by the TPB sediments 
was mainly acquired through passive rotation driven 
by the Corsica-Sardinia drifting following the West 
Mediterranean roll back (Faccenna et  al., 2004; Maf-
fione et al., 2008). In this period, the seismic deforma-
tion recorded in the Early Miocene shallow sediments 
of the Finale Ligure Basin (Mueller et al., 2023), testifies 
the activity of the deep faults controlling the rotation. 
The local evidence of down-dip striations crosscutting 
the dominant strike-slip ones, could document a kin-
ematic switch from transtension to extension. However, 
the impossibility to constrain the age of the younger 
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slickenfibers, does not allow to correlate this structures 
with tectonic stages.

Finally, as revealed by paleomagnetic data, the Ligu-
rian Alps, and thus the Adriatic plate did not experi-
enced significant rotation since the Late Miocene times 
and the Pliocene-present day tectonics was controlled 
by extension followed by recent compressive inversion 
(e.g. Larroque et al., 2009; Morelli et al., 2022).

6  Conclusions
Thanks to the integration/combination of traditional 
field-survey and DOM data it has been possible to 
overcome the main limits of these two technique, and 
recognize and describe a previously unreported large 
fault zone.

In this paper we present the discovery and the 
description of a new large fault zone—named Horse 
Head Fault zone (HHF)- in the western Ligurian Alps, 
which provides evidence for a megastrike-slip shear 
zone involving the southernmost tip of the Western 
Alpine arc during the late Oligocene.

The HHF is ~ 15 km long and up to 250 m thick and 
involves several lithologies, including quarzite, meta-
rhyolite, marble and alternation of dolostone-limestone 
and minor pelite. It is characterized by a complex struc-
ture where gouge, cataclasites and brecciated alternate 
within the damage zone. The fault zone contains a mul-
titude of polished slip surfaces preserving multiple sets 
of striations and slickenfibers. The dominant kinematic 
is strike-slip, although evidences of both preceding and 
following down-dip slip surfaces occur. The HHF is 
consistent with a km-size dextral NE-SW-striking Rie-
del shear zone, in turn representing an antithetic R’ of 
the regional sinistral shear zone shaped by the whole 
Ligurian Alps. Such shear zone accommodated tens 
of km-scale displacements related to the Adria coun-
terclockwise rotation after the Adria-Europe collision 
and the start of the rollback of the Apennine subduc-
tion. In the Early Miocene, this major fault-system 
ceased its activity, showing minor extensional (pos-
sibly Pliocene) re-activation. Such tectonic framework 
combined with the existing paleomagnetic data allow 
to suggest that the large rotation experienced by the 
Ligurian Alps (117°) developed throughout two con-
secutive steps. A first late Rupelian-Chattian rotation 
(~ 60–70°) controlled by left-lateral shear and a second 
Early Miocene ~ 50°passive rotation driven by the Cor-
sica-Sardinia drifting.
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