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ABSTRACT

Along the coast between Cala Viola and Cala del Turco in NW Sardinia, an upper Palaeozoic to lower Mesozoic
continental sedimentary succession is wonderfully exposed. For the first time, detailed geological mapping,
coupled with facies analysis and meso-structural studies, was carried out, allowing to better define the Permian-
Triassic stratigraphy and structural setting of this sector of Nurra region. Field work was coupled with drone-based
aerial photogrammetry, which led to the production of Digital Outcrop Models (DOMs). A lithofacies subdivision of
the stratigraphic units is proposed with the aim of making a formalisation of the Triassic Porticciolo conglomerate
and Cala Viola sandstones units possible. The combination of “classical” and “digital” field methodologies led to
the mapping of 462 faults, the recognition and characterisation of six main fault sets, and differently oriented
folds. The analysis of topology and cross cutting relationship of fault networks has allowed us to identify at least
eight deformation phases, possibly spanning from Permian to Pleistocene-Holocene. These new data allow us
to reconstruct the complex tectonic history affecting NW Sardinia since the deposition of the middle Permian
deposits to the Holocene, with the Permian and Triassic deposits recording the whole deformation phases
affecting them since the latest Palaeozoic.

KEY-WORDS: geological mapping, structural geology, stratigraphy, Permian, Triassic, Sardinia.

INTRODUCTION

Since the end of the 19t century, the continental succession of Nurra has been a subject
of significant interest for numerous researchers. The area has drawn attention due to its
remarkable geological exposures (e.g., Lovisato, 1884; Oosterbaan, 1936; Pecorini, 1962;
Vardabasso, 1966; Gasperi & Gelmini, 1980; Fontana et al., 1982) and its subsurface deposits
(Pomesano Cherchi, 1968; Pittau Demelia & Flaviani, 1982; Pittau & Del Rio, 2002). Over
the past three decades, the long-known “Permotriassic” continental and volcanic deposits,
cropping out along the NW Sardinia coast to the north of Alghero, have regained attention
due to new stratigraphic petrographic and palaeontological studies (Cassinis et al., 1996;
Cortesogno et al., 1998; Fontana et al., 2001; Sciunnach, 2001; Cassinis & Ronchi, 2002;
Cassinis et al., 2002, 2003; Costamagna, 2012; Gaggero et al., 2017). Furthermore, other
studies have delved into the content of Aluminium Phosphate Sulfate (APS) minerals in the
upper portion of the section (Borruel-Abadia et al., 2019) and explored the palaeomagnetism
of the Permian and Triassic red beds (Bachtadse et al., 2018) to gain deeper insights into the
geological history of the Nurra region and its interregional correlation (e.g., Bourquin et al.,
2011; Gretteret al., 2015; Schneider et al., 2020). Despite the significant knowledge acquired
in recent years, the stratigraphic framework of the Nurra region still needs major deepening
and knowledge. Moreover, unlike E and SW Sardinia, which have been extensively studied in a
geodynamic and tectonic context, the Nurra region has received relatively little attention in this
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regard (e.g., Oggiano et al., 2015; Casini et al., 2020). The exposure
of the upper Palaeozoic-lower Mesozoic sedimentary cover
overlying the Variscan crystalline basement provides a valuable
opportunity to identify and reconstruct the tectonic-stratigraphic
history of this part of Sardinia, with deposits recording the entire
sequence of deformation phases since the latest Palaeozoic. For
this reason, we undertook a comprehensive tectonostratigraphic
investigation of the Permian and Triassic succession exposed
along the Torre del Porticciolo coastal area. Our study integrates
palaeontological, stratigraphic and structural analyses to achieve a
deeper geological understanding of the Nurra region. We combined
traditional and innovative techniques, including detailed field
mapping at the 1:5,000 scale, acquiring mesoscale structural data
and observations, constructing and analysing 3D models using the
drone-based aerial photogrammetric survey.

We propose a redefinition of the stratigraphic framework in the
study area, partly already achieved through the lithostratigraphic
correlation with SE France (Toulon-Cuers Basin, Provence), with
new lithofacies subdivisions. This redefinition is further supported
by new palaeontological findings, and radiochronometric and
palaeomagnetic studies. By improving the knowledge of the
stratigraphic succession and its approximative age, we obtain
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crucial insights into the complex temporal and spatial sequence
of tectonic phases that affected the region from the Permian to
the late Caenozoic times. This integrated approach allows us to
interpret and untangle the local geological history more accurately,
while providing important clues for the reconstruction of the
tectonic history of the Sardinian-Corso block.

The study area (Figs. 1, 2) is located in the Nurra region of NW
Sardinia, along the north coast of the Capo Caccia promontory. Along
this coastal section, from Punta del Gallo to the south up to the relief
of Punta Lu Caparoni to the north, the most complete lower Permian
to Middle Triassic succession of the island is wonderfully exposed.

GEOLOGICAL SETTING

Sardinia exhibits a geological setting characterised by
Variscan crystalline rocks (both metamorphic and intrusive)
overlain by upper Palaeozoic-Caenozoic siliciclastic, calcareous
and volcaniclastic deposits. The NW sector of Sardinia (i.e., the
Nurra region) records a complex tectono-stratigraphic history,
reflecting the evolution of this (palaeo-)sector of the European
continent since the Palaeozoic.
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Fig. 1- Geographic and geological setting of the study area. (a) Location sketch map of the main geologic units north of Alghero and up to Argentiera Massif
(Nurra). (b) Simplified stratigraphic section of the Permian and Triassic continental and Middle-Upper Triassic marine to transitional deposits in the type

area.
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Thecrystalline basementis part of the South-European Variscan
orogen and experienced intrusions of huge masses of igneous
rocks during the late Variscan phase, triggered by the gravitational
collapse of the accretionary wedge (for a comprehensive
review, see Carmignani et al., 2001). Subsequent post-orogenic
extensional tectonics dismembered the orogenic belt, leading to
the formation of narrow, fault-bounded fluvial-lacustrine basins
that evolved into more extensive alluvial environments, alongside
the emplacement of effusive volcanic rocks. Evidence of this is
observed in the lower Permian-Middle Triassic siliciclastic deposits
unconformably overlaying the Variscan substrate and intercalated
with volcaniclastic deposits (Gaggero et al., 2017).

The Tethyan rifting also influenced this part of the southern
European margin, as evidenced by the deposition of evaporitic
and thick shallow-water platform carbonates during the Mesozoic
and the lower part of the Caenozoic. Subsequently, the Eocene
to Holocene sedimentary record is represented by continental,
marine and volcanic deposits.

The entire post-Variscan sedimentary cover exhibits evidence
of both compressive and transcurrent deformations, related to
the Alpine/Apennine orogenic phases, as well as extensional
deformations associated to the opening of the Balearic and
Tyrrhenian basins (e.g., Carmignani et al., 1994, 2001; Funedda et
al., 2000; Oggiano et al., 2018).

Permian and Triassic stratigraphy of the Nurra

In the last thirty years, renewed studies on the area allowed
to subdivide the early Permian to Middle Triassic evolution of the
Nurra continental succession into at least three major sequences
or tectono-stratigraphic units (TSUs), separated by marked
unconformities (Cassinis & Ronchi, 2002; Cassinis et al., 2002,
2003).

The first sequence (TSU1) lies non-conformably over the
Variscan crystalline basement and formed essentially during the
earliest Permian. It is represented by the thin (up to 15 m) Punta Lu
Caparoni formation (Gasperi & Gelmini, 1980), composed of fine-
grained black lacustrine deposits with conglomeratic and sandy
fluvial intercalations locally overlain by quartz-rich ignimbrites
(V; 297+1.8 Ma; Gaggero et al., 2017). Rich earliest Permian
palaeofloras (“Autunian” auctt.) were reported by various authors
(Pecorini, 1962; Gasperi & Gelmini, 1980; Ronchi et al., 1998).

The second sequence (TSU2) has an estimated thickness of ca.
600 m, probably extending from part of early Permian (Sakmarian?)
up to late Kungurian-Roadian? times (Ronchi et al., 2011). Deposits
characterising this sequence consist of three stacked continental,
unconformity-bounded, formations (hereafter referred to as Pedro
Siligu, Porto Ferro and Cala del Vino fms.), clustered in an informal
group-rank lithostratigraphic unit (“Nurra Group” by Ronchi et al.,
2011). From the base to the top these are:

- the Pedru Siligu fm. (Cassinis et al., 2002, 2003; cfr. “unit 1”
by Gasperi & Gelmini, 1980), at the base of TSU2 and made
of ~50 m of channelised conglomerate and sparse sandstone
typical for braided alluvial environments. This unit covers with
a slight angular unconformity the Punta Lu Caparoni fm. and
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is followed locally by ignimbrite deposits (V,; 288+2.4 Ma;
Gaggero et al., 2017);

- the Porto Ferro fm. (Cassinis et al., 2002, 2003; cfr. “unit 2”
by Gasperi & Gelmini, 1980), consisting of fluvial grey-reddish
coarse sandstone and polygenic conglomerate with clasts
deriving from both the preceding volcanic episode and the
metamorphic substrate. The total estimated thickness of the unit
is about 150-200 m. The Porto Ferro fm. is barren of fossils but,
based on its stratigraphic position, has been generally assigned
to the late Cisuralian-early Guadalupian time interval. This age
is also supported by an interregional correlation with the Les
Salettes Fm. of southern Provence (Toulon-Cuers Basin), in which
a latest lower Permian-?middle Permian macro- and microfloral
association occurs (Bau Rouge Member; Durand, 2006, 2008);

- theCaladelVinofm.(Cassinisetal., 2002, 2003; cfr. “unit 3" by
Gasperi & Gelmini, 1980), up to more than 300 min thickness,
characterised by an alternation of grey-brown, medium- to
coarse-grained sandstone and violet-red siltstone-claystone,
with an upward coarsening trend to pebbly sandstone and
polygenic conglomerate.

The third sequence (TSU3) begins with typical continental to
transitional Buntsandsteindeposits (Lower-Middle Triassic), starting
with a thin quartz conglomerate (“Conglomerato del Porticciolo”,
hereafter Porticciolo conglomerate - Cassinis et al., 2002, 2003;
Costamagna, 2012; cfr. the Provencal Poudingue de Port-Issol by
Glinzboeckel & Durand, 1984; Durand et al., 1989; Durand, 2006,
2008) that overlies the Cala del Vino fm. through a regional low-
angle angular unconformity. This erosional surface coincides with
a significant gap encompassing pro parte the Guadalupian up to
the late Early Triassic. The Porticciolo conglomerate is followed by
fluvial, fine-to-coarse grained, reddish sandstone (“Arenarie di Cala
Viola”, sensu Pittau Demelia & Flaviani, 1982; Cassinis et al., 2002,
2003; hereafter Cala Viola sandstones). The upper part of this unit
is characterised by yellowish sandstone and grey-green marly pelite
bearing halite pseudomorphs (“Rét facies” Auctt.). Detrital modes
of the single units of the Permian and Triassic succession can be
found in Cassinis et al. (1996) and Sciunnach (2001).

Middle Triassic carbonate deposits are referred to the
Muschelkalk (Pittau Demelia & Flaviani, 1982; Cherchi & Schroeder,
1985; Pittau & Del Rio, 2002) and reach up to a maximum of 180 m
in thickness (Cugiareddu well - Pomesano Cherchi, 1968), and are
in turn overlain by the evaporitic deposits of Keuper (Bornemann,
1881; Lovisato, 1884).

Tectonics

Sardinia experienced a complex tectonic history (Carmignani
et al.,, 2001; Zattin et al., 2008), spanning from the Ordovician
(Cocco et al.,, 2018) to the Pleistocene-Holocene (Casini et
al., 2020). Following the Variscan orogeny (Carmignani et al.,
1994), transtensional-extensional tectonics, associated with late
Palaeozoic-Mesozoic rifting, resulted in the collapse of the Sardinia
segment of the Variscan chain (Ziegler & Stampfli, 2001). The
Permian-Triassic syn-rift continental succession documents an
early stage of intracontinental rifting (Cassinis et al., 1980).
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Subsequently, during the Jurassic (Bajocian?—Bathonian),
extensional tectonics mainly affected eastern Sardinia (Zattin et
al., 2008). In the Aptian-Albian time interval, the northwestern
part of Sardinia experienced extensional tectonics, leading to the
reactivation of inherited ENE-WSW late Variscan structures (in
present day coordinates) as normal faults (Oggiano et al., 2018).
During the Late Cretaceous, compressive-transpressive tectonics
generated NNE-SSW trending sinistral strike-slip faults (in present
day coordinates), associated with gentle folds and minor normal
faults (Oggiano et al., 2018).

Since the Palaeogene to the Middle Miocene, a series of
different tectonic events, commonly referred to as the Pyrenaic
phase (Cherchi & Trémolieres, 1984; Barca & Costamagna,
1997), occurred (Carmignani et al., 1992, 2001, 2004; Oggiano
et al., 2018). Oggiano et al. (2018) demonstrated that, unlike in
SW-Sardinia, the majority of folds of NW-Sardinia trend NE-SW
accommodating NW-SE shortening. Due to the absence of clear
stratigraphic markers, these deformation phases may be attributed
not only to the Pyrenaic phase, but also to an Oligocene-earliest
Miocene (i.e., Aquitanian) phase. The latter, possibly ascribable
to the Apennines orogeny (Carmignani et al., 1994; Oggiano et
al., 2009), is manifested by sinistral transcurrent faults with ENE-
WSW trends that generate a series of transtensive basins and minor
transpressive structures (Oggiano et al., 2018).

Subsequently, a new extensional event occurred in the
Burdigalian, generating NNW-SSE striking normal faults, which
may have led to the deepening of the Porto Torres basin towards
the E (Funedda et al., 2000; Oggiano et al., 2018). In addition,
this regime activated conjugate E-W and WNW-ESE trending and
N-dipping normal faults, such as the San Martino fault (Oggiano
et al., 2018). Consequently, the Sardinian-Corsican Block was
affected by a drifting phase toward SE, contributing to the opening
of the Balearic Basin. Afterwards the opening of the oceanic floor
changed the drift direction of the Sardinian-Corsican Block from
SE to E, maximising its counterclockwise rotation and the general
tilting of Nurra to NE (Fanucci et al., 2001; Oggiano et al., 2018).

According to Oggiano et al. (2018), two additional extensional
tectonic phases occurred during the Neogene: a Serravalian
event generating high-angle normal faults with E-W strikes, and a
Pliocene extensional phase, which produced and reactivated near-
vertical normal faults with N-S and NE-SW orientations.

Furthermore, the recent luminescence analysis conducted
by Casini et al. (2020) revealed an extensional event of Late
Pleistocene-Holocene age that reactivated the pre-existing faults
with strikes ranging from NW-SE and NNE-SSW. Specifically, in the
Cala Viola area reactivation of the Le Bombarde and Porto Ferro
faults, during MIS7 and MIS5, respectively, has been inferred.
Despite that, no evidence of tectonic activity in historical times
(the last 1000 years) is documented by the Catalogue of Italian
Earthquakes (Postpischl, 1985) and the Parametric Catalogue
of Italian Earthquakes (CPTI - Rovida et al., 2022), as well as no
seismogenic sources are reported in the Database of Individual
Seismogenic Sources (DISS, 2021) and ITaly HAzard from CApable
faults (ITHACA, 2019).

MATERIAL AND METHODS

To reconstruct the tectonics and stratigraphy of the study
area we employed a combination of classical field and digital
methodologies.

High-resolution geological mapping, using a lithostratigraphic
approach, was performed to re-evaluate and define the stratigraphic
and structural features of the Cala Viola-Cala del Vino area. We
enlarged the Carta Tecnica Regionale (CTR) of Sardinia region,
originally at the 1:10,000 scale (available online), to the 1:5,000
scale, which served as base map for the geological mapping.

To acquire mesostructural data on folds and faults, we
collected “punctual” field measurements at specific structural
stations. These measurements allowed us to perform a kinematic
analysis and (palaeo-)tectonic reconstruction of the area. The
software FaultKin v. 8.1.2 (Allmendiger et al., 2012; https://www.
rickallmendinger.net/faultkin) was used to process the collected
field data.

To digitalise the main geological map (see Supplementary
Material | - S1) and generate graphical representation, we used the
open-source software QGIS v. 3.20.3 Odense (https://agis.org/en/
site/) and InkScape v. 1.1 (https://inkscape.org/), respectively.

We performed a photogrammetric survey using two Unmanned
Aerial Vehicles (UAVs): DJI Phantom 4 RTK (P4RTK) and DJI Mavic
Air 2 (MA2) quadcopters. Using the software Agisoft Metashape
v. 1.6 (Agisoft LCC, available at https://www.agisoft.com/) and
following the methodology described by Menegoni et al. (2022a),
we generated Digital Outcrop Models (DOMs). The DOMs were,
then, analysed following Menegoni et al. (2022b) and Panara et
al. (2022), employing the open-source software CloudCompare
(retrievable at http://www.cloudcompare.org/), as well as Pluraview
28 UHD stereoscopic device. For further details on the UAV survey
and DOMs, please refer to Supplementary Material Il (S2).

FIELD DATA
Stratigraphy

In this section the main stratigraphic and sedimentological
features of the mapped units are described, mainly based on
previous works (Fontana et al., 2001; Cassinis et al., 2002, 2003;
Ghinassi et al., 2009; Ronchi et al., 2011; Costamagna, 2012). In
the light of a future stratigraphic formalisation (in progress) of the
two Triassic continental units (i.e., Porticciolo conglomerate and
Cala Viola sandstones), we propose here a novel subdivision into
different mappable lithofacies, describing their main features (see
Fig. 3). The need of such a new subdivision is explained hereafter
in sub-chapter 6.1. The mapped lithostratigraphic, informal (i.e.,
lithofacies) and unconformity-bounded units are:

- Cala del Vino formation (CDV): this formation is represented
by grey-green to light brown channelised sandstone bodies
decreasing upwards in thickness and lateral continuity, interbedded
with greyish and dark-red finer material (Fig. 4a).

The large, laterally persistent, sheet sand bodies can be
related to meander-belt deposits laid down by medium-scale
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Fig. 3 - Main lithofacies subdivision of Porticciolo conglomerate and Cala Viola sandstones. (a) Cala Viola south section. Scale bar to the right is 5 metres.
(b) Stratigraphic and tectonic contacts of Muschelkalk dolomicrites (MUK) with Keuper (KEU) evaporitic facies and with the Rot-like “marly and pelitic
lithofacies” of Cala Viola sandstones (CVI), respectively (Cala Viola south section). (c) Porticciolo conglomerate with its 2 lithofacies subdivision in the
southern Porticciolo gulf: CPO, gravel braided orthoquarzitic conglomerates; CPO,: pebbly to fine sandstones. This last lithofacies comprises two different
portions: mostly pebble sandstones with fine sandstones intercalations (below) and fine to coarse sandstones with fluvial-aeolian facies (above).

streams. They are composed of medium- to coarse-grained
sandstone and show frequent trough- and planar-cross bedding,
parallel lamination with ripple cross-lamination and lenticular
channel fills with a marked erosional base over the overbank
facies (Fig. 4a, b). Sheet-like sandstone with planar cross-
bedding and parallel laminations, characterised by poor lateral
continuity, is also intercalated with the channel-fill bodies and
can be interpreted as crevasse-splay deposits of various size
and scale. The overbank floodplain facies, dark red to purple in
colour, are represented by levee sandstone and siltstone up to
claystone (Fig. 4a, b). They appear as pervasively burrowed (see
Baucon et al., 2014) and are commonly structureless, except
for pedogenic features, like colour mottling and carbonate
concretions. Sandstone bodies can reach up to 2 metres in
thickness, whereas the red fine-grained deposits range from a
few cm up to 4-5 metres.

CDV is the oldest mapped unit and its base is not exposed,
whereas the mapped thickness of the formation was evaluated to
be at least 200 metres. The unit passes upward to the Porticciolo
conglomerate through a paraconformity or a low-angle angular
unconformity (Fig. 4a), representing a major break (sensu Miall,
2016) encompassing the Guadalupian p.p. to Early Triassic p.p.
time span. Pre-Triassic tectonics (see below) deformed the CDV
deposits, locally causing their tilting and uplift. The subsequent
Triassic peneplanation phase led to the exhumation of older CDV
facies in uplifted sectors. As a result, the deposits underlying
the unconformity between CDV and the younger Porticciolo
conglomerate show different ages moving laterally. In the study
sector of the coast, a stratigraphically lower part (i.e., uplifted) of
CDV is covered by the Triassic Porticciolo conglomerate. To the
NNE of the northern Porticciolo gulf up to Porto Ferro, the coastal
area offers a long section through the CDV with good exposure,
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Fig. 4 - Field view of the Cala del Vino fm. and Porticciolo conglomerate, and relative lithofacies. (a) Panoramic view of southern Porticciolo gulf showing
the unconformable contact between the Permian Cala del Vino (CDV) and the Triassic Porticciolo conglomerate (CPO) formations. Note the alternation
of sandy fluvial bars and pelitic overbank facies in CDV deposits. (b) A fluvial point bar in the CDV (pb) overlying overbank reddish pelites (o). (c) Tightly-
packed breccia/conglomerate beds with an erosive base intercalated to sand wedges (sw) in the CPO, lithofacies. (d) Palaeo-reg with in-situ strings of
ventifacts (arrow), inside medium size reddish sandstones in lithofacies CPO,. (e) Clast-supported pebbly conglomerates (inclined pen for scale, showing
imbrication) in CPO, lithofacies. (f) Aeolian dunes in CPO, lithofacies with dune-interdune laminations (arrows show grain flow episodes). (g) Large scale
fluvial tro oss stratification in upper part of lithofacies CPO,.
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practically continuous for more than 300 m; its monoclinal structure
(dipping to the north) allows to show a marked coarsening—upward
trend, which is the same progradational trend shown by the
corresponding Saint-Mandrier fm. in the Toulon area (Durand,
1993, 2006, 2008). No age indications are to-date provided by this
last unit, whereas the CDV is assigned to latest Cisuralian — early
Guadalupian on the basis of its palaeontological record.

- Porticciolo conglomerate (CPO): this formation consists of
8-12 m-thick well sorted milky quartz-conglomerate, vertically
evolving to cross-bedded coarse- to very coarse whitish, red and
purple sandstone (Cassinis et al., 2002, 2003). Costamagna (2012)
firstly proposed a detailed sedimentologic description and a facies
subdivision of this unit. In our view, the sedimentary products of this
formation can be clearly subdivided in two characteristic lithofacies
in the field (Fig. 3c), mainly reflecting changes in depositional
mechanisms, namely an orthoquartzitic conglomerate lithofacies
(CPO,) and a pebbly to fine sandstone lithofacies (CPO,). The
latter shows a lower and an upper portion (Fig. 4c-e):

- orthoquartzitic conglomerate (CPO,): a mostly chaotic, quartz
conglomerate displaying a crudely plane-parallel stratification
and a moderate to well-developed coarsening upward trend
(Fig. 4c, ), mainly referable to a wadi braided system. Pebbles,
in some cases imbricated (Fig. 4c), are mostly sub-rounded
and are normally pluricentimetric, reaching diameters >10
cm. The conglomerate is usually massive and clast-supported,
but matrix-supported facies do also occur and the vein-
quartz elements are dispersed in a reddish sandy or silty
matrix (Fig. 4c). They are related to longitudinal bars, which
generated coarsening upward units as result of downcurrent
migration of the coarse bar head on the finer bar tail (Ghinassi
et al.,, 2009). Cross-stratified clast-supported pebbly to
cobbly conglomerate, possibly related to the development of
transverse to diagonal bars or to the infill of erosive scours, is
present, though rare (Ghinassi et al., 2009). Several channel-
like bodies can be observed, most of which are filled with
cross-stratified sandy-conglomerate, or locally with sandstone
and mudstone lenses or wedges. A massive, locally mottled,
muddy interval bearing strings of in situ ventifacts (palaeo-regs;
Fig. 4d) and poorly developed palaeosol is located at the top
of the informal unit and separates the CPO, from CPO, in the
southern Porticciolo cliffs (Fig. 4a). The pebbles show a typical
fabric resulting from fluvial transport over a long distance,
interrupted by long periods of aeolian wear (i.e., ventifacts, see
Bourquin et al., 2007; Durand & Bourquin, 2013). They testify
to a clearly arid or hyper-arid climate, which was brought to
the fore at many other places in Europe and probably started
around the latest Early Triassic (Smithian-Spathian: Durand,
1988; Durand et al., 1989; Bourquin et al., 2007). This
conglomeratic lithofacies abruptly overlies the CDV siltstones
and claystones and can be followed from the southern cliffs of
Cala del Vino to Cala Viola, via its type locality (i.e., Porticciolo
area). The unconformity between CDV and CPO, coincides with
a disconformity or low-angle angular unconformity marking a
significant stratigraphic gap of about 15 Myr. The thickness of
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this lithofacies ranges from a few decimetres in the southern
Cala Viola sector to 3 metres.

- pebblytofinesandstonelithofacies (CPO,): the lower partofthis
unitis characterised by pebbly to fine sandstone. These gravelly
sandstone fluvial braided, mostly tabular deposits overlie the
previous massive conglomeratic lithofacies. Geometries of
the channels are not visible but, nonetheless, well developed
cross-stratifications, locally indicating a transport oblique
to the main dip of beds, could suggest the establishment of
relatively sinuous channels. Locally, a decimetric interval of
dark red siltstone-claystone separates this quartz-cemented
coarse-grained sandstone and pebbly to conglomeratic
sandstone from the underlying orthoconglomeratic lithofacies.
The pebbly to fine sandstone is well-stratified, cross-bedded
to plane-bedded, and small laminated aeolian dunes are
intercalated. This facies association is about 6 metres thick.
The upper part of the facies is characterised by purple fine very
well-sorted quartz-sandstone related to small aeolian dunes/
interdunes, showing a clear distinction between grain flow and
grain fall laminae (Fig. 4f), and, at the top, pebbly to coarse
sandy deposits reworked in fluvial or wadi settings (Fig. 4g).
This facies association is markedly sandy and contains very
well-preserved sedimentary structures (e.g., tabular cross
and trough cross-stratification in the finer, aeolian facies
and trough-cross stratification in the coarser, fluvial facies).
Unfortunately, the limited exposure prevents from defining
channel geometries and bar dynamics. The thickness of this
upper part of CPO, is about 4 metres.

The Porticciolo conglomerate is considered Olenekian p.p.
in age (e.g., Durand et al., 2006, 2008; Borruel-Abadia et al.,
2019) and passes to the overlying Cala Viola sandstones through
a paraconformity. The boundary is also marked by an abrupt
lithological change, coincident with a variation in the fluvial
sedimentation style very likely related to a change in climatic
conditions.

- Cala Viola sandstones (CVI): consists of medium-to-fine
reddish sandstone, siltstone and mudstone deposited in terminal
fans setting by relatively sinuous channels, developed under semi-
arid conditions (Cassinis et al., 2003; Durand, 2006, 2008). Due
to its lithological features, well exposed in the type locality of Cala
Viola and along the cliff north of Torre del Porticciolo, this formation
has been subdivided in three mappable lithofacies:

- pelitic and sandy lithofacies (CVI), consisting of dark
orange-red siltstone and sandstone packages, up to 1 metre
thick, separated by 0.3-1 metre thick discontinuous muddy
intervals containing abundant, both in situ or reworked
pedogenic concretions (Fontana et al., 2001; Cassinis et
al., 2002; Ghinassi et al., 2009). The geometry of sandstone
bodies is not clearly visible at the outcrop scale, but they
show an erosive base, commonly floored by pluricentimetric
thick intraformational fine breccias made up of reworked
pedogenic materials (e.g., carbonate concretions) and mud
clasts. These coarse-grained layers are in turn capped by a
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fining-upward succession grading from coarse sandstone to
sandy mudstone. The complete intervals can be interpreted
as inundate sequences (Fig. 5e; Durand, 2008). This facies
is typical of floodplain-to-playa deposits. Each depositional
unit, less than 1 metre thick, is sheet-like in the lower part
and tends to take a biconvex lens shape in the upper part.
The rest of the section is rich in red-coloured floodplain-
to-playa deposits characterised mainly by kappa cross-

stratification in fine to very fine sandstone (Fig. 5b; Durand,
2008); there, sandstone bodies become plano-convex
and can be interpreted as terminal-fan lobes deposited by
ephemeral streams (Durand, 2008). This lithofacies overlies
with sharp facies change the CPO,. The contact between the
two formations is represented by a 2-3 order unconformity
(likely the Hardegsen unconformity; Bourquin et al., 2007).
This lithofacies is up to 5 metres thick.

Fig. 5 - Field view of the Cala Viola sandstones lithofacies. (a) Panoramic view of the Torre del Porticciolo cliff where the stratigraphic passage between CVI,
and CVI, is spectacularly exposed. (b) Climbing ripples in CVI_ (kappa-cross of Allen, 1963). (c) Cross-stratified medium sandstones in the upper part of
CVI,. (d) Alternation of yellow-brownish cross-stratified sandstone bars and grey-greenish mudstones (CVI ). Scale bar: approx. 1 metre. (e) Repeated flood
sequences in CVI, (md: mud drapes; ib: intraformational breccias; cr: climbing ripples). (f) Grey-greenish platy mudstones with cubic halite cast in CVI..
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- arenaceous lithofacies (CVI), represented by tabular beds
with good lateral continuity and morphological relief of medium
to coarse-grained reddish sandstone (Fig. 5a), characterised
by well-developed ripple cross-laminations, clay chips and
subordinate plane parallel and trough cross-stratifications. The
uppermost part of this lithofacies is characterised by red, orange
and purple, cm- to dm-thick, fine to medium sandstone and
siltstone, interspaced with mudstone. Cross bedded sets of this
lithofacies (Fig. 5¢) were also interpreted by Costamagna (2012)
as sequences of tidal rhythmites cut by migrating sand bars
and tidal channels of various sizes showing lateral accretion.
Thick planar lamination in coarse sandstones also occurs.
The main dip of beds (~NW) is almost transverse to the main
palaeotransport direction (~SW in present day coordinates), as
highlighted by the trough cross-stratification in the lower part of
the channel. In this case, the occurrence of laterally accreting
bars (point bar?) could be proposed (Ghinassi et al., 2009). This
lithofacies is about 14 metres thick.

- pelitic and marly lithofacies (cfr. “R6t” facies) (CVI),
characterised by Rét-like yellow-greenish sandstone (bearing
halite-crystal casts; Fig. 5f), marl and polychrome claystone
occurring at the top of the unit. Distinctive is the progressive
change in colour from green to yellowish in the upper part of the
facies where large scale planar cross stratification alternates
with grey-greenish finely laminated mudstones (Fig. 5d). This
unit crops out only at the top of southern Cala Viola and in the
very deformed zone of northern Cala Viola (see Fig. 2 and the
Main Map in S1). Estimated thickness is >10 metres.

The thickness of the Cala Viola sandstones has been estimated
in geological cross sections of more than 30-40 metres; this
conservative value is related to the lack of exposure of the upper
stratigraphic boundary in the study area (mainly due to tectonics).
The age of the unit is Anisian p.p.

- Muschelkalk (MUK): in the Cala Viola section, few metres
of yellowish dolomicrite and dolomitic limestone with carniolar
porosity probably due to dissolution of evaporites, are ascribed to
the uppermost part of the Muschelkalk, which passes gradually
to the Keuper facies. The Muschelkalk carbonates, which mark
the Middle Triassic marine ingression, crop out for about some
tens of metres in the classic Monte Santa Giusta or Punta del
Lavatoio sections (Alghero). In the Cala Viola section, almost all
the Muschelkalk, as well as most of the Rét-like facies on top of
Cala Viola sandstones (CVI ) were tectonically displaced and are
thus missing. The age of the unit is Ladinian p.p., as constrained
by its high palaeontological content (ammonoids, conodonts,
palynomorphs, bivalves and algae), whereas the passage to the
overlying unit is transitional and marked by the occurrence and
increase of supratidal marine and muddy sabkhas deposits.

- Keuper (KEU): this formation is characterised by red, green
and yellowish marl and claystone bearing gypsum intercalations.
These plastic, evaporitic and dolomitic deposits are tectonically
disturbed and crop out in the southernmost sector of the Cala
Viola coast (Ghiscera Mala locality). The fossiliferous content of the
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Keuper is very poor except for microfloristic associations ascribed
to the late Ladinian-Carnian (Pittau Demelia & Del Rio, 1980),
and it is difficult to provide a detailed description of the whole
stratigraphic unit. In its lower part, it is possible to observe strongly
folded gypsiferous shales with euhedral quartz and carniolar
dolomite. In its upper part, grey and brecciated dolostone with thin
intercalations of reddish to greenish claystone and thinly bedded
dolomitic layers showing microbialitic laminations, occur.

The age is Ladinian p.p.-Carnian by literature and the
stratigraphic passage to the overlying Mt. Zirra fm. is abrupt and
marked by the occurrence of light-coloured, massive limestone.

- Mt. Zirra formation (ZRR): this formation represents the
youngest mapped Mesozoic unit in the area. It is characterised
by yellowish to whitish ooidal, peloidal and oncoidal limestone
bearing quartz and arenaceous lithic clasts, alternated with yellow
dolostone, marl and sandstone (Fig. 6a-b). The main textures
are grainstones and packstones, bearing bioclasts (bivalves,
gastropods, corals, benthic foraminifers, echinoids, green algae).
Beds range from decimetric to metric in thickness and are tabular
to lensoidal in geometry (Fig. 6b). Sedimentary structures like
tractive plane-parallel and through-cross laminations locally occur.
The mapped thickness of the unit is about 30 metres, but the whole
thickness is more than 150 metres by literature. In the absence of
a detailed biostratigraphic study for this unit (out of the scope of
this work), the age of the deposits is assigned to the Early Jurassic
(?Hettangian-Sinemurian) by the literature (Oggiano et al., 2018).

The development of a shallow water carbonate platform
environment in the Early Jurassic persisted at least up to the
Late Cretaceous, as marked by peritidal conditions of carbonates
characterising the Capo Caccia promontory (e.g., Oggiano et al.,
2018).

- Portovesme synthem (PVM): this unit is represented by the
Middle-Upper Pleistocene deposits covering unconformably the
Palaeozoic-Mesozoic p.p. bedrock. According to Oggiano et al.
(2018) and to the sheet 459 “Sassari”’ of the Geological Map of
Italy at 1:50,000 scale (CARG Project — Servizio Geologico d’ltalia,
2018), contiguous to the study area, this synthem was subdivided
in two subsynthems based on the genesis of the involved deposits.
The Authors relate to the MIS6 glacial phase the unconformity
bounding in the lower part of this UBSU, whereas the upper
unconformity coincides with the actual topographic surface. By
contrast, Andreucci et al. (2006, 2010) and Casini et al. (2020)
refer pro parte the deposits of the Portovesme synthem to the
Middle Pleistocene (MIS7). Consequently, the erosive phase that
produced the basal unconformity bounding this synthem should be
older than MIS6.

- Calamosca subsynthem (PVM,): to this unit are assigned
several shallow-marine lithofacies (calcarenitic, calciruditic and
bioclastic deposits), accumulated in shoreface and beachface
settings of small pocket beaches (Andreucci et al., 2006, 2010;
Casini et al., 2020). Centimetric and decimetric, subrounded to
subangular, clasts of the local Palaeozoic-Mesozoic bedrock are
associated with bioclasts (mainly gastropods, bivalves and red
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Rock-fall deposits

Fig. 6 - (a) Panoramic view of the southern part of the study area, facing the Capo Caccia promontory. Here, the stratigraphic boundary between KEU and
ZRR is exposed. (b) Detail of Fig. 6a, where the coarse-grained carbonates of ZRR overly sandy-silty deposits of KEU. Hammer as a scale. (c) Field view of
the unconformity between the Pleistocene mixed carbonate-siliciclastic sandy deposits of PVM, and faulted sandstones and siltstones of CDV at northern
Porticciolo gulf. Hammer as a scale. (d) Metric blocks accumulated as rockfall deposits at the toe of the Torre del Porticciolo cliff.

algae)andare cemented by carbonate cement, forming polygenic
and heterometric conglomerates and breccias. Associated
are also calcarenite-calcirudite formed by terrigenous coarse-
grained sand (Fig. 6¢), locally by pockets of pebbles, coupled
with fragments and whole shells of bivalves and gastropods.
The deposits are well-cemented and are clinobedded towards
the sea. These Quaternary deposits coincide with the historical
“panchina Tirreniana” Auct. and have been found from the
actual beach shore to the topographic height of 15 m and are
up to 10 metres thick.

- Portoscuso subsynthem (PVM,): this UBSU encompasses
from a few decimetres up to a few metres of well-sorted sand
and sandstone, yellowish in colour, resting unconformably on
the Permian-Triassic bedrock and, locally, on the Pleistocene
PVM,. These continental deposits display through-cross
bedding and are referable to large-scale aeolian dunes.

- Rockfall deposits (a,): monogenic and polygenic diamicton
related to the gravitational collapse and backstepping of the steep
cliffs characterising the study area (Fig. 6d). These Holocene
deposits can reach thicknesses of a few metres and mainly occur
at the toes of the cliffs that are eroded by the wave action and/or by
violent sea storms.

- Eluvial-colluvial deposits (b,): represented by sandy and
silty sediments related to the in situ alteration of the Holocene soil,
bearing coarser clasts sourced from the exposed bedrock. In the
study sector, eluvial-colluvial deposits are mainly related to the
alteration of the Permian and Triassic siltstones and claystones,
and of the Pleistocene aeolian deposits of PVM,. These reddish
deposits, up to a couple of metres in thickness, are ubiquitous.

- Beach deposits (g,): sandy to pebbly sediments bearing
bioclasts (fragments or whole specimens of molluscs and
echinoids).

Palaeontology

Vertebrate palacontology

A renewed interest in the palaeontological content of the
Permian and Triassic deposits appeared starting in 2008, when
a student of the University of Pavia discovered eight vertebrae of
a large tetrapod still in articulation and partially embedded in the
red Permian sediments cropping out in the Torre del Porticciolo
promontory (CDV). The finding immediately proved to be of great
importance, especially considering the total absence at the time
of osteological remains from the Nurra sedimentary succession.
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In fact, fossil remains from the area appear to be historically rare,
despite intensive studies in the last decades, and were represented
only by micro and macro-floral fossils found in the basal portion of
the Punta Lu Caparoni Fm. (see Pecorini, 1962; Gasperi & Gelmini,
1980; Ronchi et al., 1998) indicating a middle “Autunian” age,
and in the upper portion of CVI, suggesting an Early Triassic age
(Pecorini, 1962).

Since 2008, a team of the Department of Earth Sciences of
Sapienza, University of Rome, in collaboration with the University of
Pavia, has conducted over 16 field campaigns in the area, leading to
the discovery, in situ taphonomic study, collection and preparation
of over eighty osteological elements (both whole and fragmentary),
referable to a significant new member of the Family Caseidae. After
an initial report (Ronchi et al., 2008), a detailed description of
the geology of the area and of the taphonomy of the fossil site at
Torre del Porticciolo Promontory (TdP1) was presented by Ronchi
et al. (2011). That paper also provides a first brief description and
representation of some recovered osteological elements, mostly
ribs, vertebrae and some autopodial elements. The latter, especially
the phalangeal elements, indicate a great affinity of the specimen
with the huge North American caseids, leading to a first dubious
attribution of the new specimen as ?Cotylorhynchus sp. Stovall,
1937 and suggesting a late Kungurian—Roadian age for the upper
part of the CDV (Ronchi et al., 2011).

All material collected until 2014 was analysed in detail for
the first time by Romano & Nicosia (2014) who, based on the
autapomorphic characters recognised with respect to large
North American caseids, formalised the new taxon of the Family
Caseidae Alierasaurus ronchii (Romano & Nicosia, 2014). A.
ronchi is characterised by vertebrae and ribs totally consistent
to those of the large North American caseids, whereas the more
autapomorphic elements are represented by the pedal phalanxes
(Romano & Nicosia, 2014). The new caseid was characterised by
a very wide ‘barrel-shaped’ rib cage, which is typical of high-fibres
herbivorous diet, hosting long intestinal tracts for celluloses and
hemicelluloses digestion (Hotton et al., 1997; Sues & Reisz, 1998;
Reisz & Sues, 2000; Lombardo, 2008; Romano & Nicosia, 2014,
2015; Romano, 2017a). The total length of the body reconstructed
by Romano & Nicosia (2014) must have exceeded six metres,
a value comparable if not greater than the giant North American
caseid Cotylorhynchus hancocki.

Further postcranial material of A. ronchi collected after 2014 from
the TdP1 site has been figured and described in detail by Romano et
al.(2017). The authors also explored for the first time the phylogenetic
position of the new taxon within Caseidae, using as a basis a recently
published cladistic analysis of the Family (Romano & Nicosia, 2015;
Brocklehurst et al., 2016). The achievement of enormous body size
in Alierasaurus was probably made possible by the presence, already
in the less derived and smaller taxa, of “overbuilt” long bones (sensu
Romano, 2017b; Romano & Rubidge, 2019), linked to the digging
behaviour of these Permian herbivores (Romano, 2017b).

A second fossiliferous site (Torre del Porticciolo 2, TdP2) was
found during fieldwork in 2015 about one hundred metres away from
the original caseid productive site and can be essentially referred to
the same stratigraphic level (Romano et al., 2019). During several
post 2016 campaigns, several hundreds of both complete and

fragmentary bones have been recovered, found still embedded in
the red sediments of the Cala del Vino formation and in the debris
formed by the recent erosion of the productive deposits. Romano
et al. (2019) conducted a detailed taphonomic analysis showing
that all the osteological elements can be likely referred to a single
individual and proposed a complex and multiphasic taphonomic
history for the remains (at least four main phases from the death of
the individual to its present finding).

Based on the peculiar structure of the left maxilla, Romano
et al. (2019) proposed a possible preliminary attribution to the
carnivorous group of Sphenacodontidae. A detailed study of the
new specimen could provide important information, considering
that sphenacodontids are essentially known from the Permian beds
of the south-western United States, and the new specimen from
Italy could shed crucial light on the dispersal and occurrence of the
predaceous Permian Family in the European continent.

Vertebrate ichnology

Permian tetrapod tracks from CDV were recovered from a
stratigraphic horizon very close to TdP1 and TdP2 (Citton et al.,
2019). Footprints, ranging in total length from 4 cm to 10 cm,
were assigned to Merifontichnus isp., strongly resembling tracks
named Merifontichnus thalerius by Gand et al. (2000) from the
upper Guadalupian La Lieude Formation (see Michel et al., 2015
for temporal constraints). These footprints most likely anticipate
the occurrence of Merifontichnus to the Roadian, after rejection
of previous reports from different ages (Citton et al., 2019), and
suggest producers of up to one metre in total body length as
member of the terrestrial palaeofauna, to be added to the giant
Alierasaurus ronchiiRomano & Nicosia, 2014 and the indeterminate
sphenacodontid from TdP1 and TdP2.

Tetrapod footprints of Triassic age were also recovered from
the middle-upper portion of CVI. All the footprints are minute,
being less than 3 centimetres in total length, and show two distinct
morphologies that supported assignment to the ichnogenera
Rhynchosauroides Maidwell, 1911 and Rotodactylus Peabody,
1948, most likely produced by prolacertiforms and dinosauromorph,
respectively (Citton et al., 2020).

Invertebrate ichnology

The Permian and Triassic continental succession of Nurra
sheds light on decapod crustaceans, because it preserves
the oldest (Roadian) fluvial Ophiomorpha? and Camborygma,
ascribed to ghost shrimps (Decapoda: Axiidea, Gebiidea) and
crayfishes (Decapoda: Astacidea, Parastacidea), respectively
(Baucon et al., 2014). These crustacean trace fossils are part of
a well-preserved ichnofauna including Arenicolites, Diplocraterion,
Helminthoidichnites,  Palaeophycus,  Planolites, rhizoliths,
Skolithos, Spongeliomorpha, Taenidium, Treptichnus, alongside an
undetermined tetrapod footprint, helical burrows and Sinusichnus-
like traces (Baucon et al., 2014). Most of these invertebrate trace
fossils are found in the Permian CDV with a dramatic reduction in
the Triassic Porticciolo conglomerate and a renewed occurrence in
the CVI (Baucon et al., 2014).
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Fig. 7 - Tetrapod body- and ichnofossil record from NW Sardinia. a) Articulated caudal vertebrae in right lateral view of Alierasaurus ronchii; b);
c); d) NS 166/8. Right maxilla in lateral view from TdP2 site; e, f) Footprints referred to Merifontichnus isp. from Cala del Vino fm. (TdP3 site).
g, h) Footprint referred to Rhynchosauroides isp. (g) and Rotodactylus isp. (h) from Cala Viola sandstones. Roman numerals identify digit IV

impression. Scale bars 5 cm (e, f) and 1 cm (g, h).
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Macro-microfloras

In the CDV rhizoliths and stems of trunks occurred in the
sandstone bars, but no macro-or microflora remains were found
to-date. Up to now the only macrofloristic data recorded on the
upper part of the Permian and Triassic siliciclastic sequence of
Nurra (now related to the CVI) are those found by Pecorini (1962),
who reported the presence, in arenaceous-clayey layers at Cala
Viola, of equisetales referable to Equisetum mougeotii Brongt. and
as well as some estherias. Thus, this author refers the uppermost
deposits of the “Permotriassic” sequence to an Early Triassic
age. Vegetation induced sedimentary structures (centroclinal
cross-strata and creeping-stem moulds from Equisetites) are the
expression of discontinuous plant cover. In the gypsiferous shales
of KEU at Ghiscera Mala (south of Cala Viola) an upper Ladinian-
Carnian palynological association was reported by Pittau Demelia
& Del Rio (1980).

Structural geology

Outcrop description

Below, we present a description of the most distinctive
outcrops, proceeding from the northern to the southern region
(Fig. 8, see also Fig. 2 for the reported localities).

- Cala del Vino-northern Porticciolo gulf area
The northern sector of the mapped area exhibits extensive

exposures of CDV and the unconformity with the overlying Porticciolo
conglomerate. The CDV sandstone and siltstone is displaced by
mesoscopic faults displaying dip-slip normal displacement. These
structures have an approximate E-W strike and dip towards N and S
at angles between 8-25° (Fig. 9a-b).

Such faults are involved in the hanging wall anticline of a
high-angle, right-lateral transpressive fault striking ENE-WSW
and dipping towards NNE. These normal faults are exposed in the
northern limb (backlimb) of the fold, which dips towards NNW
at approximately 35°. Assuming that the bedding attitude of the
deposits involved by the normal faulting had been horizontal and,
in turn, deformed by the compressive deformation, the restoration
of the original attitudes reveals the previous southward dip of these
normal faults. This fault is not only folded but also cut by the younger
transpressive deformation structures (Fig. 9a; see also geological
cross section I-I' in Fig. 2 and S1). Associated to this right-lateral
compressive lineament is a set of synforms and antiforms in the

Northern
Porticciolo gulf

footwall block, striking approximately ESE-WNW (Fig. 2). A main
NNE-striking and WNW-dipping left-lateral transtensional fault,
associated with antithetic, right-lateral NNW-trending R’ Riedel
structures, displaces the folds affecting the Permian rocks.

In the northern Porticciolo gulf, the SSE-dipping siltstone and
sandstone of CDV (dip angle ~ 20°) is overlain by the sub-horizontal
Triassic conglomerate of CPO, (Fig. 9¢). The Permian beds are
truncated by an erosional surface at the base of CPO, and display
toplap terminations of 20°; the angular unconformity appears to be
exposed with an apparent dipping in this locality. This stratigraphic
relationship provides information about the occurrence of a
deformation phase between the deposition of CDV and CPO,,
resulting in the tilting of Permian beds with respect to the Triassic
ones.

The entire area is affected by several sinistral transtensional
faults, which can be grouped into two different sets: the first one
with an orientation of 293N/75°, the second one with an orientation
of 255N/62°. The main fault displaces the succession by about
25 metres (vertical stratigraphic displacement), juxtaposing the
CVI facies directly on CDV; associated with these faults are also
oblique-slip duplexes, one of which is exposed along the northern
termination of the Torre del Porticciolo cliff and preserves a block
of Triassic conglomerates (CPO,) interposed between CDV and CVI
(at the footwall and the hanging wall, respectively — enlargement
in Fig. 9c).

The faults appear to be sealed by the Pleistocene marine and
continental deposits of the Portovesme synthem.

- Torre del Porticciolo cliff

The approximately 200 metre long cliff north of the Torre del
Porticciolo promontory provides a spectacular exposure of the
local uppermost part of CDV, the unconformity with the Porticciolo
conglomerate, and most of the CVI (Fig. 10), along with several
tectonic features. The sedimentary succession generally dips
towards SE at about 10-15°, but the dip angle increases to 30°
in the hanging wall of the most prominent structure in this area.
Here, a high-angle left-lateral transtensional fault, trending NNE-
SSW and dipping towards WNW at 55°, represents the southern
extension of the sinistral fault detected in the northern Porticciolo
gulf (Fig. 10a; refer to geological cross sections G-G’ and H-H’ in
Fig. 2 and S1). The slip surface is exposed on the crest of the cliff
in the form of a fault scarp, primarily resulting from the rheological
contrast between the rocks in the hanging wall (CVI) and those in
the footwall (CPO,), but no clear slickensides were identified. The

Northern Cala Viola

Southern Porticciolo gulf

e

Southern
Cala Viola

Torre del Porﬁcéiolo
promontory

Fig. 8 - DOM of the study area from the north in which the selected outcrops are highlighted.
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Fig. 9 - (a)(b) Photographs details of the mesoscopic faults displaying dip-slip kinematics and normal displacement visible at Cala del Vino-northern
Porticciolo gulf area. Note the stereoplot where the restoration of the faults with respect to the compressive deformation is reported, showing an original
dipping towards the south of these faults. (c) Perspective view of the Digital Outcrop Model where the low-angle angular unconformity and the sinistral
transtensive faults are shown. In (c) a detail of a detected transtensional duplex is shown.

same tectonic contact is less clear where it juxtaposes the very-
fine deposits of the CVI against the claystone/siltstone of the CDV
(Fig. 10b).

Furthermore, the hanging wall of the sinistral fault is affected
by a couple of antithetic faults striking approximately WNW-ESE,
generating a small graben. The kinematics of these two faults,
however, remain unclear due to the absence of slickensides; they
could be interpreted as antithetic R’ Riedel shears, confined to the
hanging wall block of the main left-lateral transtension.

In this sector, an ESE-dipping fault (25N/60°) is present,
downthrowing the CVI_and CVI, deposits on the conglomerate
of CPO, (Fig. 10c; see also geological cross section F-F’ in Fig. 2
and S1). This fault is sealed by the Pleistocene deposits of the
Portovesme synthem and is itself cut across by NW-striking normal
faults, dipping towards NE at about 55° (see geological cross
section F-F" in Fig. 2 and S1).

- Torre del Porticciolo promontory

The promontory of Torre del Porticciolo exposes the
Permian sandstone and siltstone of CDV containing vertebrate
fossils, overlain by the coarse-grained facies of Porticciolo
conglomerate. The entire succession dips towards the NW, with
dip angles ranging from 10° to 40° as one moves westwards
(Fig. 11a).

This sector of the study area is also characterised by peculiar
and spectacular faults. A set of synthetic and antithetic, both
left- and right-lateral, NE-striking transtensive faults produces
negative flower structures (Fig. 11a-b, e). Mesoscopic strike-slip
duplexes are associated with these oblique slip faults. Locally,
rotational movements of the fault blocks produce older-on-
younger reverse relationships. This transtensional fault system
represents the southernmost continuation of the northern
Porticciolo gulf-Cala del Vino left-lateral transtensional system.
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Fig. 10 - (a) Interpreted aerial photographs showing the main tectono-stratigraphic features of the northern part of Torre del Porticciolo cliff. (b) Details of
the slip surface of the main high-angle left-lateral transtensive fault that show how the fault surface is less clear where it juxtaposes the very-fine deposits
of CVI on the claystones/siltstones of CDV. (c) Interpreted perspective view of the Digital Outcrop Model representing the southern part of the Torre del
Porticciolo cliff, where the ESE-dipping fault (25N/60°) downthrowing the CVI_and CVI, deposits on the conglomerates of CPO, also occurs. This sector

is dissected by NW-striking normal faults.

The obliquessliplineamentisdissected by low-angle compressive,
NNE-striking and WNW-dipping faults, although they exhibit limited
displacement (up to 1,5 m — Fig. 11a-d). Dip angles range from 22°
to 38° and slickenlines on calcite slickensides indicate a dip-slip
kinematics (pitch angle of about 80-100°), indicating a top-to-ESE
sense of shear. Sigmoidal lenses with dip azimuth towards NW of 45°
confirm a top-to-ESE reverse sense of shear. Reverse faults cut the
inherited transtensional, mineralised, discrete fault planes, leading
to their drag folding consistently with the kinematics of the thrusts
(Fig. 11a-c). Associated with this compressive deformation is the
development of the NNE-SSW oriented folds exposed between the
Torre del Porticciolo promontory and the cliff. Specifically, an open
anticline (see the geological cross section F-F’ in Fig. 2 and S1) and
a tight syncline with a fold plane dipping towards ESE of ~ 45° occur.
To date, this syncline is displaced by NE-dipping normal faults, and
it is at the footwall of the ESE-dipping fault exposed in the Torre del
Porticciolo cliff, which downthrows CVI_ on CPO..

- Southern Porticciolo gulf
An interesting tectonic feature is exposed in the southern

Porticciolo gulf. Discrete and mineralised fault planes cut through
the fluvial sandstones and alluvial plain mudstones of CDV
(Fig. 11f-g; refer to also geological cross sections D-D’ and E-E’
in Fig. 2 and S1). This fault system is characterised by high-angle
faults with NNE-striking and WNW-dipping direction (dip angles
ranging from 45 to 75°). The slickensided faults exhibit kinematic
indicators with pitches of 105-125°, indicating a reverse and left-
lateral kinematics (Fig. 11g). Sigmoidal lenses and S-C tectonites
are also associated with these faults. Locally, drag folds with axial
planes dipping towards NW of 45° appear in thin alternations of
siltstone and sandstone (Fig. 11f).

Ductile deformation was also identified at the footwall of the
left reverse fault, where an asymmetric syncline with an orientation
sub-parallel to that of the compressive fault and vergence towards
SSE occurs. This fold can be genetically associated with the same
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Fig. 11 - (a) Interpreted horizontal-view towards N of the Digital Outcrop Model representing the Torre del Porticciolo promontory. Note the
conjugated transtensional faults (red arrows with black contours) displaced and folded by the compressive, SE-verging thrust fault (red arrows
with white contours). (b) Field view of the northern slopes of Torre del Porticciolo, where the WNW-dipping thrust showing top-to-ESE sense of
shear dissects high-angle, conjugated transtensional faults. (c) Detail of the thrust zone in panel b dissecting and folding previous right-lateral
transtensive shear planes. (d) Detail of the thrust zone in panel b showing the 1.5 m-displacement. (e) Negative flower structure associated to the
left-lateral transtensive fault system of Torre del Porticciolo. (f) Picture of the compressive shear zone at southern Porticciolo gulf, where a left-
lateral transpressive fault system occurs. Note the mesoscopic and localised hanging wall anticline affecting the alternation of clayey and sandy
facies of CDV. (g) Detail of a slickensided fault plane showing kinematic indicators. The yellow arrow in panels indicates the hammer as a scale.
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shortening phase that led to the development of the high-angle
transpressive fault.

- Northern Cala Viola

Along the cliff of northern Cala Viola, a 200 m-wide deformative
zone affecting the succession from CDV to CVI_is exposed (Fig. 12).
The most prominent deformations are related to compressive
faults (and associated folds), forming an imbricate thrust system
(Fig. 12a).

The discrete fault planes trend NNE to ENE and dip towards
SE with angles ranging between 20° and 45° (Fig. 12b). Dip-
slip kinematic indicators suggest a top-to-NW sense of reverse
shear. This sense of shear is supported by the presence of S-C/C’
tectonites, sigmoidal lenses and drag folds with axial planes
dipping towards 150N/46°. Locally, slickensides of minor splays

a

Thrust fault
Normal fault .

show slickenlines with pitches of 135°, indicating localised right-
lateral movements. These thrust faults displace the succession of
at least 15-20 m (see geological cross section B-B’ in Fig. 2 and
S1), and most of the deformation is accommodated by decametric
anticlines and synclines. These asymmetric folds exhibit recumbent
to overturned forelimbs, and their axial planes (consistent with the
attitude of drag folds) indicate a NW-wards vergence, confirming
the SE-NW orientation of shortening (Fig. 12a, e). Associated with
deformations bearing northern vergence are thrust planes and folds
showing a top-to-SE sense of shear (see Fig. 13c). Such shortening
structures suggest back-thrusting and occur in the northernmost
part of the study sector, at the hanging wall of a main normal fault
(described below).

Folds and thrusts are cut across and downthrown by a complex
setof normal faults, mainly dipping towards ENE and SSE with angles

Fig. 12 - (a) Interpreted DOM view of the northern Cala Viola. Here, a compressive deformation zone dissected by normal faults is spectacularly exposed.
(b) Stereoplot showing the faults direction of the study sector. (c) Interpreted field picture of the northern, SSE-dipping normal fault bounding and
downthrowing the shortening shear zone on a sub-horizontally arranged footwall. Note the occurrence of back-verging (top-to-SE) anticlines and faults
in the hanging wall block. (d) SSE-dipping normal fault associated with conjugated, antithetic faults and drag folds. (e) Field view of the thrust zone
up-throwing the coarse-grained deposits of Porticciolo conglomerate on the sandy-silty facies of Cala Viola sandstones. Note the small-scale splays
associated with the main thrust fault. The yellow arrow in the panels indicates the hammer as a scale.
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Fig. 13 - (a) UAV-view and interpretation of the southern Cala Viola sector. Yellow arrows indicate geologists as scale. (b) Detail of the angular unconformity
between CDV and the overlying CPO.. (c) Field view of the metre-scale SSW-dipping normal fault downthrowing CPO, on CPO, deposits. Associated is a
detail of the fault zone. (d) Exposure of the dextral normal fault juxtaposing CVI_on CVI,. The yellow arrow indicates the hammer as a scale. (e) Conjugated
faults at the footwall of the main structure shown in panel (d), dissecting CIV_facies. Associated are drag folds affecting the shaly deposits interbedded in
the sandstones. The yellow arrow indicates the hammer as a scale. (f) Detail of the panel (d), where the fault coincides with a marked facies change and

is highlighted by the white arrows.
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ranging from 35 to 70° (see Fig. 12b-d). The master extensional
structures produce up to 30 cm-wide deformation zones and are
associated with conjugated sets of faults (Fig. 12c-d). Deflection of
beds in proximity to the shear zones is also observed (Fig. 12d), as
well as centimetric extensional duplexes.

The northern normal fault bounds the highly deformed
compressive zone, displacing it on a sub-horizontally arranged
footwall made of the coarse-grained deposits of Porticciolo
conglomerate.

- Southern Cala Viola

At Cala Viola, located in the southernmost part of the study
area, the entire mapped Permian-Triassic/Jurassic? succession is
exposed, although the thickness of CPO, is reduced (Fig. 13a).

The stratigraphic record is visible at the core of an open
anticline trending WNW-ESE and plunging towards the NW at
approximately 10°. Similar to the northern Porticciolo gulf, the
toplap between CDV and CPO, is evident and coincides with an
angular unconformity of about 10-15° (Fig. 13b). The Permian and
Triassic rocks are affected by a series of normal and transtensive
faults trending N-S, WNW-ESE and NE-SW. In particular, the top
of MUK is juxtaposed against the base of the CVI_through a sub-
vertical tectonic element, the kinematics of which could not be
determined (Fig. 13a, d). This element is displaced by a set of NE-
striking conjugated faults, causing the downthrowing of the Middle-
Upper Triassic deposits (and their structural inheritance) onto the
Lower Triassic Porticciolo conglomerate (Fig. 13a, d).

The main, NW-dipping fault is associated with a 10-m wide
damage zone (Fig. 13d, e), but localised discrete fault planes
were also identified (Fig. 13f). Despite the lack of clear kinematic
indicators, the right-lateral transtensive kinematics of this fault was
inferred based on the stratigraphic and geometric relationships
between the displaced elements. In addition, a net slip of about 25
metres was estimated (see geological cross section A-A’ in Fig. 2
and S1). Metre-scale antithetic, SE-dipping faults at the footwall
of the main fault produce characteristic domino-like geometries of
the faulted blocks and are accompanied by drag folding, especially
in the marly facies of CVI_(Fig. 13e).

Companions of the dominant NE-oriented faults are sub-
orthogonal, ESE-oriented and SSW-dipping normal faults,
producing up to 2 metres of total displacement (Fig. 13e). These
smaller and metre-scale elements appear to be confined to the main
NW-dipping transtensive fault shown in figure 13a, d-f, suggesting
a tectonic activity related to the main fault. Consequently, these
small-scale orthogonal faults likely represent R’ Riedel shear faults
associated to the NE-trending faults. Travertine patches encrust
the hanging wall block of one of these subsidiary faults, as also
reported by Casini et al. (2020 in Fig. 63, c).

Structural stations

During mapping, we detected and digitised 78 fault segments.
The resulting fault dataset reveals six sets of fault trends, as
depicted in the roseplot (Fig. 14a). In conjunction with field
mapping, we also analysed DOMs and identified an additional 384
fault segments (Fig. 14b). These latter fault segments are small-
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scale structures characterised by limited displacements, usually
decimetric, which were not mapped and mappable in the field.
We recognised these faults on DOMs, and it was made possible
by observing offsets and/or interruptions of the stratigraphic
succession. However, due to the resolution limitations of the DOMs,
it was not possible to determine the kinematics of these faults.

Based on the stratigraphic separation, we divided the fault
dataset in two groups: 258 faults with normal stratigraphic
separation, associated with normal and/or transtensive faults
(Fig. 14c), and 95 faults with inverse stratigraphic separation,
associated with reverse/thrust and/or transpressive faults
(Fig. 14d). The later kinematics of potential oblique-slip faults (left-
or right-lateral oblique-slip) could not be clearly determined. In
addition, for 31 faults, the sense of stratigraphic separation could
not be clearly determined.

The statistical analysis of DOM-based fault dataset allowed us
to identify six main fault sets, some of which can be subdivided in
subsets (Fig. 14b). The analysis of the stereoplots clearly reveals
that faults with normal stratigraphic separation (Fig. 14c) display
strikes referable to all the identified sets (Fig. 14b). Conversely,
the stereoplot of the faults with inverse stratigraphic separation
(Fig. 14d) does not display sets 4, 5 and 6, which correspond to
W-E, WNW-ENE and NNW-SSE strikes, respectively. Moreover, the
latter stereoplot shows two sets of low angle faults dipping about
6° to 36° toward NE to SE (Fig. 14d), which were not previously
detected by the Fisher’s concentration statistical analysis of the
entire dataset (Fig. 14b).

The fault analysis based on the geological map- and DOM-
scale structures (Fig. 14) was improved by conducting different
high-detail structural stations at the most representative outcrops
(described in section 4.2.1). This approach allowed us not only to
understand the geometry of the fault network but also determine
the fault kinematics (Fig. 15).

At “Cala del Vino"" outcrop (Fig. 15a) three distinguishable
sets of faults were observed. The first two sets are represented
by N-S trending and W-dipping transtensive faults (dip azimuth/
dip 293N/75° and 255N/62°), indicating an extensional regime
with a pseudo-horizontal NW-SE trending extension axis. The third
set is represented by a NE-SW trending and NW-dipping sinistral
transpressive fault (dip azimuth/dip 310N/75°), indicating a mainly
transpressive regime with a NNW-SSE trending and NW dipping
shortening axis. In addition, the presence of rotated normal faults,
originally dipping towards S by about 50°, suggests the existence of a
(palaeo-)o, oriented approximately N-S (in present day coordinates).

The outcrops “northern Porticciolo gulf” (Fig. 15b), “Torre del
Porticciolo cliff” and “Torre del Porticciolo promontory” (Fig. 15c¢)
exhibit several sets of faults. The main set consists of NNE-SSW and
NE-SW trending, near subvertical left-lateral transtensive faults,
indicating a mainly extensional regime with a WNW-ESE extension
axis. Associated with these faults is a pair of sets of conjugate faults,
with NNE-SSW trending and WNW-dipping dextral transtensive
faults and ESE-dipping normal faults, respectively, sharing the
same axis of extension (palaeo-o, oriented ca. WNW-ESE). Another
set comprises ENE-WSW trending and subvertical strike-slip faults,
representing a sinistral transcurrent fault system with a main
horizontal compression axis oriented about NE-SW. At the “Torre
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Fig. 14 - (a) Roseplot showing the fault direction detected and digitised at the geological mapping scale where the different sets are represented by
different colours. Stereoplots (lower hemisphere, equal angle projection, contour plot per 1% area) of the fault planes mapped on the DOMs, where the
mean planes of the fault sets are marked by different colours, representing (b) the entire fault dataset, (c) the normal-separation faults and (d) inverse-
separation faults. Note that normal- and inverse-separation faults do not mean normal and inverse faults.

del Porticciolo promontory”, another set of NE-SW trending and
subvertical sinistral transpressive faults (dip azimuth/dip 92N/65°)
is indicative of a mainly compressive regime with a WNW-ESE
shortening axis. This fault set is associated with another important
set of NW-dipping thrusts (dip azimuth 293N/31° on average)
representing a compressive regime with a NW-SE shortening axis.
The sixth set consists of WSW-dipping normal faults, indicating an
extension regime with a ENE-WSW oriented axis.

At southern Porticciolo gulf (Fig. 15d), three sets of faults were
identified. The first set comprises two E-dipping normal faults (mean dip
azimuth/dip 104N/35) representing an extension axis mainly oriented
NE-SW. Conjugate to these are WSW-dipping normal faults sharing
the same extension axis. Another set consists of NNE-SSW and ENE-
WSW trending and NW-dipping right-lateral transpressive faults (dip
azimuth/dip 310N/55° on average), indicating a mostly compressive
regime with a sub-horizontal o, oriented approximately NW-SE.
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Fig. 15 - (a-f) Lower hemisphere and equal area projection of the fault planes and slip vectors and P-T dihedra (red and
transparent areas indicate the extensional and shortening domains) for each fault set detected in the different areas
during the detailed structural survey. The P-T dihedra were calculated using Faultkin v.8.1.
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At northern Cala Viola (Fig. 15e), two sets of faults are
distinguishable. The first set comprises SE-dipping normal faults
(dip azimuth/dip 155N/68°), indicating an extensional regime
with an NW-SE trending axis. The second set consists of SE-
dipping compressive faults (dip azimuth/dip 133N/22° on average)
representing an NW-SE shortening axis.

The fault dataset of southern Cala Viola (Fig. 15f) reveals five
set of faults. Two sets are composed of NE- and SW-dipping normal
faults, compatible with a NE-SW extensional regime. Another
pair of sets consists of SE- and NW-dipping right normal faults,
indicating an extensional regime with N-S axis. A last set comprises
a N-S oriented and W-dipping steep fault represents the last set
and coincides with an extension axis oriented approximately E-W.

INTERPRETATIONS: CROSS-CUTTING RELATIONSHIP AND
RELATIVE TIMING OF DEFORMATION STRUCTURES

The analysis of cross-cutting relationships of the deformation
structures observed and mapped in the area allow us to interpret
the relative timing of these tectonic elements.

At Cala Viola (Fig. 13; see geological cross section A-A’ in Fig. 2
and S1) and northern Porticciolo gulf (Fig. 9; see geological cross
sectionl-I’inFig.2and S1), one ofthe earliest deformation structures
detected in the study area is visible. This structure is represented
by the tilting of middle Permian deposits of CDV, reaching angles
of 15-20°. The timing of this tilting can be constrained, providing
a minimum age for its occurrence. Specifically, the deformation
postdates the deposition of the upper part of CDV and predates the
erosional phase that resulted in the unconformity where the coarse-
grained facies of CPO, rest. Consequently, this phase of tectonic
instability can be confined to a time interval between the Roadian
and the Induan. Since the Triassic peneplanation confines the
tilting, and both the Lower Mesozoic erosional unconformity and
the underlying Permian deposits are cut by younger deformations,
we can confidently assert that this deformative phase is the oldest
one identified in the study area.

In the Cala del Vino-Torre del Porticciolo area, we observe
other cross-cutting relationships that help us to understand the
relative timing of the detected deformation structures. Here, the
“low-angle” normal fault (referred to as “palaeofault” in Figs. 2, 9
and S1), which is involved in the hanging wall anticline of a high-
angle and right-lateral transpressive fault striking ENE-WSW, is
displaced by the transpressive structure (see geological cross
section I-I" in Fig. 2 and S1). This NNW-SSE shortening phase
caused the deformation and rotation of the originally S-dipping
extensional plane, as evidenced by restoring to the horizontal the
bed attitude of the Permian deposits dissected by such lineament
(see Fig. 9a). The set of synforms and antiforms, striking about ESE-
WNW and associated to the right-lateral compressive lineament, is
then cut and displaced by a set of NNE-striking and WNW-dipping
left-lateral transtensive faults.

At the Torre del Porticciolo-Cala del Vino, the left-lateral
transtensional faults are displaced by thrusts with a top-to-ESE
sense of shear (see geological cross section F-F’ in Fig. 2 and S1,
and Fig. 11), and they are also rotated by the development of the

Torre del Porticciolo ~N-S striking anticline, consistent with the
same NW-SE compressive deformation. The same oblique slip
faults are dissected by NW-striking conjugated normal faults (see
Figs. 2 and 10).

At northern Cala Viola, a series of compressive structures,
represented by NNW-verging imbricated thrusts and associated
recumbent to overturned NW-verging folds, are displaced by ENE-
to NNE-trending and approximately SE-dipping extensional faults
(see geological cross section B-B' in Fig. 2 and S1, and Fig. 12).

In the southern part of the Cala Viola, the sub-vertical fault
juxtaposing the top of MUK on the base of CVI_is dislocated by a
SW-NE oriented right-lateral transtensional fault system.

Need for a revision of the “classical” Triassic stratigraphy of
Northern Sardinia

The detailed geological mapping of the Permian and Triassic
continental deposits in the Nurra region, based on a pure
lithostratigraphic approach, allows to identify a still open problem,
especially for the Lower Mesozoic deposits. Even though the
Lower-Middle p.p. Triassic continental successions of Sardinia
were assigned by the Commissione Italiana di Stratigrafia (Italian
Commission on Stratigraphy - hereafter, CIS) to the Buntsandstein
as a formation-rank unit (Gandin et al., 2007), in this work we
show that not only the Triassic continental facies can be mapped
as distinct units, but also that the same deposits can be further
subdivided into lithofacies. In agreement with the subdivision
made by Cassinis et al. (2002, 2003), in this work, we consider
the Porticciolo conglomerate and the Cala Viola sandstones as
distinguishable and mappable formations. The latter in analogy
with the French lithostratigraphy, where the Triassic continental
deposits of Provence, that were palaeogeographically contiguous
to the study ones prior to the Sardinia-Corsica rotation, are
grouped in Poudingue de Port-Issol and Grés de Gonfaron
formations (equivalents of Porticciolo conglomerate and Cala
Viola sandstones, respectively — Cassinis et al., 2003; Durand,
2006, 2008). Furthermore, in the Germanic basin comparable
deposits are referred to the Buntsandstein Group (Bachmann &
Kozur, 2004; Kozur & Bachmann, 2005), in turn subdivided in sub-
groups and formations. As a consequence, and in good agreement
with the lithostratigraphy of the classical localities for the
continental Triassic deposits, it would be necessary to review the
lithostratigraphy of Sardinia, suggesting that the lithostratigraphic
nomenclature (i.e., Buntsandstein) can be preserved but the rank
of the unit should be changed from formation to group. In turn, we
do not agree with the nomenclature proposed by other authors
(Costamagna & Barca, 2002; Costamagna, 2012), who propose
the improper name Verrucano Sardo (introduced by Vardabasso,
1966 only for the basal conglomerates of the “Permotriassic”
succession and later used for the entire “Permotriassic” succession
by Gasperi & Gelmini, 1979) as a formational name encompassing
the Porticciolo conglomerate and the Cala Viola sandstones.

A complete redescription of the Triassic stratigraphic units
shown in the map of this study is in progress, along with a detailed
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facies analysis of key stratigraphic sections of the Porticciolo
conglomerate and Cala Viola sandstones formations, to correctly
formalise these units with CIS standards. In sub-chapters 4.1.2 and
4.1.3 the proposed stratigraphic revision is explained.

How many deformations episodes?

The results of fault analysis performed at various scales,
including the geological mapping (Fig. 14a), the DOMs (Fig. 14b-
d) and the detailed structural stations (Fig. 15), reveal a complex
tectonic history of the study area, characterised by different
tectonic regimes. The general DOM analysis (Fig. 14) indicates
that certain sets of faults (e.g., Sets 2b, 3 and 6b) can exhibit
both normal and inverse stratigraphic separation, whereas the
detailed structural analysis (Fig. 15) shows how they can display
different kinematics. For instance, faults of Set 2 display different
preferential kinematics: right transtensive at Cala del Vino area,
left strike slip at northern Porticciolo gulf area, left transpressive at
southern Porticciolo gulf area, and normal dip-slip at southern Cala
Viola area. Moreover, the examination of the structural data from
individual outcrops (Fig. 15) reveals the occurrence of different
deformation events with various extension and/or shortening axes.

By combining the results of the geological mapping and the
DOMs analysis (Fig. 14) with the results of the detailed structural
stations (Fig. 15), we can depict a complex tectonic history. This
history indicates that some of the investigated fault sets could have
experienced different tectonics regimes, as follows:

- Faults of set 1 mainly underwent an extensional regime with a
E-W extension axis;

- Faults of set 2 experienced a sinistral transpressive regime with
a NW-SE shortening axis, but also an extensional tectonic with
a WNW-ESE extension axis;

- Faults of set 3 mainly underwent an extensional regime with a
NW-SE extension axis;

- Faults of set 4 mainly underwent an extensional regime with an
ENE-WSW extension axis;

- Faults of set 5 mainly underwent an extensional regime with
a NE-SW extension axis, but two transpressive regime with
WNW-ESE and NW-SE shortening axis;

- Faults of set 6 experienced an extensional regime with a NNW-
SSE extension axis, and two transpressive regimes with NE-SW
and NW-SE shortening axis.

Previous studies by various authors (Cassinis et al., 1980;
Cherchi & Trémolieres, 1984; Fanucci et al.,, 2001; Ziegler &
Stampfli, 2001; Carmignani et al., 2001, 2004; Zattin et al., 2008;
Oggianoetal., 2018; Casini et al., 2020) proposed that NW Sardinia
has been exposed to different tectonic events from the Ordovician
to the Holocene. To simplify the comprehension of the tectonic
reconstruction presented here, the tectonic events reported in
literature are named and contextualised as follow:

- Event 1, an extensional event related to the Permian-Triassic

intracontinental rifting resulting from the collapse of the
Variscan orogeny;

- Event 2, an extensional phase related to the Jurassic rifting
of the Ligurian-Piedmont Ocean (Bajocian — Bathonian),
leading to the development of a wide, subsident shallow water
carbonate platform with internal stratigraphic-structural
heterogeneities;

- Event 3, a NNW-SSE oriented extensional event of latest Early
Cretaceous (Aptian-Albian) age, characterised by a ENE-WSW
normal faulting. This phase, known as “Austrian phase” Auct.,
is represented by extensive angular unconformities/hiatuses
in carbonate platform settings and is related to far field
deformations of the Pyrenaic accretionary wedge;

- Event 4, a NNW-SSE transpressive and compressive event of
Late Cretaceous age, characterised by NNE-SSW left-lateral
strike slip faults, related NNW-SSE trending open folds, and
NE-SW trending normal faults (e.g., pull-apart basins). Pieces
of evidence of this deformation phase, known as “Laramian”
tectonics, are reported by Oggiano et al. (2018) in the
neighbouring Sassari area and are represented by faults (e.g.,
Nalvonazzos fault) and folds;

- Event 5, in turn subdivided in two deformative sub-events:
Event 5a is a NW-SE oriented compressive event of Eocene
age, and Event 5b is a NE-SW transcurrent event of Oligocene-
earliest Miocene (Aquitanian) age. These deformations are
ascribed to the “Pyrenaic phase” and are represented by i)
ENE-WSW oriented left-lateral transcurrent faults, ii) NW-SE
striking pull-apart/ transtensive basins and minor transpressive
structures, and iii) NE-SW trending folds. The combination of
these tectonic structures indicates a main NW-SE shortening
direction, and field evidence is reported by Oggiano et al.
(2018) in the contiguous sector of Sassari (e.g., Campanedda
anticline, Serralonga syncline), and by Carmignani et al. (1992
- Mt. Albo fault, Chilovani-Birchidda basin).

- Event 6, a NNE-SSW extensional event of Burdigalian age,
represented by the NNW-SSE trending normal faults, and
conjugate E-W and WNW-ESE trending normal faults, related to
the opening of the Balearic basin and to the counterclockwise
rotation of the Sardinia-Corsica block. This normal faulting
phase produced the tilting towards NE of the Nurra sector and
a characteristic horst and graben/semigraben setting of the
western margin of Sardinia;

- Event 7, in turn subdivided in two extensional sub-events:
Event 7a, Serravallian in age, represented by E-W trending
normal faults and associated with a NNE-SSW trending
extension axis, and Event 7b Pliocene in age , characterised
by a NW-SE extension axis and represented by N-S and NE-SW
trending normal faults. Field evidence of both the deformations
are described by Funedda et al. (2000) and Carmignani et al.
(2001) in the Sassari sector (Ittiri fault);

- Event 8, Pleistocene-Holocene in age, characterised by NW-
SE and NNE-SSW trending normal faults reactivating inherited
structures and referable to extension axes oriented NW-SE and
NE-SW.

In the following, the main tectonic structures identified in
the study area are tentatively referred to the previously described
events (Fig. 16).
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Fig. 16 - Conceptualization of the deformation structures formed or reactivated during the different tectonic events: (a) Event 1 refers to the Aptian-
Albian extensional event; (b) Event 4 refers to the Late Cretaceous transpressive and compressive event; (c) Event 5a refers to the compressive event of
the Pyrenean phase; (d) Event 5b refers to the transcurrent event of Oligocene-earliest Miocene (Aquitanian) phase; (e) Event 6 refers to the Burdigalian
extensional event; (f) Event 7a and (g) Event 7b refer to the two extensional events occurred in the (f) Serravallian and (g) Pliocene; (h) Event 8 refers to

two extensional events of Pleistocene-Holocene age.

Indirect evidence of the Event 1, related to the pre-Triassic
extensional tectonics, is present in the study area and corresponds
to the tilting of Permian deposits of CDV. The bed attitudes of the
CDV sandstones and claystones often contrast with those of the
coarse-grained facies of Porticciolo conglomerate, forming toplap
unconformities with angles reaching 15-20° (Figs. 9 and 13). This
unconformable relationship is observed in Cala Viola (Fig. 9 c and
13 b; see also geological cross section A-A’ in Fig. 2 and S1) and
northern Porticciolo gulf (Fig. 10; see geological cross section I-I’
in Fig. 2 and S1), suggesting the occurrence of synsedimentary
tectonics predating the erosive phase at the base of Triassic
deposits, leading to the folding of Permian strata. Currently, we
lack geochronological and regional constraints on this phase, but
it should be temporarily located between the early middle Permian
and the late Early Triassic.

Event 2 (Jurassic rifting) and Event 3 (Aptian-Albian) have not
been clearly identified due to the absence of unequivocal evidence

and their possible relation with other structures of NW Sardinia.
Notwithstanding, at Cala del Vino, a pre-Late Cretaceous event
(pre-Event 4) can be attributed to low angle normal faults (referred
to as “palaeofault” in Figs. 2, 9a-b and S1). These normal faults are
likely Permian, Triassic, Jurassic and Early Cretaceous in age. Their
exact age cannot be determined due to the lack of exposure (and
displacement) of deposits younger than the Permian. Nevertheless,
a minimum age can be determined by constraining it with the
displacement of the oldest mapped deposits and the subsequent
reverse/transpressive deformation that have folded and cut through
them. The latter compressive deformation is represented by ENE-
WSW striking transpressive faults (Fig. 9) and associated WSW-
ENE folds, indicating a NNW-SSE shortening direction consistent
with Event 4, which is Late Cretaceous in age. These folds are then
cut and displaced by the NNE-SSW striking and WNW-dipping
left lateral transtensive fault (i.e., Set 2 in Fig. 14). This fault is
coherent with the NNE-SSW transpressive event (Event 4) that
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occurred in Late Cretaceous and generated NNE-SSW left-lateral
transpressive/transtensive faults in the nearby Sassari area, such
as the Nalvonazzos and Su Zumbaru faults (Oggiano et al., 2018).
As previously described, at Torre del Porticciolo, the
prosecutions of these NNE-SSW striking left-lateral transtensive
faults are cut and displaced by low-angle, SE-verging compressive
deformation structures, whose strikes are compatible with the trend
of Set 3 (Fig. 14). These thrust faults are associated with a series
of folds with NE-SW axis indicating a NW-SE shortening direction.
This is consistent with the compressive Event 5 attributed to the
Pyrenean phase (Cherchi & Tremolies, 1984; Barca & Costamagna,
1997; Carmignani et al., 2001, 2004), which produced several
compressive structures in NW Sardinia, including the Campanedda
anticline and Serralonga syncline (Oggiano et al., 2018).
Compressive structures related to the Event 5 were also identified
in the northern Cala Viola area. Here, NW-verging low-angle thrusts
and NE-SW folds indicate a NW-SE shortening direction, consistent
with the Event 5a. These thrusts are displaced by NNW-SSE and
ENE-WSW trending (Set 4 and Set 3, respectively, in Fig. 14) normal
faults, which align with the further extensional tectonic events
reported in literature. In particular, the NNW-SSE normal faults
(i.e., Set 4) align with the kinematics of the Burdigalian extensional
phase (Event 6), which caused the deepening towards E of the
Porto Torres basin (Oggiano et al., 2018). Conversely, the ENE-WSW
trending and SSE-dipping normal faults (i.e., Set 3) cutting across
the NW-verging thrust can be associated to the extensional Events
7b (Pliocene) and/or 8 (Pleistocene-Holocene). The Event 7b could
have reactivated normal faults with N-S and NE-SW trends or
developed new faults with comparable strikes (i.e., Sets 1 and 3 —
Fig. 14), consistent to an extension axis oriented NW-SE. The Event
8 may have probably reactivated faults with strikes consistent with
the Set 2 (NNE-trending), Set 3 (NE-SW) and Set 4 (NW-striking)
(Fig. 14), consistent to two main extension axes oriented NW-SE
and NE-SW reported by Casini et al. (2020). The faults exposed at
southern Cala Viola, referred to as the Le Bombarde fault by Casini
et al. (2020), could be related to this tectonic event. Although
Casini et al. (2020) attribute possible Late Pleistocene-Holocene
activity to these faults, our field data do not allow us to confirm this
interpretation; furthermore, there is no evidence of recent tectonic
activity reported in Italian seismic databases (CPTI, DISS, ITHACA).
As mentioned earlier, no clear evidence for the Early
Cretaceous (Aptian-Albian) extensional Event 3 is found in the
study area. However, looking at the northern Cala Viola area, the
normal fault bounding northward the highly-deformed compressive
zone indicates a significant change in the deformation style and
mechanisms (see section 4.3.1.5 “northern Cala Viola”). The
footwall block of the fault is sub-horizontally arranged and displays
limited, mainly extensional deformations, whereas the hanging wall
is pervasively faulted and folded by shortening stresses verging
towards NNW. Back-verging thrusts and folds (i.e., top-to-SE sense
of shear) are associated with the main SE-dipping thrusts (see
Fig. 12c), displaying limited displacement and localised close to
the normal fault (few metres far from the extensional shear plane).
In addition, the normal fault has a comparable orientation with
the structures referred to the Aptian-Albian Event 3 (i.e., ENE-
WSW - Carmignani et al., 2001; Oggiano et al., 2018). Considering
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these observations , we can speculate that this fault developed
during the latest Early Cretaceous, causing the downthrow of the
well-bedded sandstones and siltstones of Cala Viola sandstones
(hanging wall block) on the massive, coarse-grained deposits
of Porticciolo conglomerate (footwall block). The result of this
normal faulting was a rheological contrast between the horst-block
(mechanically more competent) and the hanging wall succession
(prone to host plastic deformations), influencing the development
of younger compressive deformations. During the Late Cretaceous,
the propagation of NE-SW trending transpressive/compressive
structures (Event 4) towards NW was accommodated by the less
competent rocks (i.e., Cala Viola sandstones), leading to intense
strain consisting of both brittle and plastic deformations. In
contrast, the SE-dipping (opposite to the vergence of compression)
high-angle normal fault and its footwall acted as a rheological
barrier, counteracting the tectonic shortening and producing a
buttressing effect. This behaviour resulted in the development of
confined back-thrusts and back-verging folds, limited to a belt near
the buttress. Furthermore, positive inversion of the hanging wall
block along the SE-dipping normal fault, subsequently reactivated
as a dip-slip extensional element during younger tectonic phases,
cannot be excluded. Successive extensional events (Event 5
and younger) could have overprinted the previously described
evidence (e.g., drag fold of Fig. 15d). Unfortunately, the lack of
striae on the normal fault-surface prevents us from confirming
such interpretation. Similar features have been described by Butler
(1989), Dart et al. (1995), Bailey et al. (2002) and Uzkeda et al.
(2013).

Regarding Event 5b, there is no clear evidence of deformation,
but the presence of ENE-WSW sinistral transcurrent faults between
the Torre del Porticciolo cliff and the promontory (Fig. 2) suggests
a possible connection with the Oligocene-earliest Miocene
(Aquitanian) phase, which formed a series of coherent ENE-WSW
trending sinistral strike-slip structures (i.e., Chilivani-Berchidda
transtensive basin: Carmignani et al., 1994; Oggiano et al., 1995).

The detailed geological mapping, incorporating stratigraphic,
sedimentological and structural analysis, along with the
drone-based aerial photogrammetry, allows us to propose a
stratigraphic revision and qualitatively reconstruct the complex
tectono-stratigraphic history of the Cala Viola-Cala del Vino
area. We demonstrate that the Porticciolo conglomerate and
the Cala Viola sandstones can be regarded as two distinct and
mappable formations, in analogy to the French lithostratigraphy
of the Triassic continental deposits of Provence. In addition, we
suggest elevating the lithostratigraphic rank of the Buntsandstein
from formation to group, similar to the comparable deposits of the
Germanic basin.

Despite the absence of geochronological constraints for the
identified structures, such as radiometric dating, the analysis
of topology and cross cutting relationship of fault networks has
allowed us to attribute these structures to at least eigth different
tectonic events. Each event resulted in the formation of discrete
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shear zones, accompanied by associated folds, or the reactivation
of pre-existing discontinuities. These new data make it possible to
reconstruct the complex tectonic history affecting NW Sardinia
since the deposition of the middle Permian deposits to the
Holocene.

In the future, conducting quantitative analyses of the faults
age/timing will provide time constraints, contributing to a more
precise reconstruction of the tectonic history of the area and deeper
understanding of the plate tectonics/geodynamic of NW-Sardinia.

ELECTRONIC SUPPLEMENTARY MATERIAL

This article contains electronic supplementary material which
is available to authorised users. In particular, the detailed geological
map and the frame elements are provided as Supplementary
Material | (S1). Details on the UAV survey and DOMs, as well as the
original field pictures of the plates, are reported in Supplementary
Material Il (S2).
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